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Preface to ”Bioactive and Therapeutic Dental Materials”
A new generation of dental materials has been developed during the last ten years. These are 

identified as bioactive dental materials, which are able to release calcium, phosphate and other 
specific ions to help rebuild demineralized dentin and enamel. Such a phenomenon is known as 
biomineralization, which refers to the exchange of therapeutic ions with the dental substrates 
forming new apatite or, in many cases, repairing existing demineralized apatite. Moreover, smart 
materials can react to pH changes in the oral environment, as well as elicit reparative processes 
within the bonding interface in the presence of body fluids such as saliva, crevicular fluid and blood.

This book focus principally on ion-releasing and other smart dental materials for application in 
preventive and restorative dentistry, as well as in endodontics in the form of adhesives, resin-based 
composites, pastes, varnishes, liners, and dental cements. Special attention has been given to 
bioactive materials developed to induce cells differentiation/stimulation, hard tissue formation, and 
exert antimicrobial actions. New innovations are necessary to continue to help reinforce existing 
technologies and to introduce new paradigms for treating dental disease and restoring teeth seriously 
compromised by caries lesions via biomimetic and more biological operative approaches. Dental 
bioactive materials is arguably the latest research area in dentistry and, thus, the amount of new 
research is overwhelming. However, in this day and age of evidence-based practice, it important for 
this new information to be distilled into a practical and understandable format. I would like to thank 
all the authors who took the time to contribute to this volume. Moreover, special thanks go to 
Professor Irina Makeeva (Sechenov University Russia, Moscow, Russia) and Dr. Massimo 
Giovarruscio (Sechenov University Russia, Moscow, Russia) for their scientific collaboration and 
contribution towards organizing and managing this Special Issue. I am sure you will find the material 
presented in this book enlightening and informative.

Salvatore Sauro

Special Issue Editor
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Abstract: This study aimed at evaluating the microtensile bond strength (MTBS) and fractographic
features of dentine-bonded specimens created using universal adhesives applied in etch-and-rinse (ER)
or self-etching (SE) mode in combination with modern ion-releasing resin-modified glass-ionomer
cement (RMGIC)-based materials after load cycling and artificial saliva aging. Two universal adhesives
(FTB: Futurabond M+, VOCO, Germany; SCU: Scotchbond Universal, 3M Oral Care, USA) were used.
Composite build-ups were made with conventional nano-filled composite (AURA, SDI, Australia),
conventional resin-modified glass ionomer cement (Ionolux VOCO, Germany), or a (RMGIC)-based
composite (ACTIVA, Pulpdent, USA). The specimens were divided in three groups and immersed
in deionized water for 24 h, load-cycled (350,000 cycles; 3 Hz; 70 N), or load-cycled and cut into
matchsticks and finally immersed for 8 months in artificial saliva (AS). The specimens were cut
into matchsticks and tested for microtensile bond strength. The results were analyzed statistically
using three-way ANOVA and Fisher’s LSD post hoc test (p < 0.05). Fractographic analysis was
performed through stereomicroscope and FE-SEM. FTB showed no significant drop in bond strength
after aging. Unlike the conventional composite, the two RMGIC-based materials caused no bond
strength reduction in SCU after load-cycle aging and after prolonged aging (8 months). The SEM
fractographic analysis showed severe degradation, especially with composite applied on dentine
bonded with SCU in ER mode; such degradation was less evident with the two GIC-based materials.
The dentine-bond longevity may be influenced by the composition rather than the mode of application
(ER vs. SE) of the universal adhesives. Moreover, the choice of the restorative material may play
an important role on the longevity of the finalrestoration. Indeed, bioactive GIC-based materials
may contribute to maintain the bonding performance of simplified universal adhesives over time,
especially when these bonding systems are applied in ER mode.

Materials 2019, 12, 722; doi:10.3390/ma12050722 www.mdpi.com/journal/materials1
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Keywords: adhesion; cycling mechanical stress; dentine; longevity; glass-ionomer cements;
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1. Introduction

Direct restorations in modern operative dentistry are frequently accomplished using conventional
resin composites due to their excellent mechanical and aesthetic properties [1,2]. Nevertheless, such
restorative materials are still characterized by important downsides associated to polymerization
shrinkage; a phenomenon that may induce stress at resin–dentine interfaces during the light-curing
procedures and jeopardize their longevity [3–5]. Indeed, it has been widely demonstrated that the
volumetric contraction of conventional resin composites can transfer polymerization stress directly to
the adhesive-bonded interface, causing its innermost deformation due to a lack of proper bonding
performance of some adhesive systems [3,6,7]. Consequently, the sealing between composite and
dental hard tissues (i.e., dentine and enamel) can be seriously compromised. This will result in gaps
and marginal leakage formation, which are pathways for microleakage of oral fluids, bacteria, and
enzymes penetration [3,8–10]. Such issues may translate into important clinical problems such as
post-operative sensitivity, marginal discoloration, recurrent caries, and advanced pulp pathology in all
those cases that are seriously compromised by the caries process [11,12].

The recently introduced universal adhesive systems are currently very popular in general dental
practices, as well as in dental hospitals, due to the fact that they can be applied both in self-etching
(SE) and etch-and-rinse (ER) modes. Considering their compositions, universal adhesives can be also
classified as simplified systems because all ingredients, including acidic functional monomers and
solvents, are incorporated into one bottle. They are similar to one-step self-etching systems, so that
they might still present issues related to bonding performance, degradation, and longevity [9,13].
However, application in self-etching mode minimizes recontamination of the dentine by blood and
saliva during etch washing and drying. This makes SE a less technique-sensitive procedure compared
to ER application mode. Moreover, SE systems present further benefits such as less post-operative
sensitivity due to residual smear plugs, which are usually only partially removed from inside the
dentinal tubules because of the mild acidic nature of SE systems. Indeed, the tubules remain occluded
and the dentinal fluid movement is less evident compared to that usually experienced with ER
systems [9,11].

On the other hand, great attention has been given to improve the effectiveness and longevity
of resin–dentine bonds through several clinical strategies that may abate stress concentration at the
resin–dentine interface during polymerization [14]. For instance, the use of flowable composites
or resin-modified glass-ionomer cements (RMGIC) as liners or as dentine substitute materials
may represent a suitable method to provide a sort of “stress-absorption” effect at the bonding
interface [15,16]. This has been advocated to prevent stress development at the dentine-bonded
interface and reduce gap formation, microleakage, and degradation over time [14,17,18]. Although
RMGIC are self-adhesive materials, they are also often applied in dentine after etching and
adhesive application, especially in those situations where the structure of the dental crown is highly
compromised and a lack of mechanical retention is encountered [19–21].

It is also important to consider that occlusal stress during mastication, swallowing, as well
as in cases of parafunctional habits, can affect the integrity of the bonding interface, making such
a structure more susceptible to “quicker” degradation in the oral environment [22]. This seems
to be of particular interest in modern, minimally invasive therapeutic restorative dentistry since
it has been demonstrated that cyclic mechanical stress can promote gap formation at the margins
along the composite restorations; bacteria penetration into narrow marginal gaps might ultimately
promote secondary caries formation [23]. Recently, it has been advocated that ion-releasing resin-based
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restorative materials can reduce such biofilm penetration into marginal gaps of simulated tooth
restorations; the risk for development and propagation of secondary caries is also reduced [24].

It is widely accepted that glass-ionomer cement (GIC)-based materials have a bioactive ability to
release therapeutic ions such as fluoride. The presence of such ions has been associated with long-term
caries inhibition when GIC-based materials are applied as a dentine substitute [25–27]. Moreover,
GIC-based materials are an ideal dentine substitute as their physical properties, such as the coefficient
of thermal expansion, dimensional stability, optical properties (i.e., opacity), and microhardness, are
very close to that of dentine [28]. ACTIVA BioActive Restorative is a new type of restorative, bioactive,
flowable, resin-based composite comparable to RMGICs. It contains fluoro-aluminum silicate particles
and polyacid components of glass ionomer that undergo the acid-base setting reaction. Moreover,
a bioactive ionic resin matrix is also contained in ACTIVA, which confers both light and chemical
polymerization. According to the manufacturer, ACTIVA release calcium, phosphate, and fluoride
when in contact with saliva. It has been advocated that restorative materials able to release specific
“therapeutic” ions (e.g., calcium, phosphates, fluoride, strontium, and other minerals) into the dental
hard tissues may buffer the constant assault of day-to-day ingestion of acidic food and beverages
and encourage remineralization along the margins of the restoration with the tooth [29]. However,
it is of great relevance that the use of ion-releasing materials in restorative dentistry may contribute
to the reduced activity of proteases such as metalloproteinases (MMPs) and cathepsins involved in
collagen degradation. Such enzymes are considered one of the main causes for reduction of bonding
longevity when simplified bonding systems are applied in dentine with self-etching or etch-and-rinse
protocols [30,31]. Moreover, there is a lack of knowledge about the effects of modern ion-releasing
materials based on glass ionomer cements on resin–dentine interfaces created using current universal
adhesives after mechanical load cycling and prolonged storage in artificial saliva.

Thus, the aim of this study was to evaluate, after short-term load-cycle aging or after load-cycle
stress followed by prolonged aging (8 months) in artificial saliva (AS), the microtensile bond
strength (MTBS) of resin–dentine bonded specimens created using universal adhesives applied in an
etch-and-rinse or self-etching mode in combination with modern ion-releasing RMGIC-based materials.
Fractographic analysis was also performed using field-emission scanning electron microscopy
(FE-SEM).

The hypothesis tested was that compared to conventional resin composite, the use of modern
ion-releasing materials would preserve the bonding performance of modern universal adhesives,
applied in etch-and-rinse or self-etching, after mechanical load cycling and/or prolonged storage in
artificial saliva (8 months).

2. Materials and Methods

2.1. Preparation of Dentine Specimens and Experimental Design

Sound human molars were extracted for periodontal or orthodontic reasons (ethical approval
number: LEC No 11.18, 05/12/2018) and stored in distilled water at 5 ◦C for no longer than 3 months.
The roots were removed 1 mm beneath the cemento–enamel junction using a diamond blade (XL 12205;
Benetec, London, UK) mounted on a low-speed microtome (Remet evolution, REMET, Bologna, Italy).
A second parallel cut was made to remove the occlusal enamel and expose mid-coronal dentine.

Three main groups (n = 72 specimens/group) were created based on the restorative materials
used in this study: (i) RC: Resin composite (Aura SDI, Bayswater Victoria, Australia), applied in
2 mm increment layers up to 6 mm, and light-cured as per manufacturer’s instructions; (ii) RMGIC:
Resin-modified glass-ionomer cement (Ionolux; VOCO GmbH, Cuxhaven, Germany) mixed for 10 s
in a trituration unit and applied in bulk. Two capsules of RMGIC were used and each one was
light-cured as per manufacturer’s instructions to obtain 6 mm build-ups; (iii) ACTIVA (ACTIVA
BioActive Restorative, PULPDENT, Watertown, MA, USA) applied in 2 mm increment layers up
to 6 mm and light-cured as per manufacturer’s instructions. Light-curing was performed using an
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light-emitting diode (LED) light source ( >1000 mW/cm2) (Radii plus, SDI Ltd., Bayswater Victoria,
Australia). The experimental design of this study required that the specimens in each main group
were subsequently subdivided into four sub-groups (n = 18 specimens/group) based on the protocol
employed for bonding procedures. Two modern universal adhesives were employed in this study:
SCU (Scotchbond Universal, 3M Oral Care, St. Paul, MN, USA); FTB: (Futurabond M+, VOCO,
Cuxhaven, Germany). These adhesives were applied as per manufacturer’s instructions in self-etching
(SE) or in etch-and-rinse (ER) mode (Table 1). In groups SCU–ER and FTB–ER, dentine was etched
with 37% orthophosphoric acid for 15 s and subsequently rinsed with distilled water (15 s) and
blotted, leaving the substrate moist. Adhesives were light-cured for 10 s. In groups SCU–SE and
FTB–SE, the adhesives were applied with a microbrush for 20 s and air dried for 5 s to evaporate
the solvent. These were finally light-cured for 10 s using am LED light source ( >1000 mW/cm2)
(Radii plus, SID Ltd., Bayswater VIC, Australia). The specimens were finally restored with the
selected restorative materials as aforementioned in the main groups. At this point, the specimens
in each sub-group were furtherly divided into three groups (n = 6 specimens/group) based on the
aging protocol: CTR: no aging (control, 24 h in deionized water); LC: Load cycling (350,000 cycles
in artificial saliva); LC–AS: Load cycling (350,000 cycles in artificial saliva), followed by prolonged
water storage (8 months in artificial saliva). A detailed description of the test groups can be found in
Table 2 (Experimental design). The composition of the artificial saliva was AS: 0.103 g L−1 of CaCl2,
0.019 g L−1 of MgCl2·6H2O, 0.544 g L−1 of KH2PO4, 30 g L−1 of KCl, and 4.77 g L−1 HEPES (acid)
buffer, pH 7.4] [32]. The specimens in the subgroup LC and LC–AS were mounted in plastic rings with
acrylic resin for load cycle testing. A compressive load was applied to the flat surface (3 Hz; 70 N)
using a 5 mm diameter spherical stainless-steel plunger attached to a cyclic-load machine (model
S-MMT-250NB; Shimadzu, Tokyo, Japan) while immersed in AS [18,33].

Table 1. Adhesive system, composition, and application procedures.

Name Composition Application

Scotchbond Universal,
3M Oral Care, USA

(lot: 627524)

10-MDP, HEMA, silane,
dimethacrylate resins, Vitrebond™

copolymer, filler, ethanol, water,
initiators, and catalysts (pH 2.7)

1. Apply the adhesive on the surface
and rub it for 20 s.

2. Gently air-dry the adhesive for
approximately 5 s for the solvent to

evaporate.
3. Light cure for 10 s

(>500 mW/cm2).

FuturaBond M+,
VOCO, Germany

(lot: 1742551)

HEMA, BIS-GMA, ethanol, Acidic
adhesive monomer (10-MDP), UDMA,
catalyst ethanol, water, initiators, and

catalysts (pH 2.8)

1. Apply the adhesive homogenously to
the surface.

2. Rub for 20 s.
3. Dry off the adhesive layer with dry,

oil-free air for at least 5 s.
4. Light cure for 10 s

(>500 mW/cm2).

Abbreviations: 10-MDP 10-methacryloxydecyl dihydrogen phosphate, Bis-GMA bisphenol A diglycidyl
methacrylate, HEMA 2-hydroxyethyl methacrylate, UDMA urethane dimethacrylate.

2.2. Micro-Tensile Bond Strength and Failure/Fractographic Analysis

The specimens were cut after the aging period using a hard-tissue microtome (Remet
evolution, REMET, Bologna, Italy) across the resin–dentine interface, obtaining approximately 15–18
matchstick-shaped specimens from each tooth (Ø 0.9 mm2). These were submitted to microtensile bond
strength tests using a device with a stroke length of 50 mm, peak force of 500 N, and a displacement
resolution of 0.5 mm. Modes of failure were evaluated at 50× magnification using stereoscopic
microscopy and conveyed in a percentage of adhesive (A), mixed (M), or cohesive (C) bonding fracture.
Five representative fractured specimens from each sub-group were mounted on aluminum stubs
with carbon glue after the critical-point drying process. The specimens were gold-sputter-coated and
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analyzed using field-emission scanning electron microscopy (FE-SEM S-4100; Hitachi, Wokingham,
UK) at 10 kV and a working distance of 15 mm.

Bond strength values in MPa were initially assessed for normality distribution and variances
homogeneity using Kolmogorov–Smirnov and Levene’s tests, respectively. Data were then analyzed
using a three-way Analysis of Variance (ANOVA Factors: restorative material, adhesive, and aging
protocol) and Newman–Keuls multiple-comparison test (α = 0.05). SPSS V16 for Windows (SPSS Inc.,
Chicago, IL, USA) was used.

Table 2. Experimental design. Distribution of specimens in groups and sub-groups for evaluation via
microtensile bond strength (MTBS), interface confocal microscopy, and SEM fractographic analysis.
CTR = control, no aging; LC = load-cycling; AS = artificial saliva.

Total Number of
Specimens in Main

Groups

RESIN COMPOSITE
(72 Specimens)

RMGIC
(72 Specimens)

ACTIVA
(72 Specimens)

Number of specimens
in sub-groups

(18/group)
Number of specimens in aging sub-groups (6/ group)

SCU–ER: Scotchbond
Etch and rinse

CTR
6 spec

LC
6 spec

LC+AS
6 spec

CTR
6 spec

LC
6 spec

LC+AS
6 spec

CTR
6 spec

LC
6 spec

LC+AS
6 spec

FTB–ER Futurabond M+
Etch and rinse

CTR
6 spec

LC
6 spec

LC+AS
6 spec

CTR
6 spec

LC
6 spec

LC+AS
6 spec

CTR
6 spec

LC
6 spec

LC+AS
6 spec

SCU–SE: Scotchbond
Self-etch

CTR
6 spec

LC
6 spec

LC+AS
6 spec

CTR
6 spec

LC
6 spec

LC+AS
6 spec

CTR
6 spec

LC
6 spec

LC+AS
6 spec

FTB–SE: Futurabond M+
Self-etch

CTR
6 spec

LC
6 spec

LC+AS
6 spec

CTR
6 spec

LC
6 spec

LC+AS
6 spec

CTR
6 spec

LC
6 spec

LC+AS
6 spec

3. Results

Micro-Tensile Bond Strength (MTBS) and Failure Mode Analysis

There were no pre-test failures before the microtensile bond strength assessment. Three-way
ANOVA revealed a significant effect of adhesive (F = 28.75, p < 0.001) and restorative material (F = 6.68,
p < 0.001) on the bond strength, whereas the aging protocol was not statistically significant (F = 8.17;
p = 0.125). The interactions between the three variables were significant (p < 0.001).

The results of the microtensile bond strength test (mean and ± SD) are depicted in Table 3. It was
observed that there was no significant difference (p > 0.05) at 24 h testing between the two adhesives
when applied in etch-and-rinse (ER) or self-etching (SE) mode and then restored using the conventional
RC or the two RMGIC-based materials (IONOLUX and ACTIVA). Conversely, the specimens created
with the conventional RMGIC presented no significant differences (p > 0.05) when bonded using the
two adhesives applied in ER or SE mode. However, all the specimens created with the conventional
RMGIC showed a significant lower bond strength compared to those created with RC or ACTIVA.
The failure mode showed that all the specimens restored with the RMGIC failed mainly in the cohesive
mode, leaving a clear presence of the material still bonded to the dentine. The specimens created with
RC or ACTIVA failed mainly in the cohesive in composite and mixed mode, leaving part of the dentine
still covered by the restorative material and the other part exposed.

The fractographic analysis showed that the restorative materials employed in this study had no
influence on the outcomes in the control storage period (24 h), but all those specimens created with
SCU in ER mode presented less resin infiltration within exposed acid-etched dentine collagen fibrils
(Figure 1A,B), while the specimens bonded using the FTB applied in ER mode presented fractures
mainly underneath the hybrid layer (Figure 1C). Moreover, in this latter case, there was mineralized
peri-tubular dentine around the lumen of the dentine tubules and no demineralized and exposed
collagen fibrils (Figure 1D). Conversely, all the specimens bonded with the two adhesives applied in SE
or ER mode and then restored with RMGIC showed a surface still covered by the restorative material
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(cohesive mode within RMGIC) with no exposure of the dentine (Figure 1E,F) after microtensile bond
strength testing. Furthermore, the fractographic analysis showed that the specimens created both
with SCU (Figure 1F) and FTB (Figure 1G) applied in SE, and that failed in mixed or adhesive mode,
presented a dentine surface still covered by a smear layer with no presence of collagen fibrils and/or
exposed dentinal tubules (Figure 1I).

 
Figure 1. SEM fractographic analysis of the control specimens. (A) SEM fractography of a specimen
created with SCU applied in ER mode and restored with resin composite (RC) showing the presence of
exposed dentine and several resin tags still in the dentinal tubules. (B) At higher magnification, it is
possible to note the presence of resin tags inside demineralized dentine tubules and collagen fibrils not
well infiltrated by the SCU adhesive (pointer). This latter morphological characteristic may indicate
that such resin–dentine interface would be affected by degradation over time and would drop in bond
strength. (C) SEM fractography of a specimen created with FTB applied in ER mode and restored with
ACTIVA showing the presence of exposed dentine and several resin tags still inside the small lumen of
the dentinal tubules. (D) At higher magnification it is possible to observe a typical failure occurred at
the bottom of the hybrid layer (HL) characterized by the presence of mineralized peritubular dentine
(pointer), with tubules totally obliterated by resin tags and with no presence of demineralized exposed
collagen fibrils. Conversely, the dentine specimens bonded with SCU (E) and FTB (F) applied in ER
mode and restored with the RMGIC show the presence of the remaining RMGIC that totally covered
the dentine surface. (G) SEM fractography of a specimen created with SCU applied in SE mode and
restored with ACTIVA and (H) FTB applied in SE mode and restored with RC showing a characteristic
failure in mixed mode. Note the presence of the remaining resin (G) and smear layer on the dentine
surface; the latter was even more evident at higher magnification (I).
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Table 3. The results show the mean (± SD) of the MTBS (MPa) to dentine and the percentage (%) of the
failure mode analysis.

RESIN COMPOSITE RMGIC ACTIVA

CTR LC LC+AS CTR LC LC+AS CTR LC LC+AS

SCU–ER:
Scotchbond

Etch and rinse

48.9 (7.6)
A1

50/45/5

33.5 (5.6)
B2

15/55/30

28.1 (5.7)
B2

10/50/40

35.1 (7.1)
B1

80/20/0

33.4 (7.8)
B1

75/20/5

31.1 (8.8)
B1

50/35/15

55.3 (6.1)
A1

45/55/0

53.1 (7.1)
A1

55/40/5

50.1 (6.8)
A1

30/50/20

FTB–ER
Futurabond M+
Etch and rinse

51.2 (5.9)
A1

55/40/5

58.1 (7.3)
A1

45/50/5

55.3 (6.5)
A1

20/65/15

31.3 (6.7)
B1

70/30/0

32.1 (6.6)
B1

65/35/0

32.1 (7.1)
B1

60/30/5

54.2 (5.7)
A1

45/55/0

52.7 (6.2)
A1

55/40/5

52.1 (5.6)
A1

30/50/20

SCU–SE:
Scotchbond

Self-etch

45.1 (5.2)
A1

45/50/5

44.4 (6.2)
A1

40/50/10

34.1 (5.9)
B1

10/55/35

32.3 (7.4)
B1

70/30/0

34.4 (7.2)
B1

65/30/5

29.6 (7.9)
B1

50/45/5

46.1 (6.2)
A1

40/55/5

49.8 (7.4)
A1

30/65/5

49.5 (6.9)
A1

45/50/5

FTB–SE:
Futurabond M+

Self-etch

49.2 (4.9)
A1

40/50/10

48.3 (9.3)
A1

45/50/5

45.6 (7.5)
A1

25/60/15

34.1 (6.2)
B1

75/25/0

31.5 (7.7)
B1

70/30/50

30.5 (7.5)
B1

60/35/5

48.1 (6.2)
A1

40/55/5

51.1 (7.4)
A1

45/50/5

50.5 (7.4)
A1

45/50/5

Failure mode [Cohesive/Mixed/Adhesive]. The same number indicates no significance in column, while the same
letter indicates no significance in row (p > 0.05).

After submitting the specimens to load-cycle aging, the only group that showed a significant
bond strength drop (p < 0.05) was that created with the SCU applied in ER mode and restored using
the conventional RC. In this group, an important change in the failure mode was also observed; only
15% of the specimens failed in cohesive mode, while failure in mixed and adhesive modes were
55% and 30%, respectively (Table 3). This situation was not evident in the specimens bonded with
the same adhesive but restored using IONOLUX (RMGIC) or ACTIVA; no significant bond strength
drop (p > 0.05) and no radical change in failure mode was observed. The SEM fractography showed
no important ultra-morphological changes in most of the fractured resin–dentine interfaces of these
groups compared to the control group. Conversely, the specimens created with the SCU applied
in ER mode (Figure 2A) and restored with the conventional RC, which failed prevalently in mixed
and adhesive mode, showed that the fracture occurred underneath the hybrid layer with no sign of
demineralized and/or poorly infiltrated collagen fibrils (Figure 2B,C).

 
Figure 2. SEM Fractographic analysis after load-cycle aging. (A) SEM fractography of a specimen
created with SCU applied in ER mode and restored with RC showing a characteristic failure in mixed
mode. The finger pointer indicates a brighter area of greater and more evident aging (pointer), which
was probably induced by the cycling load. However, when we observed that specific area at higher
magnifications (B), it was possible to observe that the fracture occurred underneath the hybrid layer
(pointer), which is characterized by the presence of mineralized dentine (pointer), with tubules totally
obliterated by resin tags and with no presence of demineralized exposed collagen fibrils (C).

The prolonged aging in artificial saliva performed subsequent load-cycling stress induced
important changes on microtensile bond strength as well as on the ultramorphology of the fracture
of some specific groups. In particular, the specimens bonded with SCU applied both in ER and SE
mode and then restored with the conventional composite had a significant drop in bond strength
compared to the specimens in the groups CTR and LC (p < 0.05). Moreover, the number of failures
in mixed and adhesive modes increased in the aforementioned groups compared to the control
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(CTR) group. The SEM fractography showed evident signs of dentine degradation in the group of
specimens created with SCU applied in ER mode and then restored with the conventional composite
(Figure 3(A1,A2)). The SEM fractography showed that specimens created with SCU applied in SE mode
and then restored with the RC presented degradation both of the adhesive (Figure 3B) and dentine
hybrid layers (Figure 3C). Conversely, the same specimens restored with the RMGIC or ACTIVA
presented a stable bond strength with no significant drop (p < 0.05), and the type of failure remained
quite similar to the control group. The SEM fractography showed no drastic changes in all those
groups for the ultramorphology of fractured resin–dentine interfaces compared to the control group
(Figure 3D,E). In particular, the SEM fractography of a specimen created with SCU applied in ER mode
and restored with ACTIVA and RMGIC showed the presence of dentine that was well mineralized
with no sign of demineralized collagen fibrils, but with the presence of mineral debrides as a possible
result of the bioactivity of such GIC-based materials (Figure 3D).

 
Figure 3. SEM Fractographic analysis after load cycling and aging in artificial saliva. (A) SEM
fractography of a specimen created with SCU applied in ER mode and restored with RC showing
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a characteristic failure in adhesive mode. Note that the white circle indicates no physical difference
in the material; it was added to show the reader that images (A1,A2) were obtained by higher
magnification in that zone. Indeed, in (A1,A2) it is possible to see severe collagen degradation without
the presence of any resin residual. (B) SEM fractography of a specimen created with SCU applied in SE
mode where it is possible to see a failure between composite and adhesive, probably due to degradation
induced by excessive water sorption upon mechanical stress and prolonged AS storage. However,
it was also possible to see, in those specimens that failed in mixed mode, signs of degradation of the
collagen fibrils underneath the hybrid/interdiffusion layer (C). (D) SEM fractography of a specimen
created with SCU applied in ER mode and restored with ACTIVA showing that the failure occurred
underneath the hybrid layer, but the exposed dentine is well mineralized with no sign of exposed
demineralized collagen fibrils. Note also the presence of mineral debrides that are a possible result
of the bioactivity of ACTIVA, which released ions and diffused through the resin-bonded dentine.
(E) SEM fractography of a specimen created with FTB applied in SE mode and restored with RMGIC.
The specimens of this group failed mainly in cohesive and mixed mode; this latter zone is characterized
by a fracture occurring underneath the hybrid layer, leaving behind a dentine surface completely
mineralized with no sign of exposed, denatured, or demineralized collagen fibrils. Please note the
presence of a well mineralized intratubular dentine inside the lumen of the dentine tubules.

4. Discussion

This study showed that the use of modern ion-releasing materials such as conventional RMGIC
or RMGIC-based composite (ACTIVA) preserved the bonding performance of only one (SCU) of the
two modern universal adhesives bonded to dentine in etch-and-rinse or self-etching mode, after the
two aging protocols employed in the experimental design. Conversely, the dentine-bonded specimens
created with the FTB universal bonding system applied in etch-and-rinse or self-etching showed no
significant drop in bonding performance after aging, regardless the restorative material employed or
the aging protocol. Hence, the hypothesis tested in this study needs to be partially accepted as the use
of a specific new generation universal bonding systems may confer a stable dentine-bonded interface
over time. Nevertheless, the use of modern ion-releasing restorative materials such as RMGIC or
ACTIVA may preserve the bonding performance of those universal adhesives that are more prone to
degradation after aging.

The effects of the load-cycle aging protocol on the bonding performance of the SCU system applied
in ER mode and restored with the conventional RC were relevant; the bond strength of this group of
specimens dropped significantly (p < 0.05). Moreover, only the specimens bonded using SCU applied
both in ER and SE mode and then restored with the conventional composite showed a significant drop
in bond strength compared to the specimens in the control (CTR, 24 h) group after prolonged aging
in artificial saliva. The ultramorphology analysis performed in the specimens of the control group
(24 h), created using the SCU system applied in ER mode and restored with RC showed the presence
of demineralized-acid-etched dentine collagen that was not well resin-infiltrated (Figure 1A,B). While
the same specimens submitted to LC aging showed no exposed collagen, but mineralized dentine
with resin tags that obliterated the dentinal tubules (Figure 2). This was an interesting result, so we
hypothesize that a possible explanation to the difference in bonding performance observed between
these two latter situations (LC-only aging vs. CTR) may be attributed to the fact that the hybrid
layer created using simplified adhesives applied in etch-and-rinse mode can represent the critical
part of the resin–dentine interface, as it probably remains only partially polymerized [33–35]. Indeed,
it has been advocated that during cycling loading such un-polymerized monomers within the hybrid
layer, created with simplified, highly hydrophilic etch-and-rinse adhesives, may be mechanically
“intruded” into the demineralized dentine causing a more compact and performant hybrid layer.
However, such a morphological change within the resin–dentine interface may favor higher stress
concentrations during the cycling load at the bottom of the hybrid layer, causing an accelerated
mechanically-induced degradation phenomenon in this specific zone that often remains partially
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demineralized and poorly infiltrated by adhesive monomers [34,35]. Indeed, the absence of a proper,
partially demineralized bottom of the hybrid layer may explain why the dentine bonded with SCU or
FTB in SE mode showed no bond-strength drop after load-cycle aging, regardless of the restorative
material and the protocol employed for aging [33,34]. Our results seem to be in accordance with
those of Dorfer et al. [36] who demonstrated water diffusion within the resin–dentine interface and
hybrid layer during flexure; this promoted chemical/mechanical degradation and washout of “poorly”
polymerized water-soluble monomers.

Apparently, such type of degradation mentioned above was improbable in dentine etched with
phosphoric acid and bonded using the same simplified adhesive (SCU), but restored with RMGIC or
ACTIVA. Indeed, such restorative materials may have absorbed some of the stress generated by the
load-cycle aging due to their lower modulus of elasticity, thereby reducing the risk for degradation at
the bonding interface [14,15]. The fact that the two GIC-based materials with lower moduli of elasticity
may have distributed stresses within their bulk structure lowering the tension concentration at the
interface created with the SCU adhesive, applied both in ER and SE mode and subsequently submitted
to a cycling load followed by prolonged storage in AS. This observation was supported by the absence
of reduction in bonding performance compared to those specimens restored with the conventional
composite; this latter group presented a significant bond strength drop (p < 0.05) after such a prolonged
aging protocol. In addition to the significant bond strength reduction (Table 3), the results of this
current study also showed the presence of funneled dentinal tubules, with no presence of collagen
fibrils and no residual of restorative material on the dentine surface (Figure 1), which are all typical
morphological signs that indicate collagen hydrolysis and proteolytic denaturation caused by the
activity of proteases such as MMPs and cathepsins [34,35,37]. Conversely, the SCU adhesive applied in
ER mode and restored with ACTIVA failed mainly in mixed mode or in cohesive/mixed mode when
restored with the RMGIC. The SEM fractographic analysis highlighted in those specimens the presence
of exposed dentine due to a fracture that occurred underneath the hybrid layer, which left behind
a well mineralized dentine with no sign of collagen degradation. Indeed, in this latter case, mineralized
peri-tubular dentine around the lumen of the dentine tubules and with no demineralized and exposed
collagen fibrils was often observed; this is a typical ultramorphological aspect of failure occurring
away from the hybrid layer in resin–dentine interface characterized by high bonding stability [37].

Furthermore, mineral debris were detected as a possible result of the bioactivity of ACTIVA and
RMGIC (Figure 3D). Indeed, glass-ionomer materials are considered the main bioactive ion-releasing
restorative materials currently available in clinics, since they may be able to induce mineral growth
within the bonded-dentine interface [18]. We speculate that the results of this study may be somehow
correlated to the those hypothesized by Toledano et al. [22,33], who showed that when bioactive
materials are submitted to mechanical cycling load, they may promote diffusion of ions through the
adhesive-bonded dentine due to the permeable nature of simplified all-in-one bonding systems [37],
increasing the mineral–matrix ratio, and reduce nanoleakage and permeability at the resin–dentine
interface. Moreover, it has been demonstrated that fluoride ions may inhibit both pro- and active
metalloproteinases (MMP-2 and MMP-9) [38], thus reducing the enzymatic degradation at the bonding
interface. It may be also possible that in the case of diffusion of calcium and phosphate ions through
permeable hybrid layers, these may precipitate and crystallize in complex calcium-phosphates and
inhibit MMPs through the formation of a Ca-PO/MMP complex [39].

On the other hand, a possible explanation for the differences in bonding performance attained in
this study with the two simplified universal adhesives when restored with a conventional RC may
be related to their different chemical compositions. Unlike FTB, the SCU system, which was the only
adhesive that both when applied in ER and SE mode in combination with RC presented a significant
bond strength drop after prolonged aging protocol, contains a polyalkenoic acid copolymer (PAC).
It has been shown that PAC contained in adhesives tends to accumulate primarily on the outer surface
of the hybrid layer and creates “isles” between dentine and the adhesive layer [39]. It is also well
known that PAC has multiple pendent carboxylic acids along a linear backbone that bind water, which
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causes important water sorption and solubility. Moreover, the high molecular weight of PAC [40]
precludes its penetration into interfibrillar spaces within the acid-etched dentine.

Several reports indicated that simplified adhesives containing relatively high amount of bisphenol
A diglycidyl methacrylate (Bis-GMA) in combination with PAC and 2-hydroxyethyl methacrylate
(HEMA) do not infiltrate well into acid-etched dentine, so creating HEMA-rich/Bis-GMA-poor hybrid
layers. It is also believed that HEMA, mixing with water within the hybrid layer, may produce
hydrogels able to absorb water, which in turn enable hydrolytic and enzymatic degradation processes
that jeopardize the longevity of resin–dentine interfaces [41–43]. Furthermore, it is generally well
known that water-containing and acidic, single-bottle, pre-hydrolyzed silane coupling agents have
a relatively short shelf life because both water and lower pH media can cause silane to degrade over
time [44]. A modern, universal adhesive such as SCU contains both free silane and silaned nanofillers.
Thus, we believe that water sorption at the adhesive layer may have accelerated polymer hydrolysis
and filler debonding, reducing the durability of its bonding performance [44,45].

The information obtained in this study, along with all the observations discussed above, may
also be relevant to the contemporary philosophy in atraumatic restorative dentistry. This is based on
the preparation of minimally invasive cavities in order to preserve as much sound dental tissue as
possible. However, such an ultraconservative intervention should always be followed by restorative
treatments performed using therapeutic restorative approaches that protect the resin–dentine interface
from degradation processes and prevent the reoccurrence of secondary carious lesions [46,47]. It is well
known that the bonding performance of adhesive systems applied to caries-affected dentine (CAD) is
not as strong as that attained when such materials are used in sound dentine; the bonding performance
seems correlated to the low biomechanical properties of CAD (e.g., modulus of elasticity) [47].
Therefore, such a situation leads to failure of the restoration over time, so that improvements and
suitable alternative restorative procedures are necessary in order to improve the durability of the
bonding between adhesives and CAD. Wang et al [48] demonstrated distinct differences in the depth
of dentine demineralization and degree of adhesive infiltration in non-carious and CAD. Because of
the structural alteration and porosities in CAD, deeper, demineralized layers occurred. The deeper the
demineralized collagen, the poorer the resin infiltration into the deepest part of the CAD. This resulted
in phase separation of resin adhesives and “weak” bond strength. However, Tekçe et al. [49] showed
that in such circumstances, the use of flowable resin-based composites, RMGICs, and compomers may
provide stronger dentine-bond strength and better margin sealing than conventional glass-ionomer
cement and resin composites due to the ability of such materials to dissipate the occlusal stress and the
therapeutic effect of ions released over time.

In conclusion, within the limitations of this study, it is possible to affirm that the choice
of appropriate materials from a chemical and mechanical point of view can make a difference
on the bonding performance/durability of dentine-bonded interfaces. Indeed, the application of
well-formulated modern adhesive systems in combination with ion-releasing dentine-replacement
materials might offer to clinicians the possibility to perform more long-lasting adhesive restorations.
However, these concepts must be corroborated by future in vivo and/or clinical trial studies in order
to evaluate their true suitability in a clinical scenario.
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Abstract: Bioactive alloplastic materials, like beta-tricalcium phosphate (β-TCP) and calcium sulfate
(CS), have been extensively researched and are currently used in orthopedic and dental bone
regenerative procedures. The purpose of this study was to compare the performance of EthOss
versus a bovine xenograft and spontaneous healing. The grafting materials were implanted in
standardized 8 mm circular bicortical bone defects in rabbit calvariae. A third similar defect in each
animal was left empty for natural healing. Six male rabbits were used. After eight weeks of healing,
the animals were euthanized and the bone tissue was analyzed using histology and micro-computed
tomography (micro-CT). Defects treated with β-TCP/CS showed the greatest bone regeneration and
graft resorption, although differences between groups were not statistically significant. At sites that
healed spontaneously, the trabecular number was lower (p < 0.05) and trabecular separation was
higher (p < 0.05), compared to sites treated with β-TCP/CS or xenograft. Trabecular thickness was
higher at sites treated with the bovine xenograft (p < 0.05) compared to sites filled with β-TCP/CS
or sites that healed spontaneously. In conclusion, the novel β-TCP/CS grafting material performed
well as a bioactive and biomimetic alloplastic bone substitute when used in cranial defects in this
animal model.

Keywords: bone regeneration; β-tricalcium phosphate; calcium sulfate; bone substitutes; animal
study

1. Introduction

Bone grafting procedures are performed to manage osseous defects of the jaw due to pathological
processes or trauma, to preserve the alveolar ridge after extraction, and to augment the bone around
dental implants. For this purpose, a wide variety of bone substitutes, barrier membranes, and
growth-factor preparations are routinely used, and several different surgical methods have been
proposed [1,2]. Autogenous bone is still considered the gold standard among bone grafting materials
as it possess osteoconductive, osteoinductive, and osteogenetic properties; it neither transmits diseases
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nor triggers immunologic reactions; and is gradually absorbed and replaced by newly-formed high
quality osseous tissue. The disadvantages of using autogenous bone include restricted availability,
the need for additional surgical site, increased morbidity, and extended operating time [3,4]. As an
alternative solution, bone graft substitutes are widely used in bone reconstructive surgeries, and
the science of biomaterials has become one of the fastest growing scientific fields in recent years [5].
By definition, bone substitutes are any “synthetic, inorganic or biologically organic combination
which can be inserted for the treatment of a bone defect instead of autogenous or allogenous
bone” [6]. This definition applies to a wide variety of materials of different origins, composition,
and biological mechanisms of function regarding graft resorption and new bone formation. Thus, the
selection of biomaterials in clinical practice must be based on their biocompatibility, biodegradability,
bioactivity, and mechanical properties, as well as the resulting cell behavior [7–11]. Parameters like
the physicochemical characteristics, hydrophilicity and hydrophobicity, and molecular weight may
influence the handling and performance of bone substitutes [12,13]. In general, the ideal grafting
material should act as a substrate for bone ingrowth into the defect, to be ultimately fully replaced by
host bone with an appropriate degradation rate in relation to new bone development for complete
regeneration up to the condition of restitutio ad integrum [1,14]. The grafting material should also be
able to retain the volume stability of the augmented area [1].

Bioactivity is a characteristic of chemical bonding between bone grafts and host biological tissues.
Calcium phosphate ceramics and calcium sulfates are considered bioactive materials as they have
the ability to evoke a controlled action and reaction to the host tissue environment with a controlled
chemical dissolution and resorption, to ultimately be fully replaced by regenerated bone [5,15].

Among bioactive ceramics, β-TCP and hydroxyapatite (Ca10(PO4)6(OH)2) are frequently utilized
in dental bone regenerative procedures [13]. Their composition is similar to that of natural bone,
they are biocompatible and osteoconductive materials, can osseointegrate with the defect site, and
due to their non-biologic origin, their use does not involve any risk of transmitting infections
or diseases [16–22]. The degradation process of these biomaterials produces and releases ions
that can create an alkaline environment that seems to enhance cell activity and accelerate bone
reconstruction [13]. Recent in vitro and in vivo experimental studies have shown that such alloplastic
bone substitutes can stimulate stem cells to differentiate to osteogenic differentiation of stem cells, as
well as ectopic bone induction [23–27]. β-TCP may promote the proliferation and differentiation of
endothelial cells and improve neovascularization in the grafted site, having clear benefits for osteogenic
processes [13,28].

The ability of the bacteriostatic CS to set is well documented. Adding CS to β-TCP produces a
compound alloplastic biomaterial that hardens in situ and binds directly to the host bone, helping
maintain the space and shape of the grafted site, and acts as a stable scaffold [29–35]. The improved
mechanical stability of the graft is a crucial factor for bone healing and differentiation of mesenchymal
cells to osteoblasts [36], thus contributing to enhanced regeneration of high quality hard tissue [37,38].
The in situ hardening CS element may act as a cell occlusive barrier membrane, halting soft connective
tissue proliferation into the graft during the first stages of healing [39–41].

Both CS and β-TCP are fully resorbable bone substitutes, leading to the regeneration of high
quality vital host bone without the long-term presence of graft remnants. The CS element resorbs over
a three- to six-week period, depending on patient physiology, creating a vascular porosity in the β-TCP
scaffold for improved vascular ingrowth and angiogenesis. The β-TCP element resorbs by hydrolysis
and enzymatic and phagocytic processes, usually over a period of 9–16 months. Although evaluating
these resorptive mechanisms is difficult, it seems that cell-based degradation might be more important
than dissolution, and macrophages and osteoclasts may be involved in phagocytosis, again largely
dependent on host physiology [22,41–43].

As recent studies in bone reconstruction are gradually shifting their focus to biodegradable
and bioactive materials, resorbable alloplastic bone substitutes might be a potential alternative to
autogenous bone or bovine xenografts in dental bone reconstructive procedures. However, limited
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information is available in the recent literature. Therefore, the aim of this study was to compare
the performance of a novel alloplastic bone substitute composed of β-TCP and CS, versus a bovine
xenograft and spontaneous healing, in cranial bone defects in rabbits.

2. Experimental Section

2.1. Animals

Six adult male New Zealand White rabbits, each weighing 3 kg (±250 g), were used in this study
with the approval of the Institutional Animal Care and Use Committee of the Veterinary Department,
Greek Ministry of Rural Development and Veterinary, Attica Prefecture, Greece (project identification
code: 5176/10-10-2017). Animals were provided with an appropriate balanced dry diet and water ad
libitum, and caged individually in a standard manner at the N. S. Christeas animal research facility,
Medical School, University of Athens, Greece. All animals were allowed seven days from their arrival
to the facility in order to acclimatize to their new environment.

2.2. Surgical Procedures

Surgical procedures are shown in Figure 1. Under general anesthesia by orotracheal intubation,
a longitudinal midline linear incision was made in the skin over the top of the cranial vault to expose
the skull. The overlying periosteum was then excised, and three separate and identical 8-mm-diameter
bicortical cranial round defects were created in the calvaria of each animal using a trephine drill with
an internal diameter of 8 mm (Komet Inc., Lemgo, Germany) on a slow-speed electric handpiece by
applying 0.9% physiologic saline irrigation. During the osteotomy, care was taken not to injure the
dura mater under the bone. Then, using a thin periotome, the circular bicortical bone segment was
mobilized and luxated.

Following a randomization technique using cards, the three resultant bone defects in each animal
were randomly assigned treatment: (1) one defect was filled with 150 mg of the test alloplastic
biomaterial (group 1), (2) one defect was filled with 150 mg of bovine xenograft (group 2), and (3) one
sham defect remained unfilled (group 3).

The test bone graft substitute used in group 1 (EthOss, Ethoss Regeneration Ltd., Silsden, UK) is
a self-hardening biomaterial consisting of β-TCP (65%) and CS (35%), preloaded in a sterile plastic
syringe. In accordance with the manufacturer’s instructions, prior to applying the alloplastic graft
into the bone defect, the particles of the biomaterial were mixed in the syringe with sterile saline.
After application, a bone plunger was used to gently condense the moldable graft particles in order to
occupy the entire volume of the site up to the level of the surrounding host bone. A saline-wet gauze
was used to further compact the graft particles and accelerate the in situ hardening of the CS element
of the graft. As a result, after a few minutes, the alloplastic bone substitute formed a stable, porous
scaffold for host osseous regeneration.

As a xenograft, a bovine deproteinized cancellous bone graft with a particle size of 0.25–1 mm
(Bio-Oss, Geistleich Pharmaceutical, Wollhausen, Switzerland) was used in group 2. Bio-Oss consists
of loose particles. According to the manufacturer’s instructions, before application, the material was
mixed with sterile saline and then placed into the bone defect, avoiding excessive compression.

Interrupted resorbable 4-0 sutures (Vicryl, Ethicon, Johnson & Johnson, Somerville, NJ, USA)
were used to close the overlying soft tissues in layers.
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Figure 1. The surgical process. (A) Surgical exposure of the rabbit calvaria; (B) using a trephine
burr, three identical circular osteotomies were performed; and (C) after removing the bicortical
bone segments. The circular three-defect model was utilized with a frontal bone defect affecting
the inter-frontal suture plus two bilateral defects affecting the parietal bones. (D) Two sites were treated
with bone substitutes and the third left unfilled. (E) EthOss and (F) Bio-Oss.

Each experimental animal received antibiotics (30 mg/kg of Zinadol, GlaxoWellcome, Athens,
Greece) every 24 h and analgesics (15 mg/kg of Depon; Bristol-Myers Squibb, Athens, Greece) for 2
days postoperatively. An intravenous injection of sodium thiopental (100 mg/kg of Pentothal; Abbott
Hellas, Athens, Greece) was used to euthanize all animals after an 8-week healing period. The calvaria
bones containing the healed sites were surgically harvested and immediately fixed in neutral buffered
formalin (10%) for 24 h.

2.3. Micro-CT Evaluation

Each calvaria was scanned using a micro-CT scanner (Skyscan 1076, Bruker, Belgium) at 50 kV,
200 μA, and a 0.5 mm aluminum filter. The pixel size was 18.26 μm. Two images were captured every
0.7◦ through 180◦ rotation of the sample; the exposure time per image was 420 ms. The X-ray images
were reconstructed using the NRecon software (Skyscan, Bruker, Belgium) and analyzed using Skyscan
CT analysis software. Specific thresholds were set on segmenting the micro-CT images in order to
distinguish the newly-formed bone from the connective tissue and the grafting materials. A lower
threshold (level 60) was used for all groups to segment the bone tissue, whereas higher threshold
levels were used to segment the Bio-Oss and the EthOss particles (level 90 and level 120, respectively).
Analysis was performed using an 8-mm-diameter circular region that was placed in the center of the
initial defect area. Trabecular bone analysis was performed, and based on the micro-CT results several
parameters regarding new bone formation, residual graft, and the microarchitecture of the regenerated
bone were calculated (Table 1).
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Table 1. Parameters assessed by analysis of the micro-computed tomography (CT) data.

Parameter Abbreviation Description Standard Unit

Bone volume fraction BV/TV
Ratio of the segmented newly-formed
bone volume to the total volume of
the region of interest

%

Residual material
volume fraction RMVF

Ratio of the residual grafting material
volume to the total volume of the
region of interest

%

Trabecular number Tb.N Measure of the average number of
trabeculae per unit length 1/mm

Trabecular thickness Tb.Th Mean thickness of trabeculae,
assessed using direct 3D methods mm

Trabecular separation Tb.Sp Mean distance between trabeculae,
assessed using direct 3D methods mm

2.4. Histology

After micro-CT analysis, bone specimens were decalcified in bone decalcification solution
(Diapath S.p.a., Martinengo, Italy) for 14 days. After routine processing, slices were obtained from
the central part of each healed bone defect using a saw (Exakt saw 312, Exakt Apparatebau GmbH,
Norderstedt, Germany), embedded in paraffin, sectioned longitudinally into multiple 3-μm-thick
sections and stained with Hematoxylin and Eosin stain. For qualitative analysis of the bone
regenerative process, the stained preparations were examined under a light microscope (Nikon Eclipse
80, Nikon, Tokyo, Japan) and the entire section was evaluated. Images of each section were acquired
with a digital camera microscope unit (Nikon DS-2MW, Nikon, Tokyo, Japan).

2.5. Statistics

Statistical analysis was performed using SPSS software (v. 17, SPSS Inc., Chicago, IL, USA).
Data are expressed as mean ± standard deviation (SD). The Shapiro-Wilk test was utilized for normality
analysis of the parameters. The comparison of variables among the 3 groups was performed using the
one-way ANOVA model. Pairwise comparisons were performed using the Bonferroni test. All tests
were two-sided, and statistical significance was set at p < 0.05.

3. Results

3.1. Overall

All animals survived for the duration of the study without complications. At eight weeks, there
were no clinical signs of infection, hematoma, or necrosis at the defect sites. The dura mater and brain
tissues under all bone defect sites exhibited no clinical evidence of inflammation, scar formation, or an
adverse tissue reaction to the bone grafting materials (Figure 2A). Closure of the cortical window and
filling of the defects with new bone were macroscopically observed at all defect sites. At bone defect
sites grafted with bovine xenograft (Bio-Oss), graft particles embedded in newly formed hard tissue
were clinically observed, whereas the newly-formed hard tissue occupying the sites treated with the
alloplastic biomaterial (EthOss) was macroscopically homogeneous, without clear clinical distinction
of residual graft particles. Clinical observation of sites left empty revealed that the spontaneously
healed circular bone defects were bridged by a thin layer of newly-formed hard tissue (Figure 2B,
Video S1).
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Figure 2. Gross observations of the 8-mm-diameter calvaria bone defect sites after eight weeks of
healing: (A) fresh harvested rabbit calvaria and (B) after removing the dura mater and fixed in neutral
buffered formalin (10%) for 24 h. Clinical observation revealed a different pattern of healing of the
osseous defect between groups.

3.2. Micro-CT Evaluation

The radiological imaging results acquired from the micro-CT after eight weeks of healing are
shown in Figure 3.

Figure 3. (A) Axial sections and (B) reconstructed three-dimensional (3D) micro-computed tomography
(CT) images of the 8-mm-diameter defect sites after eight weeks of healing.
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There were no significant differences between parameters that expressed new bone regeneration
(BV/TV), between the three groups. At this time point, there were no statistically significant differences
regarding the percentage of the residual graft material (RMVF) between groups 1 and 2, where EthOss
and Bio-Oss were used as bone substitutes, respectively (Figure 4 and Table 2).

Figure 4. The percentage of new bone (BV/TV) between the three groups, and the percentage of
residual graft (RMVF) in sites treated with EthOss and Bio-Oss, after eight weeks of healing. Data are
presented as means. The differences between groups were not statistically significant (p > 0.05).

Table 2. Comparison of parameters associate with the newly-formed bone (BV/TV) and the residual
grafting material (RMVF). The differences between groups were not statistically significant (p > 0.05).

Parameter Site N Mean SD p-Value

BV/TV
EthOss 6 33.70 8.94

0.525Bio-Oss 6 24.07 9.69
Control 6 27.36 10.95

RMVF
EthOss 6 13.41 6.43

0.070Bio-Oss 6 21.36 10.05
Control 6 - - -

At eight weeks, there were statistically significant differences between the three groups in the
parameters associated with the microarchitecture of the newly-formed hard tissue (Table 3). Regarding
the parameter Tb.N, pairwise comparisons indicated statistically significant difference between group
3 (Empty) and group 1 (EthOss) (p < 0.001), and group 2 (Bio-Oss) (p < 0.001), whereas there was
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no difference between group 1 (EthOss) and group 2 (Bio-Oss) (p = 0.126). Regarding the parameter
Tb.Th, pairwise comparisons indicated statistically significant difference between group 2 (Bio-Oss)
and group1 (EthOss) (p = 0.001), and Empty (p < 0.001), whereas there was no difference between
group 1 (EthOss) and group 3 (Empty) (p = 1.000). For parameter Tb.S, pairwise comparisons indicated
statistically significant difference between group 3 (Empty) and group 1 (EthOss) (p = 0.001), and
group 2 (Bio-Oss) (p < 0.001), whereas there was no difference between group 1 (EthOss) and group 2
(Bio-Oss) (p = 0.662).

Table 3. Comparison of parameters associated with the microarchitecture of the newly-formed hard
tissue in the three groups (a: p < 0.05 vs. control; b: p < 0.05 vs. Bio-Oss).

Parameter Site N Mean SD p-Value

Tb.N
EthOss 6 1.511 a 0.255 a

<0.001Bio-Oss 6 1.213 a 0.198 a

Control 6 0.541 0.239

Tb.Th
EthOss 6 0.219 b 0.018 b

<0.001Bio-Oss 6 0.291 0.029
Control 6 0.210 b 0.028 b

Tb.S
EthOss 6 0.486 a 0.136 a

<0.001Bio-Oss 6 0.713 a 0.238 a

Control 6 1.686 0.455

3.3. Histology

The histological slides for groups 1 (EthOss) and 2 (Bio-Oss) after eight weeks of healing are
shown in Figure 5. Histologically, the analyzed biopsy contained newly-formed bone, residual grafting
material, and vascularized uninflamed connective tissue. In all specimens, no significant inflammatory
response, no necrosis, or foreign body reactions were observed. The graft particles were surrounded
by or in contact with lamellar bone, demonstrating good osteoconductivity and biocompatibility.

Figure 5. Histological specimens at eight weeks of healing (Hematoxylin and Eosin staining).
(A) Cross-sections of the grafted and nongrafted sites (original magnification 5×); (B) EthOss and
Bio-Oss particles (Gr) are embedded in well-perfused connective tissue (CT) and newly-formed bone
(NB). Control group showing newly-formed bone trabeculae, bone marrow, and connective tissue
(original magnification 50×).
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4. Discussion

The aim of this animal study was to evaluate the host response after implantation of a novel
bioactive and fully resorbable alloplastic grafting material in comparison to the effect of a bovine
xenograft or spontaneous natural healing, in surgically-created calvaria bone defects in rabbits.

The β-TCP/CS material was compared to a bovine xenograft. Anorganic bovine bone substitutes
have been extensively studied and used in oral surgery and implantology. Numerous pre-clinical
studies and clinical trials in dentistry have shown and described in detail their osteoconductive
properties and their ability to maintain the volume of the augmented site in the long-term [44–50].
However, controversy still remains as to whether this graft source is truly resorbable [51,52].
Mordenfeld et al. [51] performed histological and histomorphometrical analyses of human biopsies
that were harvested 11 years after sinus floor augmentation with deproteinized bovine and autogenous
bone. They found that the xenograft particles were not resorbed but were well-integrated in lamellar
bone with no significant changes in particle size. Another important issue is that there are still
significant concerns that bone grafts of bovine origin may carry a possible risk of transmitting prions
to patients [53]. According to Kim et al. [54], screening prions within the animal genome is difficult.
Moreover, there is a long latency period to manifestation of bovine spongiform encephalopathy
(from one year to over 50 years) in infected patients. These factors provide a framework for the
discussion of possible long-term risks of the xenografts that are used so extensively in dentistry.
Thus, the authors suggested abolishing the use of bovine bone. They also highlighted that patient
counseling should always include a clear description of the bone grafting material origin in bone
reconstructive procedures.

In our study, no fibrosis developed between the particles of the biomaterial and the regenerated
bone, nor was an inflammatory response observed, confirming the biocompatibility of EthOss.
Our results indicate that β-TCP/CS can support new bone formation in parallel with biomaterial
dissolution. The test alloplastic graft (β-TCP/CS = 65/35) presented in this study showed pronounced
new bone formation (BV/TV = 33.70%) at eight weeks after implantation in circular calvaria bone
defects in rabbits. Previous experimental animal studies using similar β-TCP/CS materials reported
new bone fractions varying from 26% to 49% after a healing period of three weeks to four months [32,33].
Yang et al. [55], using micro-CT analysis to study the performance of a β-TCP/CS bone substitute in a
sheep vertebral bone defect model, reported a 59% hard tissue volume at 36 weeks.

The degradation of β-TCP/CS biomaterials has been demonstrated in other pre-clinical studies.
Using histomorphometry, Leventis et al. [33] found a statistically significant decrease in the percentage
of residual material between three and six weeks (4.54% and 1.67%, respectively) in grafted rabbit
calvaria defects. Podaropoulos et al. [32] reported 21.62% of residual β-TCP/CS four months after
implantation of the material in surgically created bone defects on the iliac crest of Beagle dogs, whereas
complete biodegradation of the β-TCP/CS graft after 36 weeks of implantation was documented in a
previous animal study [55]. In accordance with the above findings, the present study demonstrated
the degradation of the β-TCP/CS test biomaterial, showing a mean graft fraction area of 13.41% at
eight weeks post-implantation.

In a clinical report, Fairbairn et al. [35] used β-TCP/CS for alveolar ridge preservation. Twelve
weeks after socket grafting, a trephine biopsy was performed before the placement of the implant, and
the authors histologically and histomorphometrically analyzed the sample of the regenerated bone,
revealing 50.28% newly-formed bone and 12.27% remnant biomaterial.

In this study, we used micro-CT to three-dimensionally observe the structure of the newly-formed
bone and to analyze important parameters of bone architecture. Micro-CT is a non-invasive,
non-destructive analytical method that allows a significantly larger region of interest in the sample to
be directly analyzed in three dimensions, compared to traditional histological methods. In combination
with the histological findings, a comprehensive image of the regenerated bone can be surveyed to
provide a representative and complete description of the healing outcome in the defect site [56].
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The analysis of the micro-CT data in the present study revealed statistically significant differences
regarding parameters associated with the microarchitecture of the healed sites at eight weeks
post-operation. At sites that healed spontaneously, the trabecular number was lower and trabecular
separation was higher. These findings in the control group indicate that the grafting materials used for
filling the bone defects in the other groups acted as an osteoconductive scaffold, which facilitated the
development of a larger number of trabeculae in a denser three-dimensional arrangement. In parallel,
defects treated with β-TCP/CS showed the greatest bone regeneration and graft resorption, although
differences between groups were not statistically significant.

The use of grafting materials to treat bone defects might have an important effect on the amount
of regenerated bone tissue, and the presence of the graft particles may alter the microarchitecture of
the newly-formed tissue. The resorption rate and the ability of a given grafting material to assist bone
reconstruction seem to affect the bone healing mechanism and the geometry of the newly-formed
tissue. Such differences might affect the overall quality of the newly-formed bone [7]. The capacity of
the regenerated bone to remodel and adapt to the transmitted occlusal forces, thus minimizing the
risk of failure under load, depends on the amount of bone, as well as its shape and microarchitecture
(spatial distribution of the bone mass) and the intrinsic properties of the materials that comprise this
hard tissue. Although a moderate to strong correlation between trabecular bone volume/architecture
and biomechanical properties of trabecular bone has been shown [57], it is still unclear how the
long-term presence of remnant non-resorbable or slowly resorbable particles of the graft, and the
associated differences in structural parameters of trabecular bone and bone microarchitecture, might
interfere with the remodeling and the strength of the new tissue when regenerating bone around dental
implants. In a systematic review of the alterations in bone quality after alveolar ridge preservation with
different bone graft substitutes, Chan et al. [7] reported significant variations in vital bone formation
utilizing different grafting materials and discussed the concern that the presence of residual biomaterial
might interfere with normal bone healing and remodeling, reducing the bone-to-implant contacts, and
possibly negative affecting the overall quality and architecture of the bone that surrounds the implants.
However, whether changes in bone quality influence implant success and peri-implant tissue stability
remains unknown.

The outcomes of the present study revealed the highest vital bone content for defects grafted
with the test alloplastic material (33.70%), followed by sockets with no graft material (27.36%), and the
bovine xenograft (24.07%), whereas the amount of residual graft was higher (21.36%) for the bovine
xenograft compared to the alloplast (13.41%). Our findings, although not statistically significant, are in
accordance with results from human clinical studies on flapless socket grafting. In a recent systematic
review, Jambhekar et al. [10] analyzed the outcomes of randomized controlled trials that reported
that, after a minimum healing period of 12 weeks, sockets filled with alloplastic biomaterials had the
highest amount of newly-formed bone (45.53%) compared to sites subjected to spontaneous healing
with no graft material (41.07%) and xenografts (35.72%). The amount of remnant biomaterial was
highest for sites treated with xenografts (19.3%) compared to alloplastic materials (13.67%).

5. Conclusions

The present histological and micro-CT investigation of rabbit cranial bone defects treated with the
test resorbable alloplastic β-TCP/CS graft demonstrated excellent biocompatibility of the biomaterial
and pronounced new bone formation after a healing period of eight weeks.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/10/
2004/s1, Video S1: Video of representative harvested samples fixed in neutral buffered formalin revealing
macroscopically the different pattern of bone healing between groups.
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Abstract: Objectives: Resin-modified glass ionomer cements (RMGIC) are considered excellent
restorative materials with unique therapeutic and anti-cariogenic activity. However, concerns exist
regarding the use of polyacrylic acid as a dentine conditioner as it may influence the bonding
performance of RMGIC. The aim of this study was to evaluate the effect of different protocols
for cycling mechanical stress on the bond durability and interfacial ultramorphology of a modern
RMGIC applied to dentine pre-treated with/without polyacrylic acid conditioner (PAA). Methods:

The RMGIC was applied onto human dentine specimens prepared with silicon-carbide (SiC) abrasive
paper with or without the use of a PAA conditioner. The specimens were immersed in deionised
water for 24 h then divided in 3 groups. The first group was cut into matchsticks (cross-sectional area
of 0.9 mm2) and tested immediately for microtensile bond strength (MTBS). The second was first
subjected to load cycling (250,000 cycles; 3 Hz; 70 N) and then cut into matchsticks and tested for
MTBS. The third group was subjected to load cycling (250,000 cycles; 3 Hz; 70 N), cut into matchsticks,
and then immersed for 8 months storage in artificial saliva (AS); these were finally tested for MTBS.
The results were analysed statistically using two-way ANOVA and the Student–Newman–Keuls test
(α = 0.05). Fractographic analysis was performed using FE-SEM, while further RMCGIC-bonded
dentine specimens were aged as previously described and used for interfacial ultramorphology
characterisation (dye nanoleakage) using confocal microscopy. Results: The RMGIC applied onto
dentine that received no pre-treatment (10% PAA gel) showed no significant reduction in MTBS
after load cycling followed by 8 months of storage in AS (p > 0.05). The RMGIC–dentine interface
created in PAA-conditioned SiC-abraded dentine specimens showed no sign of degradation, but with
porosities within the bonding interface both after load cycling and after 8 months of storage in AS.
Conversely, the RMGIC–dentine interface of the specimens with no PAA pre-treatment showed no
sign of porosity within the interface after any of the aging protocols, although some bonded-dentine
interfaces presented cohesive cracks within the cement after prolonged AS storage. However, the
specimens of this group showed no significant reduction in bond strength (p < 0.05) after 8 months
of storage in AS or load cycling (p > 0.05). After prolonged AS storage, the bond strength value
attained in RMGIC–dentine specimens created in PAA pre-treated dentine were significantly higher
than those observed in the specimens created with no PAA pre-treatment in dentine. Conclusions:

PAA conditioning of dentine prior to application of RMGIC induces no substantial effect on the bond
strength after short-term storage, but its use may increase the risk of collagen degradation at the
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bonding interface after prolonged aging. Modern RMGIC applied without PAA dentine pre-treatment
may have greater therapeutic synergy with saliva during cycle occlusal load, thereby enhancing the
remineralisation and protection of the bonding interface.

Keywords: adhesion; bioactive; cycling mechanical stress; dentine; longevity; resin-modified glass
ionomer cements; polyacrylic acid treatment

1. Introduction

Glass ionomer cements (GICs) were introduced for the first time in dentistry by Wilson and Kent
in 1969 [1] as an innovative class of dental material able to set via an acid-base reaction after mixing
fluoro-aluminosilicate glass particles (FAS) with a polyacrylic acid solution (PAA) [2]. Low viscosity
polyacids, such as maleic and itaconic acids were incorporated within the PAA solution to improve
the handling and setting of GICs [3–5]. Tartaric acid was also incorporated into the PAA solution to
enhance the handling properties and increase the working time [6,7].

It is well known that the initial setting occurs due to a gelation reaction between the
fluoro-aluminosilicate glass particles and polyalkenoate acids [8], followed by a proper hardening
phase characterised by the cross-linking of the carboxylic groups present in the polymeric chains with
calcium and aluminium ions present in the FAS. However, the final chemical reaction for complete
setting occurs during the following 48 h [6,7], although the final “maturation” of the cement may take
several months due to the slow release of aluminium ions from the glass particles. It is also important to
highlight that sodium and fluoride ions are not usually involved in the setting reaction, but rather, these
ions remain unreacted within the matrix, and are released gradually into the surrounding environment
(e.g., bioactivity) [9,10]. Indeed, for this reason, GICs present unique therapeutic anti-cariogenic activity,
which is mainly attributed to the release of fluoride (F−) ions and to their buffering properties [11–14].

Glass ionomer cements are being used for a wide range of applications in dentistry [2]. These
include the restoration of deciduous teeth [15], anterior class III and V restorations [16,17], cementation
(luting) of crowns, bridges and orthodontic appliances [18–20], restorations of non-carious teeth with
minimal preparation [21,22], and sandwich technique restorations [23,24]. Furthermore, they comprise
the main material for atraumatic restorative therapy (ART) [25]. Indeed, subsequent to selective
removal of the caries-infected tissues, GICs are applied as therapeutic ion-releasing materials to
remineralise the caries-affected tissue left behind inside the dental cavity [26,27]. GICs may also
exhibit a number of drawbacks, such as brittleness [28], poor wear resistance, inadequate surface
properties [29,30], and sensitivity to high moisture in the oral cavity when newly placed [31].

In order to overcome such drawbacks, several modifications have been introduced to conventional
GICs [32–34]. A key modification was the reinforcement of GICs through the incorporation of urethane
monomers to produce resin-modified glass ionomer cements (RMGICs) [35,36]. Unlike conventional
GICs, RMGICs can be self-activated (self-polymerisation) or light-cured (photo-polymerisation
reaction). These “hybrid” materials have been generated to combine the mechanical properties
of resin monomers with the anti-carious potential of GICs [37]. Indeed, it has been observed that
RMGICs not only release fluoride, but they may also have greater flexural strength and lower solubility
compared to conventional GICs [36,37]. RMGICs have a decreased fluoride release and higher creep
relative to conventional powder-based ionomers [7]. Although first generation of RMGICs presented
slight expansion due to water sorption (from 3.4% up to 11.3%) 24 h after placement [38], modern
formulations have overcome this problem [36]. Conventional RMGICs are also characterised by lower
mechanical (e.g., Young’s modulus and flexural strength) and “inferior” aesthetic properties compared
to resin composites [7,38].

A key advance of glass ionomer-based materials is their self-adhesive properties to bind chemically
to calcium ions (Ca2+) in the apatite of enamel and dentine through chelation of carboxyl group of acidic
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polymeric chains [39–41]. However, the self-adhesive mechanism of GIC-based materials to dentine is
also due to the micromechanical interlocking achieved by shallow hybridization of the micro-porous
collagen network. A 10% solution of PAA is mostly used as an enamel/dentine conditioner to remove
the smear layer prior to the application of GIC-based restorative materials. Nevertheless, concerns
exist regarding its use, application time, and concentration, as these factors may interfere with the
overall bonding performance. Indeed, a high number of adhesive failures between a RMGIC and resin
composite have been reported when a polyalkenoic conditioner was used on smear-layer covered
dentine [40,41]. Cycling occlusal stress occurring during mastication, swallowing, as well as in cases
of parafunctional habits, can affect the integrity of the bonding interface, making it more susceptible to
short and long term degradation in the oral environment [42].

The aim of this study was to evaluate the microtensile bond strength (MTBS), after short-term
load-cycle aging or after load cycle followed by prolonged aging (8 months) in artificial saliva (AS),
of a modern bioactive RMGIC applied to dentine with or without surface pre-conditioning using 10%
polyacrylic acid (PAA). Fractographic analysis and interfacial dye-assisted nanoleakage assessment of
the bonded interfaces were evaluated using field-emission scanning electron microscopy (FE-SEM)
and confocal laser-scanning microscopy (CLSM), respectively.

The tested null hypotheses were that the durability of RMGIC applied with or without the use of
a PAA conditioner would be affected by: (i) short-term load-cycle aging; (ii) or load cycle followed by
prolonged aging (8 months) in AS.

2. Materials and Methods

2.1. Preparation of Dentine Specimens

Sound human molars were extracted for periodontal or orthodontic reasons and stored in distilled
water at 5 ◦C for no longer than 3 months. The roots were removed 1 mm beneath the cemento–enamel
junction using a diamond-embedded blade (high concentration XL 12205; Benetec, London, UK)
mounted on a low speed microtome (Remet evolution, REMET, Bologna, Italy). A second parallel cut
was made to remove the occlusal enamel and expose mid-coronal dentine.

Two main groups (n = 30 specimens/group) were created based on dentine pre-treatment. Group
1: Specimens were abraded using 320-grit SiC abrasive paper (1 min) under continuous irrigation,
followed by a water rinse (20 s), and air-drying (3 s); they were then restored with a light-cured
RMGIC (no PAA conditioning). Group 2: Specimens were abraded with 320-grit SiC abrasive paper
(1 min), conditioned with 10% PAA gel for 20 s rinsed with water (20 s), dried (3 s), and restored with
a light-cured RMGIC (PAA conditioning).

The restorative procedure was performed using the content of two mono-dose capsules of a
commercial RMGIC (RIVA light cure HV, Bayswater, VIC, Australia), mixed for 10 s in a trituration
unit, and applied in bulk on to the dentine surface and light-cured for 30 s with a light-curing unit
(Radii plus, SDI Ltd, Bayswater VIC, Australia) with a LED light source (>1000 mW/cm2).

The experimental design required that each main group be subsequently subdivided into three
sub-groups (n = 10 specimens) based on the aging protocol: (1) CRT: no aging (control, 24 h in deionised
water); (2) LC: Load cycling (250,000 cycles in artificial saliva); (3) LC-AS: Load cycling (250,000 cycles
in artificial saliva), followed by prolonged water storage (8 months in artificial saliva).

The composition of the artificial saliva was (AS: 0.103 g·L−1 of CaCl2, 0.019 g·L−1 of MgCl2·6H2O,
0.544 g·L−1 of KH2PO4, 30 g·L−1 of KCl and 4.77 g·L−1 HEPES (acid) buffer, pH 7.4). The specimens
in the subgroup LC and LC-AS were mounted in plastic rings with acrylic resin for load cycle
testing (250,000 cycles; 3 Hz; 70 N). A compressive load was applied to the flat surface of the
RMGIC using a 5-mm diameter spherical stainless steel plunger attached to a cyclic loading machine
(model S-MMT-250NB; Shimadzu, Tokyo, Japan) while immersed in AS [43].
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2.2. Micro-Tensile Bond Strength (MTBS) and Fracture Analysis (FE-SEM)

The specimens were sectioned using a hard-tissue microtome (Remet evolution, REMET,
Bologna, Italy) in both the X and Y planes across the dentine-RMGIC interface, obtaining approx.
20 matchstick-shaped specimens from each tooth with cross-sectional areas of 0.9 mm2. All the
specimens were stored at 100% humidity, and were then (i) immediately cut into matchsticks, or (ii) load
cycled and then cut into matchsticks, or (iii) load cycled, cut into matchsticks, and then stored for
8 months in AS; specimens were finally subjected to an MTBS test. The latter was performed using a
microtensile bond strength device with a stroke length of 50 mm, peak force of 500 N, and a displacement
resolution of 0.5 mm. Modes of failure were classified as a percentage of adhesive (A), mixed (M) or
cohesive (C) failures when the failed interfaces were examined at 30X magnification by stereoscopic
microscopy. Five representative fractured specimens from each sub-group were critical-point dried
and mounted on aluminium stubs with carbon cement. The specimens were gold-sputter-coated and
imaged using field-emission scanning electron microscopy (FE-SEM S-4100; Hitachi, Wokingham, UK)
at 10 kV and a working distance of 15 mm.

Bond strength values in MPa were initially assessed for normality distribution and variances
homogeneity using Kolmogorov-Smirnov and Levene’s tests, respectively. To analyse if the substrate
pre-treatment approaches had an influence on the bond strength, two-way analysis of variance
(pre-treatment and substrate condition) was performed. Chi-square analysis was performed to compare
the results of failure mode between groups. The significance level was set at p ≤ 0.05. SPSS V16 for
Windows (SPSS Inc., Chicago, IL, USA) was used.

2.3. Ultramorphology of the Bonded-Dentine Interfaces: Confocal Microscopy Evaluation

One dentine-bonded matchstick sample (Ø 0.9 mm2) was selected from the centre of each tooth in
every experimental sub-group. These were coated with a fast-setting nail varnish, applied 1 mm from
the bonded interface. They were immersed in a Rhodamine B (Merck KGaA, Darmstadt, Germany)
water solution (0.1 wt.%) for 24 h. Subsequently, the specimens were ultrasonicated in distilled water
for 5 min and then polished for 30 s each side with a 2400-grit SiC paper. The specimens were finally
ultrasonicated again in distilled water for 5 min and submitted for confocal microscopy analysis. Using
a confocal scanning microscope (Olympus FV1000, Olympus Corp., Tokyo, Japan) equipped with a
63X/1.4 NA oil-immersion lens and a 543 nm LED illumination, reflection and fluorescence images
were obtained with a 1-μm z-step to optically section the specimens to a depth of up to 20 μm below the
surface. The z-axis scan of the interface surface was pseudo-coloured arbitrarily for improved exposure
and compiled into both single and topographic projections using the CLSM image-processing software
(Fluoview Viewer, Olympus Corp., Tokyo, Japan). The configuration of the system was standardised
and used at constant settings for the entire investigation [43]. Each dentine interface was investigated
completely, and then five optical images were randomly captured. Micrographs representing the most
common morphological features observed along the bonded interfaces were captured and recorded.

3. Results

3.1. Micro-Tensile Bond Strength (MTBS) and Failure Mode Analysis

Microtensile bond strength means and standard deviation are expressed in MPa in Table 1.
Dentine surface treatments and aging in AS (8 months) had no significant influence on the MTBS
results (p > 0.01). Interactions between factors were not significant (p > 0.05). The MTBS performed at
24 h with the non-load-cycled specimens showed that the use of PAA dentine conditioning induced no
significant increase in bond strength (p > 0.05), compared to the specimens created by applying the
RMGIC on smear layer-covered dentine (no PAA-treatment).
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Table 1. The results show the mean ± SD of the MTBS (MPa) to dentine when resin-modified glass
ionomer cement was applied after different dentine pre-treatments.

Main Groups Dentine
Etching (10% PAA gel)

24 h AS
(CTR)

Load Cycling in AS
(LC)

Load Cycling and 8-Month
in AS (LC-AS)

No PAA (95/5) 16.3 ± 5.9 (A1) 16.4 ± 4.1 (A1) 13.1 ± 4.6 (A1)
(5/25/70) (2/10/88) (10 */55 */35 *)

Yes PAA (100/0) 21.5 ± 4.8 (A1) 21.1 ± 5.5 (A1) 14.2 ± 5.2 (A2)
(0/15/85) (3/17/80) (13 */65 */22 *)

Percentage (%) of total number of beams (intact sticks/pre-failed sticks) in the dentine treatment groups and
percentage of failure modes (adhesive/mix/cohesive). The same letter indicates no differences in columns with
different dentine treatments maintained in the same aging conditions. The same number indicates differences in
rows for the same dentine treatment but different aging conditions (p > 0.05). The symbol (*) indicates significant
differences in the mode of failure in the same treatment group after different aging conditions.

Likewise, after load cycling, the specimens created in dentine pre-treated using PAA showed a
bond strength comparable (p > 0.05) to that obtained with the specimens created with the RMGIC
applied onto dentine surfaces that received no PAA conditioning.

The specimens created in dentine pre-treated with PAA and those without PAA conditioning
showed no significant difference (p > 0.05) after LC-AS aging compared to the specimens in the control
group (24 h) or those in the group where the specimens where subjected to load cycling only. The only
significant difference (p < 0.05) in terms of bond strength was observed after LC-AS aging; this occurred
between the specimens created in dentine pre-treated with PAA and those without PAA conditioning.

3.2. Failure and Fractographic FE-SEM Analysis

Most of the specimens from all groups failed predominantly in cohesive mode within RMGIC
(range: 70–88%) and in mixed mode (10–25%) after 24 h and load cycling aging (Table 1), while most of
the specimens tested after LC-AS aging failed prevalently in mixed mode (range: 55–65%) compared to
those tested after 24 h or load cycling only (p < 0.05). The percentage of adhesive failures after LC-AS
aging was significantly higher (p < 0.05) (range: 10–13%) in the specimens in both PAA and no- PAA
groups compared to those tested after 24 h or load cycling (range 2–5%).

The SEM fractographic results at 24 h and after load cycling aging are shown in Figure 1. In short,
the specimens created without PAA pre-treatment that failed during a microtensile bong strength test
mainly in cohesive mode after 24 h of storage in water (Figure 1A) showed a surface covered by residual
RMGIC (Figure 2B,C). The specimens created with the use of PAA re-treatment applied on dentine that
failed in mixed mode after 24 h storage showed some areas with the presence of unprotected dentinal
tubules, which were totally exposed and characterised by the presence of partially demineralised
collagen fibrils (Figure 1F,1-F1). Also, the specimens created with the use of no PAA and then subjected
to load cycling prevalently showed a surface covered by RMGIC with no exposure of the dentinal
tubules (Figure 1G). The specimens created with the use of PAA applied on dentine showed after
load cycling only the presence of totally exposed unprotected dentinal tubules (Figure 1F); at higher
magnification, it was possible to observe the presence of partially-demineralised collagen fibrils
(Figure 1H-1).
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Figure 1. (A) Representative SEM micrograph of a specimen created with the use of no PAA applied
on dentine that failed during the microtensile bong strength test in cohesive mode after 24 h of storage
in water. At higher magnification, it is possible to note a surface covered by residual RMGIC (B)
characterized by the presence of particles (*) of fluoroaluminosilicate glass (C). (D) Representative SEM
fractographic analysis of specimens created with the use of PAA applied on dentine that failed in mixed
mode after 24 h storage. At higher magnification, it is possible to see the presence of totally exposed
unprotected dentinal tubules (pointer), and the presence of some partially demineralised residual
collagen fibrils (pointer) (E,F,F-1). (G) Representative SEM micrograph of specimen created with the
use of no PAA applied on dentine that failed during microtensile bond strength test in cohesive mode
after load cycling aging. Also, in this case it is possible to note a surface covered by RMGIC with no
dentine exposure. (H): Representative SEM fractographic analysis of specimens created with the use of
PAA applied on dentine that failed in mixed mode after load cycling aging. It is possible to see the
presence of totally exposed unprotected dentinal tubules (pointer), and, at a higher magnification, it is
possible to note the presence of partially demineralised collagen fibrils (H-1).
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The SEM fractographic results after LC-AS aging are depicted in Figure 2. A residual presence of
RMGIC (Figure 2B) and a dentine surface devoid of exposed tubules was observed in the specimens
created with the use of no PAA mode (Figure 2A); the dentine surface devoid of exposed tubules
was still covered by smear layer (Figure 2C). On the other hand, the specimens created with the use
of PAA applied on dentine that failed in mixed mode after load cycling and 8 months of storage in
AS were characterised by the presence of residual RMGIC and some exposed dentine (Figure 2D).
At higher magnification, tubules which were still occluded by residual RMGI were detected, but with
no presence of exposed collagen fibrils was observed; these probably degraded over time during the
prolonged aging in AS.

 
Figure 2. SEM micrographs obtained after load cycle followed by prolonged AS storage.
(A) Representative SEM micrograph of specimen created with the use of no PAA applied on dentine that
failed during microtensile bong strength test in mixed mode, where it is possible to see residual RMGIC
(pointer), compact residual RMGIC (*) and some exposed dentine (d). (B) At higher magnification, it is
possible to note a surface covered by residual RMGIC [pointer] and a dentine surface (pointer) with no
exposed tubules but still covered by smear layer (C), (D); Representative SEM fractographic analysis of
specimens created with the use of PAA applied on dentine that failed in mixed mode after 8 months
of storage in AS which is characterised by the presence of residual RMGIC (*) and dentine (pointer).
(E) At higher magnification, it is possible to observe the presence of exposed dentinal tubules (pointer)
surrounded by residual RMGIC particles. (F) At even higher magnification it is possible to note the
tubules are still occluded, but with no presence of exposed collagen fibrils, which probably degraded
over time during prolonged aging in AS.

3.3. Ultramorphology of the Bonded-Dentine Interfaces: Confocal Microscopy Evaluation

The results of the ultramorphology and nanoleakage analysis of the RMGIC-dentine interfaces
performed through dye-assisted confocal microscopy at 24 h and after load cycling only are shown in
Figure 3. In short, at 24 h, the RMGIC applied onto dentine without PAA pre-treatment presented a
gap-free interface characterised by a thin interdiffusion layer, which absorbed the fluorescent solution
(Rhodamine B) through the dentinal tubules (Figure 3A). Conversely, the RMGIC applied onto the
dentine pre-treated with PAA presented a thicker and more porous interdiffusion layer (Figure 3B).
The RMGIC-dentine specimens created by applying the RMGIC onto the dentine pre-treated with no
PAA and subjected to short-term load-cycle, showed an interdiffusion layer which was slightly thinner
compared to that of the control specimens (24 h), (Figure 3C). This morphological features were also
observed in the specimens bonded using RMGIC onto dentine pre-treated with 10% PAA and then
subjected to load cycling. Indeed, such an aging protocol had no effect on the overall morphology of
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the interface, but the interdiffusion layer clearly appeared thinner than that observed in the specimens
at 24 h (Figure 3C).

 
Figure 3. Confocal images of interfaces at 24 h or after short-term cycle load aging. (A) CLSM
projection image exemplifies the interfacial characteristics at 24 h of the bond–dentine interface
created by application of the resin-modified glass ionomer cement (RMGIC) onto dentine without PAA
pre-treatment. It is possible to see a permeable gap-free interface that absorbed the fluorescein solution
through the dentinal tubules (dt). In particular, this highlighted the existence of a thin interdiffusion
layer (pointer). (B) CLSM projection at 24 of a representative bond-dentine interfaces created by
RMGIC applied onto dentine pre-treated with PAA. In this case, it is possible to appreciate a thicker
interdiffusion layer that absorbed the fluorescein solution through the dentinal tubules (dt) (C) A
representative CLSM projection of a RMGIC-dentine interface created by applying the RMGIC onto a
dentine pre-treated with no PAA and subjected to load cycling. It is possible to observe that such an
aging protocol had no effect on the overall morphology of the interface, although the interdiffusion
layer appears slightly thinner (pointer) than that observed in picture (A). (D) A representative CLSM
projection of a RMGIC-dentine interface created by applying the RMGIC onto a dentine pre-treated
with 10% PAA and subjected to load cycling. Also, in this case, it is possible to observe that such
an aging protocol had no effect on the overall morphology of the interface, but the interdiffusion
layer appears clearly thinner (pointer) than that observed in picture (B), which represents the same
specimens subjected to no load-cycle aging.

The results of the ultramorphology and nanoleakage analysis of the RMGIC-dentine interfaces
after LC-AS aging are shown in Figure 4. In this case, it was noted that the RMGIC-dentine interface
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of the RMGIC applied onto the dentine surface pre-treated with no PAA often presented cohesive
fractures within the RMGIC layer; these were probably created during specimen preparation due to
the brittle characteristics of such a material (Figure 4A). Conversely, the RMGIC-dentine interface
created by applying the RMGIC onto a dentine pre-treated with PAA and then subjected to prolonged
AS storage showed a remaining thin permeable interdiffusion layer, which may indicate the presence
of porosities causing collagen degradation during subsequent prolonged water storage (Figure 4B).

Figure 4. Confocal images of interfaces after cycle load aging and prolonged AS aging.
(A) A representative CLSM projection of a RMGIC-dentine interface created by applying the RMGIC
onto a dentine pre-treated with no PAA and subjected to prolonged AS storage. It is possible to observe
the presence of a cohesive fracture within the RMGIC layer (pointer), probably created during specimen
preparation (polishing) due to the brittle characteristics of such a material. This observation is supported
by the absence of a permeable interfusion layer at RMGIC-dentine interface due to the maturation of
the latter after prolonged storage in AS. Conversely, the RMGIC-dentine interface created by applying
the RMGIC onto a dentine pre-treated with PAA and then subjected to prolonged AS storage (B) shows
a remaining thin permeable interdiffusion layer (pointer), which indicates the presence of porosities
created subsequent to collagen degradation during prolonged water storage.

4. Discussion

Therapeutic minimally invasive dentistry encompasses the philosophy of preservation of
reparable dental tissues, along with the use of remineralising approaches to re-establish as much
as possible of the mechanical properties of such tissues [44]. Glass-ionomer materials can be considered
the main self-adhesives [45,46] and ion-releasing restorative materials available in clinics nowadays
which are able to achieve such a target. However, it is believed that the overall bonding performance
of such materials may be maximised if the dental substrates are pre-treated with a diluted polyacrylic
acid conditioner (PAA 10%) [47,48]. Indeed, PAA conditioners remove the smear layer from
dentine and enamel surfaces, consequently making the HAp directly accessible to interact with glass
ionomer cements. Moreover, a slight dentine demineralisation occurs subsequent to PAA application,
and a submicron interdiffusion layer is formed, which provides micromechanical retention [47–49];
the residual HAp within the demineralised collagen fibrils may also serve as receptors for additional
chemical interaction [44–48]. The use of PAA as a dentine conditioner is still a theme of debate
with modern resin-modified GIC [40,41], especially when considering its effect on the durability and
remineralisation of dentine-bonded interfaces [43]. Furthermore, it has been recently demonstrated [50]
that with conventional RMGICs such as Vitrebond Plus (3M ESPE), due to a great level energy
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accumulation at the dentine bonding interface during cycle load, there was evident fluorescent
permeability associated with a lack of hermetic sealing.

The results of our study are in accordance those of Toledano at al. [50], as all the specimens
applied in dentine pre-treated with or without PAA showed remining permeability at the bonding
interface. Indeed, our current results demonstrated that the RMGIC tested in this study after the
application on dentine without PAA pre-treatment presented a thin gap-free interface characterised by
a thin layer of Rhodamine B absorbed through dentinal tubules (Figure 3A). In contrast, the interface
of the RMGIC applied onto the dentine pre-treated with PAA was characterised by more Rhodamine B
accumulation, which was due to a lack of sealing of dentinal tubules (Figure 3B), as well as a thicker
layer of PAA-demineralised dentine, which remained non-infiltrated by the RMGIC [43,50].

However, after short-term load-cycle aging, the RMGIC-dentine specimens created using
the RMGIC in dentine without PAA pre-treatment showed only a very thin interdiffusion layer
characterised by slight fluorescence signal at the interface. As described by Toledano at al. [50], such a
reduction in porosities at the bonding interface may have been due to apatite-like precipitation and
remineralisation induced at the interface during mechanical cycling stress. Conversely, the specimens
created with the RMGIC applied after PAA dentine pre-treatment also showed that the thickness
fluorescent signal at the interface was reduced compared to the same specimens at 24 h (Figure 3C),
although such a porous layer was thicker than that observed when using no PAA dentine pre-treatment.
In this case, it is possible that the level of mineral precipitation was not so suitable for remineralising
all the porosities within the interdiffusion layer, especially at its bottom. Indeed, Kim at al. [51] recently
shown that GIC-based materials fail to completely remineralise apatite-depleted dentine due to a lack
of nucleation of new apatite, even when biomimetic remineralising analogues were employed during
the aging period [52].

It is important to highlight that such short-term load cycle aging was not able to induce any
significant change in the microtensile bond strength, and no difference in the mode of failure in both
groups of specimens (PAA vs. PAA dentine pre-treatment) was observed, compared to the control
specimens at 24 h. Conversely, the results of this study showed that the specimens created with the
representative RMGIC applied in dentine pre-treated with PAA showed a significant reduction in bond
strength after LC-AS aging compared to specimens tested after 24 h or after short-term load cycle aging.
Moreover, the LC-AS aging protocol induce also a significant change in the mode of failure; RMGIC
applied in dentine pre-treated with or without PAA presented more adhesive qualities compared to all
the other groups. Therefore, while the first null hypothesis is totally rejected, the second one that the
durability of RMGIC applied with or without the use of PAA conditioner would be affected by load
cycle followed by prolonged aging (8 months) in AS tested must be partially rejected.

Some of the current results are in accordance with those reported by Inoue et al. [45], who showed
that the use of PAA conditioner before application of GIC-based materials offered no significant
increase of the MTBS to dentine. Similar results were also recently reported by Sauro et al. [43], who
showed that RMGIC applied onto dentine pre-treated with PAA showed significant μTBS reduction
after 6 months of AS storage alone or in combination with load cycling (p > 0.05). Moreover, they also
showed that for the RMGIC-dentine interface, specimens were affected by degradation/nanoleakage
after aging, unlike the interfaces created without the use of PAA conditioning, which showed signs of
remineralisation/maturation of the bonding interface.

The fractographic SEM analysis performed in this study showed that pre-treating the dentine with
PAA could, in some cases, cause clear exposure of the collagen fibrils both before and after prolonged
AS storage. Moreover, such fibrils were less abundant after prolonged AS storage compared to those
observed in the specimens aged in AS for 24 h (Figure 2F). These specimens also showed a significant
increase in the number of adhesive failures. In accordance with previously-published results [40,41,43],
current fractographic SEM results showed that the specimens created with the use of no dentine PAA
conditioner that failed in adhesive mode presented with dentine still covered by residual RMGIC,
as the fracture occurred just above the dentine surface (Figure 2C).
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It is hypothesised that such a result could be attributed to hydrolytic degradation processes that
occurs over time within the collagen. Indeed, the use of PAA to pre-treat the dentine tissue may
have demineralised the dentine collagen and activated endogenous matrix collagenolytic (MMP 1,
MMP 8 and MMP 13) and gelatinolytic (MMP 2 and MMP 9) metalloproteinases [53]. It was also
demonstrated [54] that high concentration of carboxylic groups in PAA acid conditioner may cause the
formation a PAA-based polymeric gel layer within the bonding interface, which induces more water
sorption at the interface. The RMGIC itself may also have degraded and become more porous over
time in AS, thereby facilitating diffusion of water towards the glass-ionomer–dentine interface and
causing an acceleration of the degradation processes [55].

The results of the ultramorphology and nanoleakage analysis of the RMGIC-dentine interfaces
after prolonged AS storage showed that when RMGIC were applied onto the dentine surface,
pre-treated with no PAA, and then subjected to prolonged AS storage, a thin permeable interdiffusion
layer remained. This outcome may support the hypothesis that a bonding interface is usually
characterised by the presence of porosities created subsequent to collagen degradation during
prolonged water storage (Figure 4B). Conversely, the specimens created with the use of no PAA
dentine conditioning showed that the absorbing layer at the interface seen at 24 h examination
(Figure 3A) disappeared after prolonged AS storage (Figure 4A) due to the maturation of such areas [55],
and possible remineralisation [43,56]. Indeed, the therapeutic properties (e.g., ion releasing) of RMGIC
may have induced the growth of mineral crystals and remineralisation within the bonded-dentine
interface, which interfered with the proteolytic action of endogenous dentine metalloproteinases [56,57].
This latter hypothesis is in accordance with previous studies that demonstrated the fluoride might
inhibit both pro- and active forms of MMP 2 and MMP 9 [58]. Moreover, Makowski & Ramsby [59]
reported that mineral precipitation, as well as apatite formation, may inhibit MMP activity through
the formation of [Ca-PO/MMP] complexes. Sauro et al. [43] have recently reported that such a
remineralising potential of RMGIC may increase if they are applied onto dentine pre-treated with
bioactive glass in air-abrasion systems, and then conditioned with or without the use of a PAA
conditioning gel.

In conclusion, within the limitations of this in vitro study, it is possible to affirm that the clinical
decision of using a PAA conditioner should be based upon the histological features of the dentine
retained after cavity preparation (e.g., sound or caries-affected dentine). However, modern RMGICs
may be used for dentine restorations with or without the use of PAA pre-treatment, but it is important
to consider that such a type of acid etching procedure might increase the risk of degradation at the
bonding interface after prolonged service in oral cavity under mechanical cycling stress and prolonged
saliva immersion. Conversely, in cases of no PAA dentine pre-treatment, it might be possible to have
a synergic combination between GIC-based materials, saliva, and cycle occlusal load, which may
enhance the therapeutic properties of RMGIC to induce mineralisation and protection of the bonding
interface, thereby achieving more long-lasting restorations.
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Abstract: Biomimetic remineralization is an approach that mimics natural biomineralization,
and improves adhesive procedures. The aim of this paper was to investigate the influence of Dentin
Caries-like Lesions (DCLL)-Producing Model on microtensile bond strength (μTBS) of etch and
rinse adhesive systems and investigate the effect of remineralizing agents such as Sodium Fluoride
(NaF), MI Paste™ (MP) and Curodont™ Repair (CR) on caries-affected dentin (n = 6). Nine groups
were established: (1) Sound dentin; (2) Demineralized dentin/Chemical DCLL: (3) Demineralized
dentin/Biological DCLL; (4) Chemical/DCLL + NaF; (5) Chemical/DCLL + MP; (6) Chemical/DCLL +
CR; (7) Biological/DCLL + NaF; (8) Biological/DCLL + MP; (9) Biological/DCLL + CR. Then all dentin
blocks were subjected to a bonding procedure with Adper™ Single Bond 2 adhesive system/Filtek
Z350XT 4 mm high block, following this they were immersed in deionized water/24 h and then
sectioned with ∼=1 mm2 beams. The μTBS test was conducted at 1 mm/min/500 N loading.
Failure sites were evaluated by SEM (scanning electron microscopy (150×). μTBS data were
submitted to factorial ANOVA and Tukey’s test (p < 0.05). The highest values were found when
demineralized dentin was treated with MP and CR, regardless caries lesion depth (p < 0.05). There was
a predominance of adhesive/mixed in the present study. It was concluded that the use of the
artificial dentin caries production models produces differences in the μTBS. Additionally MP and CR
remineralizing agents could enhance adhesive procedures even at different models of caries lesion.

Keywords: dentin; desmineralization; microtensile bond strength

1. Introduction

During the execution of routine dental restorations, the hybrid structure formed by the dental
bonding procedure occurs through the interaction and subsequent polymerization of monomers
around the demineralized collagen matrix [1]. The oral cavity is a severe environment for the
resin-dental bond to survive for a reasonable length of time, with thermomechanical changes,
chemical attacks by acids and enzymes and other factors posing routine daily challenges. Therefore,
to achieve effective and stable bonding, the preservation of dentin collagen is critical, since collagen
represents the major organic component of the dentin matrix [2].

Caries is among the most common diseases worldwide [3], and the immediate bond strengths to
caries-affected dentin are commonly 20–50% lower than to sound dentin [4–6]. The restoration of the
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normal conditions of the mineral content of the caries-affected dentin, prevents the action of enzymes
in addition to providing an increased bond durability [7].

Biomimetic remineralization mimics the process of natural biomineralization by replacing
demineralized collagen matrix water with apatite crystallites [7]. Caries-affected dentin is comprised of
about 14–53% of water compared with sound dentin, which exhibits a much lower value [8]. Therefore,
by replacing water with minerals at the dentin–resin interface, this would increase the mechanical
properties and inhibit water-related hydrolysis [9].

It has recently been demonstrated that the use of remineralizing agents in dentin could recover the
mechanical properties of the substrate [10]. In addition to sodium fluoride (NaF) and sodium phosphate
(Na3PO4), casein phosphopeptide amorphous calcium phosphate (CPP-ACP), which is derived from
milk protein, can release calcium phosphate assisting in enamel and dentin remineralization [11]. It acts
mainly by inhibiting demineralization and enzymatic degradation [12]. Furthermore, recent studies
have shown that the use CPP-ACP has no negative effect on bond strength [13,14]. The peptidic
biomimetic matrix ‘P11-4’, which has been incorporated into a clinical product (Curodont™ Repair) has
shown encouraging results in early clinical trials. It has been shown to improve the visual appearance
of carious lesions and increases the opacity on X-rays after treatment of proximal caries [15,16].
Additionally, following the application of P11-4 and subsequent bonding procedures an increased
resin-dentin bond strength has been observed [17].

The restructured demineralized collagen matrix found in caries-affected dentin process by
interventions such as Sodium Fluoride (NaF), CPP-ACP contained in MI Paste™ (GC International)
and P11-4 peptide contained in Curodont™ Repair (Credentis AG), prior to adhesive procedures by an
etch-and-rinse adhesive system (Adper™ Single Bond 2 (3M ESPE) in the demineralized dentin could
be a promising proposal for adhesive clinical procedures.

Clinical binding procedures simulated by mechanical methods (i.e., TMBS, μTBS) often use
artificial demineralized dentin. However, the lack of standardization of caries lesions creates technical
difficulties for evaluation [18]. In vitro models have been used to produce demineralized dentin
under controlled conditions [19–22]. Chemical methods provide superficial dentin demineralization,
resulting in a substrate with similar hardness compared to natural caries-affected dentin [19].
Conversely, the microbiological method promotes an excessive softening of dentin, but with a
more comparable morphological pattern of collagen degradation to natural caries lesions [19–22].
Pacheco et al., 2013 [23], evaluating molecular and structural lesions related to dental caries,
produced by the chemical (GC), biological (GB), in situ (GIS) and natural (CNG) approaches,
showed similar and lower surface hardness between CNG and GB of which GC and GIS, lower mineral
content (Ca2+ and PO4

3−) for GB and GNC than GC and GIS. Therefore, the structure and mechanical
properties are different with respect to the caries model production and the remineralizing agents may
act differently in the adhesion procedures depending on the model of caries lesions used.

To ascertain the potential efficacy of the bonding procedure carried out on remineralized dentin
we aimed to evaluate different remineralization treatments and the method used in producing the
simulated dentin-like caries lesions on the micro tensile bond strength of remineralized dentin.
The hypothesis was that the Dentin Caries-like Lesions Producing Model and the remineralizing
agents (Sodium Fluoride-(NaF), MI Paste™-(MP) and Curodont™ Repair-(CR)) affect microtensile
bond strength-μTBS of etch-and-rinse adhesive system on caries-affected dentin.

2. Materials and Methods

Sixty-three sound human third molars were collected with patients’ informed consent,
as approved by the Ethics Committee of Piracicaba Dental School, University of Campinas (Protocol
number 37634814.5.0000.5418). The teeth were stored in 0.1% thymol solution at 4 ◦C for no longer than
2 months after extraction. A 4.0 mm coronal dentin slice from each tooth was obtained by sectioning
2.0 mm below cement-enamel junction (CEJ), and 2.0 mm above CEJ, using a slow-speed water-cooled
diamond saw (Isomet 1000, Buehler Ltd., Lake Bluff, IL, USA). Six dentin slices were used for sound
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dentin (control group-CG), and the others were randomly assigned into 2 groups (n = 24), according to
the caries method production. The dentin surface of each specimen was wet polished with a 600-grit
SiC paper (Arotec, São Paulo, Brazil) for 30 s to create a standardized smear layer. The dentin surfaces
were carefully examined under a stereomicroscope at ×50 magnification to confirm the absence of
enamel islets. The specimens were immediately subjected to production of caries in vitro. The group
distribution is illustrated in Figure 1. To check the caries dentin depth, three teeth were chosen from
each group and probed using a polarized light microscope (Figure 2).

Figure 1. Experimental design. DDC—demineralized dentin provided by chemical model;
DDC/NaF-DDC + 2% NaF; DDC/MP-DDC + MI Paste™; DDC/CR-DDC + Curodont™ Repair;
DDB—demineralized dentin provided by biological model; DDB/NaF-DDB + 2% NaF; DDB/MP-DDB
+ MI Paste™; DDB/CR-DDB + Curodont™ Repair.

 

Figure 2. (A) Artificial caries lesions provided by Chemical Model; (B) Artificial caries lesions provided
by Biological Model after removing the softened tissue; (C) Sound Dentin.

44



Materials 2018, 11, 1733

2.1. Artificial Dentin Caries-Like Lesions (DCLL) Production Protocols

Sixty dentin slices (54 teeth for μTBS and 6 for polarized light microscopy) were randomly
assigned into 2 groups according to dentin-like caries lesions producing models: chemical
(carboxymethylcellulose acid gel) and biological (Streptococcus mutans—UA159 biofilm).

2.1.1. Chemical Model

The specimens were submerged in vials containing 5 mL of 6% carboxymethylcellulose acid gel
(0.1 M lactic acid titrated to pH 5.0 in a KOH solution) at pH 5.0 and 37 ◦C. The specimens remained
in the gel for 48 h without renewal [23]. This model has been reported to supposedly provide a
demineralized dentin similar to that of caries affected dentin.

2.1.2. Biological Model

The specimens were fixed with orthodontic wire on the lids of glass vials containing 250 mL of
sterile deionized water and were sterilized with gamma radiation (14.5 kGy dose) for 60 h (Pacheco et
al., 2013). Then, they were transferred to another glass vial containing 250 mL of sterile brain-heart
infusion (BHI) broth (LabCenter, São Paulo, Brazil) supplemented with 0.5% yeast extract (LabCenter,
São Paulo, Brazil), 0.5% glucose (LabCenter, São Paulo, Brazil), 1% sucrose (LabCenter, São Paulo,
Brazil) and 2% S. mutans (UA159, ATCC, Oklahoma, OK, USA) incubated at 37 ◦C and supplemented
with 10% CO2, pH of around 4.0. Starter culture was transferred into 250 mL of fresh BHI and grown
for 4 h at 37 ◦C under aerobic conditions. Optical density at 550 nm (A550) of all bacterial suspensions
was adjusted to 0.05 prior to inoculation. Inoculation occurred only in the first day of the experiment,
but the broth was renewed every 48 h over a 7-day period. The broth was Gram stained daily to
monitor contamination. The resulting biofilm formed over the teeth was removed with gauze and the
softer dentin layer was removed using #6 carbide drills; the removal ceased when dentin appearance
was like that of caries-affected dentin [23].

2.2. Polarized Light Microscopy (PLM)

After providing dentin caries-like lesions, three specimens of each dentin caries-like
lesions-producing models and control group were sectioned perpendicular to the occlusal surface to
obtain slices. The two more central slices of each tooth were selected and polished with #800, #1200,
#2400 and #4000-grit silicon carbide (SiC) paper (Buehler, Lake Buff, IL, USA), obtaining a 0.15 μm
dentin thickness. Dentin slices were analyzed for the depth of demineralization on PLM (Leica DMLP,
Leica microsystems, Wetzlar, Germany). The dentin slices were kept in 100% humidity throughout
the investigation. Depth caries lesions were measured in a PLM (Leica DMLP, Leica microsystems)
using 20×/0.4 (corr.) objective. Standard settings for contrast, brightness and light were used for all
images. Four measurements were made in different parts of the same lesion from the lesion border
to the deepest part of the lesion, for each dentin caries-like lesion model. An average depth for
each specimen was calculated from the individual values based on depth difference between dentin
caries-like lesions and sound dentin on the same specimen. Dentin caries-like lesions observed in
the specimens subjected to Chemical Model presented x = 12.69 μm average depth and Biological
Model x = 148.55 μm, measured using PLM.

2.3. Dentin Surface Treatment

Thirty-six teeth were assigned to 6 groups according to the remineralization treatment:
demineralized dentin by chemical model (DDC) + treated with 0.2% NaF Solution (1 min)—DDC/NaF;
DDC + treated with MI Paste™ (1 min)—DDC/MP; and DDC + treated with Curodont™
Repair—DDC/CR applied (5 min) plus Ca2+ and PO4

3− Solution (1 min); demineralized dentin
by biological model (DDB) + 0.2% NaF Solution—DDB/NaF; DDB + treated with MI Paste™ applied
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(1 min)—DDB/MP; and DDB + treated with Curodont™ Repair—DDB/CR applied (5 min) plus Ca2+

and PO4
3− Solution (1 min).

The specimens of groups DDC/NaF and DDB/NaF were remineralized using 0.1 mL of the 0.2%
NaF. 0.2% NaF solution was applied on demineralized dentin surface and left dry for 1 min at room
temperature for the groups DDC/NaF and DDB/NaF. 0.1 mL of the MI Paste™ was applied onto the
surface of the specimens from DDC/MP and DDB/MP groups with microbrush for 1 min at room
temperature, the excess paste was removed by washing with deionized water. For DDC/CR and
DDB/CR groups, 50 μL of the Curodont™ Repair was applied and left for 5 min, then, a Ca2+ and
PO4

3− solution was applied and left onto surface for 1 min. For all treatments, the solution excess was
removed with absorbent paper.

2.4. Bonding Procedures

A single operator applied the adhesive according to the manufacturer’s instruction (Table 1).
An LED light-curing unit (Bluephase, Ivoclar Vivadent; Schaan, Liechtenstein) was set to the low
power mode with a light intensity of 650 mW/cm2. A nanohybrid resin composite (Filtek Z350 XT,
A2 (3M ESPE, St. Paul, MN, USA)) was used to create resin composite buildups in four layers of 1 mm
each [17]. Each layer was light cured for 20 s, followed by a final polymerization of 60 s. The specimens
were then stored at 100% humidity at 37 ◦C for 24 h.

Table 1. Materials, manufactures, components, batch numbers and application mode of
tested materials.

Materials
(Manufactures)

Main Components
Batch

Number
Application Mode

0.2% NaF Solution 0.2 g of NaF in 100 mL deionized water Made in the
Lab *

1. Apply 1.0 mL of 0.2%
NaF solution

Ca2+ and PO4
3−

Solution

Saturated solution of Ca2+ and PO4
3−

(1.5 mmol/L calcium, 0.9 mmol/L
phosphate, and 150 mmol/L KCl in

20 mmol/L cacodylic buffer, pH 7.0) [24].

Made in
the Lab

1. Apply 0.1 mL of Ca2+

and PO4
3− solution

MI™ Paste—GC
Internacional,

Itabashi-ku, Tóquio,
Japão

Glycerol, CPP-ACP, D-Sorbitol, Propylene
glycol, Titanium dioxide and silicon N2347319

1. Apply 0.1 mL of MI™
Paste

Curodont™
Repair—Credentis AG,
Dorfstrasse, Windisch,

Switzerland

P11-4 peptide—amino acid sequence—
(Ace-Gln-Gln-Arg-Phe-Glu-Trp-Glu-

Phe-Glu-Gln-Gln-NH2)
N342x

1. Apply 50 μL of
Curodont™ Repair for
5 min

2. Apply 0.1 mL of Ca2+

and PO4
3− solution

Scotchbond™
Universal Etchant—3M
ESPE; St Paul, MN, USA

32% phosphoric acid N345
1. Apply etchant for 15 s
2. Rinse for 10 s

Adper Single Bond
2.0—3M ESPE; St Paul,

MN, USA

HEMA, water, ethanol, Bis-GMA,
dimethacrylates, amines, metacrylate

functional copolymer of polyacrylic and
polyitaconic acids, 10% by weight of 5

nanometer-diameter spherical sílica
particles

N42912

3. Blot water excess
4. Apply 2 consecutive

coats of adhesive for 15 s
with gentle agitation

5. Gently air dry for 5 s
6. Light-cure for 10 s

Filtek™ Z350 XT—3M
ESPE; St Paul, MN, USA

BIS-GMA, Bis-EMA, UDMA, TEG-DMA,
camphorquinone, non-agglomerated

silica nanoparticles
N98354

1. Incremental insertion
2 mm

2. Light-cure for 20 s

* Pediatric Dentistry Laboratory.
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2.5. Microtensile Bond Strength Test (μTBS)

After storage, the specimens were sectioned perpendicularly to the resin/dentin interface to
produce dentin–resin beams with 1 mm2 at cross-sectional area, using a low speed diamond saw
(ISOMET 1000, Buehler Ltd., Lake Buff, IL, USA). From six to eight beams were obtained per
tooth, each beam was measured with a digital caliper (Mitutoyo; Kawasaki, Japan) to determine
the cross-sectional area. All beams were kept in deionized water for 24 h.

For μTBS measurements, each beam was fixed to a microtensile device with cyanocrylate glue
(Super Bonder (#1883519), Loctite, Henkel Corp., Rocky Hill, CT, USA), and tested in a universal
testing machine (DL 2000, EMIC, Equipment and Systems Ltda., São José dos Pinhais, Brazil). The test
was carried out with a 500 N load at 1.0 mm/min cross speed until failure. The μTBS values were
expressed in MPa.

2.6. Analysis of Failure Mode

All the fractured specimens from the microtensile bond strength analysis were assessed to
determine the failure mode using SEM at ×50 and ×150 magnifications. The fractured surfaces
of the beams were paired, air dried, mounted on aluminum stubs, gold coated, and examined by SEM
(JSM-5600LV, JEOL; Tokyo, Japan), operated at 15 kV. The failure patterns were classified according
to the following categories: adhesive, mixed (involving resin composite, adhesive and/ or dentin),
cohesive failure in the resin composite, and cohesive failure in dentin [17,25,26].

2.7. Statistical Analysis

Bond strength values for each group were analyzed by Shapiro–Wilk test (R Software version 3.4.3,
The R Foundation for Statistical Computing, Vienna, Austria) in order to assess the normality of the data
distribution. Factorial ANOVA and post hoc Tukey test (R Software version 3.4.3, The R Foundation
for Statistical Computing, Vienna, Austria) were used to determine statistically significant differences
between factors: the dentin-like caries lesions model (two levels—chemical and biological models)
and dentin remineralization treatment (four levels—SD, DD, NaF + DD, CPP-ACP + DD and P11-4 +
DD) on dentin/resin bond strength, and additional Dunnett test to determine statistically significant
differences between the experimental groups and the control group (sound dentin). The Kruskal
Wallis test was used to evaluate the failure mode. The R Software version 3.4.3 (The R Foundation for
Statistical Computing, Vienna, Austria), was used to perform the tests. Statistical difference was set
at α = 5%.

3. Results

The images of the lesions observed in Chemical Model x = 12.69 (average depth) (A) and Biological
Model x = 148.55 (B) using polarized light microscopy are displayed in Figure 2.

Factorial ANOVA revealed a significant interaction between studied factors: dentin caries-like
lesion model and remineralization treatment (p < 0.001). In addition, there was a statistically significant
difference concerning artificial dentin caries-like lesion model (p < 0.001), and also between treatments
(p < 0.001).

As shown in Table 2, a Tukey test (R Software version 3.4.3, The R Foundation for Statistical
Computing, Vienna, Austria) revealed that μTBS values of NaF to demineralized dentin for both,
chemical and biological dentin caries-like lesion models, were significantly lower than other
remineralizing agents (p < 0.001). Biological DCLL model significantly reduced the microtensile
bond strength when the dentin was treated by NaF and Curodont™ Repair (p < 0.001). Chemical DCLL
model provided higher μTBS than the biological one, when demineralized dentin was treated by NaF
and Curodont Repair (p < 0.05). In addition, dentin demineralized by the chemical DCLL treated
with Curodont™ Repair provided the highest bond strength, and there was no significant difference
from MI Paste™ for the same dentin condition, and they were significantly higher than sound dentin
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(p < 0.05). However, when DCLL was treated with MI Paste™, there was no influence regardless of
the DCLL model (p > 0.05) and they were significantly higher than sound dentin (p < 0.05). However,
only when NaF was used there was an observed lower μTBS than sound dentin (p < 0.05). For both
DCLL models, demineralized dentin treated with NaF, MI Paste™ and Curodont™ Repair showed
significant higher μTBS than demineralized dentin (p < 0.01). Demineralized dentin group showed the
lowest bond strength for all groups (p < 0.01) (Table 2).

Table 2. Average and standard deviation of μTBS of demineralized dentin considering the Artificial
Caries Development Models.

Experimental Groups
Artificial Caries Development Models

Chemical Model Biological Model

Sound Dentin 43.32 ± 4.35
Demineralized Dentin 21.96 ± 5.92 Ca * 22.89 ± 2.68 Da *

Demineralized Dentin + NaF 33.43 ± 10.42 Ba * 26.94 ± 6.70 Cb *
Demineralized Dentin + MI Paste™ (CPP-ACP) 45.25 ± 8.83 Aa * 47.95 ± 6.69 Aa *

Demineralized Dentin + Curodont™ Repair (P11-4) 46.42 ± 12.03 Aa * 42.07 ± 7.83 Bb

Uppercase letters represent statistically significant difference in the column (p < 0.001). Lowercase letters represent
no statistically significant difference in the row (p > 0.05). * indicates statistically significant difference with the
control group (sound dentin) (p < 0.05) by additional Dunnett’s test.

The failure modes of specimens are shown in Figure 3. The failure modes of DDC (76%) and DDB
(85%) specimens were predominantly adhesive failure; Mixed failure were found for DDC-NaF (84%),
DDB-NaF (61%), DDC-MI Paste™ (54%), DDB-MI Paste™ (68%), DDC-Curodont™ Repair (71%) and
DDB-Curodont™ Repair (70%); cohesive failure in composite resin was observed in the DDB-NaF
(4%); cohesive failure in dentin was observed in the DDC-MI Paste™ (6%) DDB-MI Paste™ (2%) and
DDB-Curodont™ Repair (5%) groups. The failure patterns were often adhesive and mixed for all
groups. There was no statistically significant difference between the fracture type by Kruskal-Wallis’s
test, concerning DCLL model (p = 0.9967).

Figure 3. Distribution of failure modes. DDC—Demineralized Dentin by chemical model; DDB—
Demineralized Dentin by biological model; NaF—Sodium Floride; MI Paste™-CPP-ACP—Casein
phospopeptide-amorphous calcium phosphate; Curodont™ Repair—P11-4—Peptide self-assembly.

Figure 4 shows representative SEMs for the fracture patterns observed for the different
groups. Figure 3A—Cohesive failure on composite; 3B—Adhesive failure; 3C—Mixed failure;
and 3D—cohesive failure on dentin.
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Figure 4. SEM image of failure modes. (A) Cohesive failure in Resin Composite; (B) Adhesive failure;
(C) Mixed failure and (D) Cohesive failure in Dentin. Abbreviations shows areas of Co. Composite;
Ad. Adhesive; De. Dentin.

4. Discussion

Considering the studies of bond strength on resin/dentin interfaces, the quality of the dentin
substrate can play a key role in the longevity of the bonding [24,27–29]. In the present study, we have
evaluated the influence of artificial caries development models (chemical and biological) and substrate
conditions on resin/dentin bond strength. In this study, the first null hypothesis that there is a
difference between DCLL models producing was proved, since there was no significant influence
of the DCLL model on μTBS of demineralized dentin. However, the second hypothesis that there is
influence of DCLL model and demineralized dentin treatment on μTBS of an etch and rinse adhesive
system was rejected, since the μTBS values were dependent of DCLL model and mineralizing agent
type. The highest μTBS were found when demineralized dentin was treated with for Curodont™
Repair and NaF (p < 0.001), although there was no significant difference on μTBS when dentin was
treated with MI Paste (p > 0.05).

This study corroborates previous investigations demonstrating that the bonding procedures on
demineralized dentin [30–32] present lower μTBS when compared to a sound one, regardless of the
artificial caries development model (Table 2). Morphological changes in the substrate provided by
caries production process can induce a decreased μTBS [20,33]. This reduction can be associated with
changes in physical and chemical properties of the demineralized substrate when compared to sound
dentin [34]. Demineralized dentin provides a high porosity in the inter-tubular dentin, exposure of
collagen fibers along with decrease in mineral content [35] and partial penetration of resin monomers
and a non-homogeneous hybrid layer [36]. In a porous hybrid layer, over time, mineral and organic
matrix would be degraded giving rise to gaps which may be visible using a SEM which show a
higher rate of degradation [36]. In addition, the demineralization of dentin surface results in a more
hydrophobic surface, avoiding the wettability of the adhesive [17].

The caries lesion provided by a biological model, which uses S. mutans biofilm, seems to be
quite similar to the natural ones, based on molecular and structural evaluations [23]. Another model
used for providing dentin caries-like lesions is the chemical one, and it can be used to simulate
caries-affected dentin [5].
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It is desirable that bonding between mineralized tooth tissues, such as dentin, and the restorative
materials must be sufficiently effective to resist varied challenges, such as biofilm attack, hydrolytic and
enzymatic degradation, thermal and mechanical stress from repeated loading over many months or
years [37,38]. The reinforcement of demineralized collagen matrix can be achieved using remineralizing
agents [10,39]. The current biomimetic remineralization approach provides a proof-of-concept that
utilizes nanotechnological principles to mimic natural biomineralization, extending the longevity of
resin–dentin bonds [10]. The mineral reinforcement of collagen matrix found in demineralized dentin
appears to be a strategy that restores conditions found on sound dentin, as seen in the present study.
In the present study the biomimetic remineralization strategy provided a higher (CPP-ACP + Chemical
and Biological DCCL models; P11-4 + Biological DCCL) or similar (P11-4) μTBS to demineralized dentin
than sound one, while the NaF remineralization provided higher μTBS values than demineralized
dentin, but lower than sound one. It can be observed that only for CCP-ACP, regardless DCLL model,
the mineralizing agent provided a higher μTBS than sound dentin.

Despite it, concerning affected dentin, Bahari et al. (2014) [40] showed that 5 consecutive
days of CPP-ACP application for 15 min did not have any significant effect on μTBS of SB to
demineralized dentin. However, it has been considered that the methodology used in that study
was quite different from that used in the present one. Firstly, according to the methodology description
(Bahari et al, 2014) even sound dentin was submitted to the CPP-ACP action. Casein phosphopeptides
(CPP) have been described to bind amorphous calcium phosphate, forming nano-complexes of
casein phosphopeptide–amorphous calcium phosphate (CPP-ACP), thereby stabilizing in calcium
phosphates [41,42]. Calcium and phosphate ions can easily diffuse into the porous lesion and
deposits in the partially demineralized crystals and rebuild hydroxy-apatite crystals [43]. This further
substantiates the theory that CPP-ACP is considered a biomaterial [44]. The presence of bioavailable
calcium and phosphate present the MI Paste™ can maintain a supersaturated state in dental
substrate [11]. Studies have demonstrated that CPP-ACP could reduce demineralization and increase
remineralization of dentin [44,45]. It is possible that in that study the CPP-ACP could have been
impregnated onto caries-affected dentin and sound dentin [13,46] in the same way.

It is well-established that the collagen matrix serves as a scaffold for crystal deposition but does
not provide a mechanism for orderly nucleation of hydroxyapatite [39]. The results of the present study
can be attributed to the ability of CPP-ACP to increase deposition of crystals on the dentin surface [47].
Furthermore, the CPP also has the capacity to stabilize nano-ACP [48]. Therefore, the deposition and
stabilization may result in a restructuring of the characteristics found in sound dentin, showing the
highest μTBS when demineralized dentin was treated with MI Paste. This reinforcement approach of
demineralized collagen matrix structure may favor the bonding procedure. Further studies should be
carried out to verify the stability of the bonding strength when CPP-ACP is used.

It is generally believed that extracellular matrix proteins, which play an important role in
controlling apatite nucleation and growth in the dentin remineralization process [49], mediate a
biomineralization process. Biomimetic remineralization represents a different approach to this by
attempting to backfill the demineralized dentin collagen with liquid-like ACP nanoprecursor particles
that are stabilized by biomimetic analogs of noncollagenous proteins [10,50]. In this way, maybe this
particular nucleation would provide a regular and feasible restructuration of the demineralized dentin
and also would provide a favorable substrate for bonding, due to the more hydrophyllic nature of the
substrate [23].

Another interesting finding of the present study was the fact that the μTBS means of MI Paste™
group was higher than those found in sound dentin, and did not show a significant difference between
either artificial caries development models. The remineralization process and the artificial caries
development model, studied in this article, showed that the artificial caries development model affects
only the μTBS of the demineralized dentin treated with NaF and P11-4.

Similar to CCP-ACP, the P11-4 approach using the DCLL chemical model provided significantly
higher μTBS than sound dentin. The chemical model of DCLL provided a lower content of type I
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collagen and higher content of calcium and phosphate ions, than the Biological one [23]. The collagen
is the precursor for mineralization, acting as a scaffold for mineral aggregation. However, when NaF
is used, only a deposition of ions and CaF formation occurs on dentin surface. Possibly the high
content of mineral ions decreased the surface energy of the demineralized dentin [23]. The opposite
can be observed when biomimetic remineralization happens, using CPP-ACP or P11-4. In this case,
the mineralization occurs by organized crystal formation guided by the scaffold. This kind of surface
can experience a high surface energy and a high level of wettability by resin monomers providing the
highest μTBS [23].

The results of the study indicated that treatment with P11-4, with a single application showed
significant improvement on μTBS. Despite the fact that there was significant difference between
the DCLL models, when P11-4 is used, the μTBS values still show high values. For the biological
model when the peptide P11-4 was used no significant difference from sound dentin was observed.
It is suggested that the use of the P11-4 is able to nucleate hydroxyapatite and to promote repair of
caries-like lesions in vitro. We have no knowledge in the literature of any report in which treatment
with P11-4 has been conducted in demineralized dentin, associating its effects with bonding procedures.
However, research groups using other peptides, observed that this strategy mimics the functions of
non-collagenous proteins (NCPs) [51,52]. This suggests that the action of the P11-4 peptide reflects the
reinforcing of demineralized collagen matrix.

The potential for enamel lesion repair of P11-4 may mimic the functions of NPCs [15,53,54].
Several studies indicate that P11-4 forms three dimensional fibrillar hierarchical structures resulting
in gels in response to specific environmental triggers [53,54]. Assembled P11-4 forms scaffold-like
structures with negative charge domains, mirroring biological macromolecules in mineralized tissue
extracellular matrices (ECM) [54].

Fluoride is well-known for its proved anti-cariogenic and antimicrobial capacity. Its ability to
prevent demineralization and promote remineralization by calcium phosphate precipitation on dental
surface by reducing the dissolution of hydroxyapatite [55]. Thus, the effect of demineralized dentin
treated with NaF on the μTBS, improved the μTBS compared to demineralized dentin, but did not
reach the sound dentin μTBS. It has to be considered that the dentin etching with 35% phosphoric acid
increases the bonding efficacy of dental adhesives and removes the smear layer and the superficial
part of the dentin, opening dentin tubules, demineralizing the dentin surface and increasing the
microporosity of the intertubular dentin [56]. Despite the phosphoric acid used in the etching
procedure removing part of the mineral deposits, possibly the reinforcement provided by NaF on
demineralized dentin structure would improve the μTBS compared to demineralized dentin [57,58].
However, the differences found with μTBS of Chemical and Biological models can be explained
by the deeper demineralization provided by biological model than the chemical one. Therefore,
it is known that the mineral deposition of fluorides occurs on surface and generally causes hyper
mineralization of the dentin and in dentin tubules [10,59–61]. The disorganized precipitation and
deposit of mineral on dentin may mechanically obliterate the tubules reducing the performance of the
restorative material [61], providing less efficiency of NaF treatment.

Another important aspect is that the NaF and Curodont Repair treatments showed a statistically
significant difference between the DCLL. With regard to the treatment with NaF, a previous study [62]
showed that this treatment is able to reduce the subsurface dentin demineralization compared with
the control from 30 to 50 μm depth. At the other depths (60–220 μm) NaF showed no positive
effect. Such results may be attributed to a possible reaction between NaF and demineralized dentin,
producing soluble fluoride. In the present study, the demineralized dentin associated with NaF
treatment exhibit mixed failure type. This result may be associated with a surface reinforcement,
which was partially removed by the etching with the phosphoric acid during bonding procedures.

With the exception of the treatment with NaF, demineralized dentin treated with Curodont Repair
has shown no negative influence on bond strength, as the biological DCLL did not differ from sound
dentin. This behavior can be attributed to different interactions with the demineralized substrate,
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since the caries depth produced by the biological model DCLL was higher than chemical one. It has
been reported that the P11-4 scaffold can act as nucleator for hydroxyapatite, infiltrating into the porous
lesions and increase the mineral diffusion within the lesion, restructuring the affected tissue [15].

Moreover, regardless of the artificial caries development model, the results presented in this study
suggest that the use of remineralizing agents can reinforce the mechanical properties of demineralized
dentin and would favor the durability of resin-dentin bonds, since the treated demineralized substrate
provides an organized mineral surface. However, the degree of improvement in bonding strength
is dependent on the artificial caries development model and dentin treatment. Further studies have
to be carried out in order to observe the long-term efficacy of the remineralized dentin bonded to
adhesive systems.

5. Conclusions

Based on the results of this study it can be concluded that:
MI Paste™ and Curodont™ Repair recovered higher μTBS values when compared to sound

dentin. Each agent shows a different interaction with each artificial caries development model used.
The remineralizing treatment of demineralized dentin is a potential approach for increasing bond
strength of etch and rinse adhesive systems.
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Abstract: Dental sealants with antibacterial and remineralizing properties are promising for
caries prevention among children and adolescents. The application of nanotechnology and
polymer development have enabled nanoparticles of amorphous calcium phosphate (NACP)
and dimethylaminohexadecyl methacrylate (DMAHDM) to emerge as anti-caries strategies via
resin-based dental materials. Our objectives in this study were to (1) incorporate different mass
fractions of NACP into a parental rechargeable and antibacterial sealant; (2) investigate the effects on
mechanical performance, and (3) assess how the variations in NACP concentration would affect the
calcium (Ca) and phosphate (PO4) ion release and re-chargeability over time. NACP were synthesized
using a spray-drying technique and incorporated at mass fractions of 0, 10, 20 and 30%. Flexural
strength, flexural modulus, and flowability were assessed for mechanical and physical performance.
Ca and PO4 ion release were measured over 70 days, and three ion recharging cycles were performed
for re-chargeability. The impact of the loading percentage of NACP upon the sealant’s performance
was evaluated, and the optimized formulation was eventually selected. The experimental sealant
at 20% NACP had flexural strength and flexural modulus of 79.5 ± 8.4 MPa and 4.2 ± 0.4 GPa,
respectively, while the flexural strength and flexural modulus of a commercial sealant control were
70.7 ± 5.5 MPa (p > 0.05) and 3.3 ± 0.5 GPa (p < 0.05), respectively. A significant reduction in flow
was observed in the experimental sealant at 30% NACP (p < 0.05). Increasing the NACP mass fraction
increased the ion release. The sealant formulation with NACP at 20% displayed desirable mechanical
performance and ideal flow and handling properties, and also showed high levels of long-term Ca
and PO4 ion release and excellent recharge capabilities. The findings provide fundamental data for
the development of a new generation of antibacterial and rechargeable Ca and PO4 dental sealants to
promote remineralization and inhibit caries.

Keywords: dental sealant; resin sealant; calcium phosphate nanoparticles; long-term ion release;
remineralization; ion recharge
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1. Introduction

Dental caries is still a highly prevalent oral disease worldwide despite the various approaches
that have been used to prevent it [1,2]. These approaches include fluoride exposure, sugar intake
control, brushing and dental sealants [3]. Dental sealants help prevent caries in pits and fissures
of primary and permanent teeth, acting as a physical barrier for food accumulation and bacterial
growth [4]. Accumulative evidence from epidemiologic findings has shown positive outcomes for
caries prevention when the teeth are sealed, in comparison to non-sealed teeth in children and
adolescents [4,5]. It was found that sealants on permanent molars may reduce dental caries for up to
24–48 months when compared to that of no sealant application [3,4]. In terms of sealants’ retention,
resin-based sealants are the materials with a higher success rate [6]. Even so, findings have shown an
increase in dental resin-based sealants failures due to bacterial colonization under the restored fissures,
thereby, initiating and progressing the carious lesion beneath the sealant [4].

Caries lesions at the sealed occlusal surfaces were initiated when the balance between
the remineralization and demineralization of the tooth structure was adversely affected, and
demineralization exceeded the remineralization abilities, resulting in the dissolution of hydroxyapatite
crystals [7]. To allow the remineralization process to occur, adequate levels of calcium (Ca) and
phosphate (PO4) ions must be available [8]. Antibacterial and remineralizing resin-based sealants could
be one of the most desirable approaches for management of dental caries in children and adolescents
due to the potential of reduced bacteria and provide localized ion release near the tooth surface.

Recently, new fundamental research findings have highlighted the application of nanotechnology
and polymer development in dental materials, enabling nanoparticles of amorphous calcium phosphate
(NACP) and quaternary ammonium methacrylate such as dimethylaminohexadecyl methacrylate
(DMAHDM) to emerge as anti-caries strategies via resin-based materials [9,10]. Amorphous calcium
phosphate (Ca3[PO4]2), as a precursor of the final crystalline hydroxyapatite, has been investigated
as a suitable remineralizing agent. There is a growing body of evidence suggesting that NACP
could enhance the remineralizing capacity due to a greater surface area-to-volume ratio [11,12].
NACP had a relatively high specific surface area of 17.76 m2/g, compared to about 0.5 m2/g of
traditional micron-sized calcium phosphate particles used in dental resins [13,14]. Supported by the
high performance of Ca and PO4 ion release provided by a nanostructured compound, NACP has led
to new possibilities for combating enamel demineralization [15].

Resin-based sealants with the ability to release Ca and PO4 ions are expected to suppress
the demineralization process and prevent dental caries. However, ion-depletion effect with
loss of bioactivity over time (short-term ion release) has been a major drawback for calcium
phosphate-containing resins [6,16]. Recently, significant levels of Ca and PO4 ions were released
from NACP-containing resins that were sustainable over long periods of time and with rechargeable
capacity [17,18]. The rechargeable capability of NACP-containing dental materials have opened new
horizons and are expected to lead to relevant changes in remineralizing approaches [19]. The repeatable
recharge process to re-release Ca and PO4 ions can lead to supersaturation into the surrounding
microenvironments under acidic attacks, such as enamel areas located within deep occlusal pits
and fissures with difficult access to brush. These ions can play a vital role in the precipitation of
crystallites. This capability is highly desirable in a resin-based formulation for sealing the occlusal
pits and fissures where high rates of demineralization happen and result in almost 50% of all caries in
school children [2,4].

Many of the innovative bioactive strategies and technologies require new dental materials
with new combinations of properties to meet the basic properties of the conventional polymeric
materials [13]. This is true for resin-based formulations that are needed for dental sealant applications.
For example, regarding the chemical and physical characteristics, the resin-based sealants must possess
a high degree of wettability, and flow and viscosity that allow the penetration between the occlusal
fissures and grooves of the teeth [5]. Another important characteristic is the resistance to abrasion and
fracture, which would demonstrate the adequate mechanical performance of the material [6]. This is a
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challenging combination of characteristics when developing new resin-based formulations. Frequently,
the incorporation of new agents in the resin-based system decreases the strength or bioactivity.

The present study reports the development of new antibacterial resin-based sealants that include
NACP for Ca and PO4 ion release and recharge properties. Our objectives were to (1) incorporate
different mass fractions of NACP into parental rechargeable antibacterial sealant; (2) investigate the
effects on mechanical performance; and (3) assess how the variations in NACP concentration would
affect the Ca and PO4 ions release and re-chargeability over time. It was hypothesized that adding an
increased percentage of NACP would have acceptable mechanical and physical performances, while
producing substantial initial ion release and a long-term repeated recharge capability.

2. Results

Illustration of the rechargeable NACP approach to dealing with the dissolution-diffusion process
of enamel demineralization around dental sealants is shown schematically in Figure 1. The ion recharge
cycle diagram displayed the ion re-release from the exhausted and recharged NACP-containing
resin-based sealants in Figure 1A. Three recharge/re-release cycles were performed, and each re-release
was measured for 14 days. The ion re-release increased with increasing the NACP filler level. Figure 1B
shows the TEM image of NACP synthesized using the spray-drying technique having sizes of about
100–300 nm. The structural model of amorphous calcium phosphate is exemplified in this image, and
the potential application for sealing the occlusal surface of the posterior teeth is illustrated.

Figure 1. Schematic diagram of the rechargeable nanoparticles of amorphous calcium phosphate
(NACP) sealant approach to deal with enamel demineralization around dental sealants: In (A), the
recharge cycle diagram illustrates the re-release from the exhausted and recharged NACP sealants.
Three recharge/re-release cycles were performed, and each re-release was measured for 14 days. The
ion re-release increased with increasing the NACP filler level. In (B), the TEM image of NACP from the
spray-drying technique having sizes of about 100–300 nm.

Figure 2 describes the flexural strength and modulus of the antibacterial and rechargeable
resin-based sealants (Mean ± SD; n = 8). In Figure 2A, the flexural strength showed a decreasing
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trend with increasing NACP percentage, because the glass filler level was decreasing from 50% to
20%. The experimental sealant at 20% NACP had the flexural strength and flexural modulus of
79.5 ± 8.4 MPa and 4.2 ± 0.4 GPa, respectively. The commercial high viscosity sealant control showed
flexural strength and flexural modulus of 70.7 ± 5.5 MPa (p > 0.05) and 3.3 ± 0.5 GPa (p < 0.05). These
results demonstrated that the rechargeable antibacterial sealant at 20% mass fraction of NACP had
mechanical properties similar to or higher than that of the commercial sealant/flowable composite
control. Only the sealant with 30% NACP had a significantly lower strength that those other groups
(p < 0.05).

Figure 2. Bar graphs of (A) flexural strength and (B) flexural modulus (Mean ± SD; n = 8) of resin-based
sealants. The asterisk means that there was a statistically significant difference between the groups.
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The flow results for the experimental and control resin-based sealants (Mean ± SD; n = 6) are
plotted in Figure 3. NACP at a mass fraction of 30% compromised the flow of the sealant (p < 0.05).
Experimental sealant with a mass fraction of 20% NACP had a flow that was not significantly different
from the control (p > 0.05).

Figure 3. Means ± SD of flow analysis of the resin-based sealant formulations (n = 6). The asterisk
means that there was a statistically significant difference between the groups.

Figure 4 plots the Ca and PO4 initial ion release over time (Mean ± SD; n = 6). After 70 days of
ion release, 30% NACP + 5% DMAHDM sealant had higher Ca ion release of 4.70 ± 0.95 mmol/L.
This amount was significantly different from 20% NACP + 5% DMAHDM sealant that released
3.64 ± 0.11 mmol/L (p < 0.05). The PO4 ion release had similar release behavior. The 30% NACP +
5% DMAHDM sealant showed 4.25 ± 0.12 mmol/L of PO4 ion release, followed by the 20% NACP
+ 5% DMAHDM with 3.41 ± 0.10 mmol/L of PO4 ion release (p < 0.05). During the 70 days, the pH
increased from approximately 4.5 to 6.5 for the groups of the formulations containing 20% and 30%
NACP. These changes represent the neutralizing capabilities of calcium and phosphate ion release.
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Figure 4. Cumulative initial ions release from sealants (Mean ± SD; n = 6). In (A), Calcium (Ca) ion
and in (B) Phosphate ions. The dots for each group show the exact data and the dotted line is its
approximate linear trend for each formulation.
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The results of the three cycles of ion recharge and re-release are presented in Figure 5. The Ca
ion re-releases after the first cycle were 0.46 ± 0.03, 0.73 ± 0.03, and 0.94 ± 0.04 for the experimental
sealants with 10%, 20% and 30% NACP, respectively (p < 0.05 between the three groups). On the other
hand, the PO4 ion re-release after the first cycle were 1.10 ± 0.01, 1.22 ± 0.02, and 1.25 ± 0.03 for the
experimental sealants with 10%, 20% and 30% NACP, respectively (p > 0.05 between the 20% and 30%
NACP groups). All the experimental sealants showed good Ca and PO4 ion recharging abilities in the
three cycles tested.

Figure 5. Cumulative ions re-release from the recharged resin dental sealants (Mean ± SD; n = 3) after
three cycles of ions recharge and re-release. The dots for each group show the exact data and the dotted
line is its approximate linear trend for each formulation. In (A), Calcium ion and in (B) Phosphate
ions. There was no decrease in the ion re-release amounts with increasing the number of recharge and
re-release cycles.
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3. Discussion

Recent studies have developed rechargeable NACP resin-based materials for long-term Ca and
PO4 ion release to combat tooth decay [17,19], but the effects of NACP filler level on antibacterial
sealant properties had not been reported. Developing a new dental material for sealant applications
must meet the basic property requirements of clinicians. Thus, in the present study, an antibacterial and
rechargeable Ca and PO4 releasing sealant was developed for the first time. The effects of NACP mass
fraction on mechanical and physical performance and Ca and PO4 ions initial release and re-release
were determined to allow the development of ideal formulation with bioavailable ions for potential
enamel remineralization of occlusal pits and fissures.

In the case of the enlarged pit and fissure sealing, the mechanical properties of the material
become more important since the material can be placed onto areas that encounter mechanical stresses
during clenching [6]. In that situation, it appears clearly from the results that flowable resin composites
have by far better flexural moduli than the pit and fissure sealants tested. Here, we assessed the
flexural strength, flexural modulus and flow of different formulations and compared them to the
commercial resin-based sealant and flowable composite that did not contain NACP. The percentage
load of the glass filler ranged from 50% in 5% DMAHDM + 0% NACP sealant to 20% in 5% DMAHDM
+ 30% NACP formulation. Previous studies also revealed that the incorporation of a high content mass
fraction of nanoparticles, such as 40% might have a negative impact on material properties [20,21].
Therefore, only three different mass fractions of NACP were used in this study: 5% DMAHDM +
10% NACP, 5% DMAHDM + 20% NACP, and 5% DMAHDM + 30% NACP. However, the results
obtained in this study revealed a significant interference of the NACP at the 30% mass fraction with
the flow of the experimental sealant. In deep fissures and grooves, the flow of the material is an
important characteristic to help seal the total surface [4]. It is expected that the sealant’s flow ability
could be compromised when the experimental sealant incorporates the highest amount of NACP. Our
findings suggest that the new formulation with 20% NACP did not negatively affect the mechanical
and physical properties, while providing substantial Ca and PO4 ions to inhibit caries.

Adding different caries-preventive measures and strategies to the sealant may increase its effect
on caries prevention [5]. In previous studies, antibacterial resins containing quaternary ammonium
methacrylates with an alkyl chain length of 16 (DMAHDM) were synthesized and assessed with a
higher antibacterial potency against oral bacteria as an outcome. The mechanism of positively charged
quaternary amine disrupting the negatively charged bacterial membranes supported the decrease
in bacterial coverage nearly 90% for resin formulations at 5% DMAHDM [17,19]. The long-term
antibacterial activity of DMAHDM was demonstrated by Zhang et al. [20] and attributed to the fact
that the antibacterial monomer was copolymerized with the resin by forming a covalent bonding
with the polymer network. Thus, the development of a resin-based dental sealant that also holds
remineralizing properties could be essential to improve the function of the resin-based dental sealant
on posterior teeth fissures and grooves for caries prevention.

Regarding recharge ability, this study builds upon the methodology provided by Zhang et al. [21].
Their report confirmed that the recharge of calcium and phosphate ions from resin-based formulations
was achievable, while also establishing some of the variables important for ion release and
recharge such as chemical composition of resin matrix and number of suitable cycles for recharge
of the specimens. For the tested formulations, the 20% NACP sealant showed a release of
3.64 ± 0.11 mmol/L (p < 0.05) of Ca ions and 3.41 ± 0.10 mmol/L of PO4 ions during the 70-day
period. The effect of the NACP percentage loading within the resin-based antibacterial formulation
containing 5% DMAHDM on the rate of Ca and PO4 is reported in Figure 4A,B. When comparing
the 20% NACP formulation and 10% NACP formulation, an approximate three times increase in Ca
and PO4 ions released was observed. However, as the NACP percentage load increased, the rate
of diffusion of ions from the sealants increased approximately 5%. It appears that an increase in
the NACP concentration by a factor of 1.5 does not provide the same corresponding increase in Ca
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and PO4 ion concentration over 70 days, which makes the 20%NACP formulations suitable for the
proposed application.

Referring to previous studies from our group, this release concentration of Ca and PO4 ions was
similar to release and recharge rates previously observed in a 30% NACP parental formulation with
high inorganic filler content for reinforcement [17]. This variation could be attributed to the differences
in the filler level in each formulation since in order for these ions to be available for remineralization,
they must diffuse through the resin matrix, in this case, 50% PEHB.

The chemical composition of the formulation has a unique role for rechargeability. Since one of
our objectives in this study was to develop ion-rechargeable resin-based sealants, PEHB resin matrix
was chosen. The PEHB resin had shown high ion-recharging abilities in previous reports [19,22,23]. In
the present study, the sealant showed promising ion recharging abilities because of the great amount
of re-released Ca and PO4 ions after each cycle of ion-recharge. This is likely due to the acidic adhesive
monomer PMGDM [18], which consists of a large part of the parental resin matrix PEHB. The suggested
recharge mechanism of NACP is based on the ability of PMGDM chelate with the recharging Ca ions
during the recharging process, and release the ions when it is exposed to the acidic environment, such
as pH 4. Further study is needed to investigate Ca and P ion recharge and re-release mechanisms in
solutions that mimic the oral environment, such as artificial saliva.

4. Materials and Methods

4.1. Development of Dental Resin Sealants

The resin matrix consisted of 44.5% of pyromellitic glycerol dimethacrylate (PMGDM)
(Hampford, Stratford, CT, USA), 39.5% of ethoxylated bisphenol a dimethacrylate (EBPADMA)
(Sigma-Aldrich, St. Louis, MO, USA), 10% of 2-hydroxyethyl methacrylate (HEMA) (Esstech,
Essington, PA, USA), and 5% of bisphenol a glycidyl dimethacrylate (Esstech) [17]. 1% of phenylbis
(2,4,6-trimethylbenzoyl)-phosphine oxide (BAPO) (Sigma-Aldrich) was added as a photo-initiator.
This resin matrix is referred to as PEHB. To formulate a sealant with antibacterial properties,
dimethylaminohexadecyl methacrylate (DMAHDM) was synthesized via a modified Menschutkin
reaction using a method as described previously [22].

NACP was synthesized by a spray-drying technique according to previous methodology [21].
Briefly, calcium carbonate and dicalcium phosphate were dissolved in acetic acid to produce Ca
ions with a concentration of 8 mmol/L and PO4 ions with a concentration of 5.3 mmol/L, then this
solution was sprayed in a heated chamber using a spray-drying machine. An electrostatic precipitator
was used to harvest the NACP with a particle size of average ± 116 nm. The silanized barium
boroaluminosilicate glass particles were added for reinforcement purposes and had an average size of
1.4 μm (Caulk/Dentsply, Milford, DE, USA). The fillers were incorporated into the resin matrix at a
filler level of 50%. Two main types of resin-based materials were available as pit and fissure sealants:
filled flowable composite and unfilled resin-based sealants, both were used as commercial controls in
this study. Hence, the following six sealants were tested.

1. Commercial Low-viscosity Sealant control termed “C-LV.” (FluroShield, Dentsply Caulk, Milford,
DE, USA)”.

2. Commercial High-viscosity Sealant/Flowable Composite control termed “C-HV.” (Virtuoso,
Den-Mat Holdings, Lompoc, CA, USA).

3. Experimental Sealant termed “5% DMAHDM + 0% NACP” (45% PEHB + 5% DMAHDM + 50%
Glass + 0% NACP).

4. Experimental Sealant termed “5% DMAHDM + 10% NACP” (45% PEHB + 5% DMAHDM + 40%
Glass + 10% NACP).

5. Experimental Sealant termed “5% DMAHDM + 20% NACP” (45% PEHB + 5% DMAHDM + 30%
Glass + 20% NACP).
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6. Experimental Sealant termed “5% DMAHDM + 30% NACP” (45% PEHB + 5% DMAHDM + 20%
Glass + 30% NACP).

4.2. Flexural Strength and Flexural Modulus

Samples for flexural strength and flexural modulus testing were prepared using 2 × 2 × 25 mm
stainless steel molds. Each paste was placed into the mold which was covered with Mylar strips and
glass slides from both open sides of the mold then light-cured (500 mW/cm2, 60 s, Triad 2000, Dentsply,
York, PA, USA) for on each open side. Samples were stored at 37 ◦C for 24 h. Flexural strength and
flexural modulus were measured using three-point flexure with a 10 mm span at a crosshead-speed of
1 mm/min on a computer-controlled universal testing machine (MTS 5500R, Cary, NC, USA) [24].

Flexural strength (F) was calculated by using the following formula:
F = (3LS)/(2WH2), where L is the maximum load; S is the span; W is the width of the specimen

and H is the height.
Flexural Modulus (M) was determined as:
M = (LS33)/(4WH33d), where L is the maximum load; S is the span; W is the width of the

specimen, H is the height of the specimen, and d is the defluxion corresponding to the load L.

4.3. Flow Analysis

The recommendations of the ISO 6876/2012 and ANSI/ADA2000 standards were followed [25].
Briefly, two glass plates of 40 mm × 40 mm and approximately 5 mm thickness were used. The weight
of one glass plate was approximately 20 g. The paste of each sealant was placed in the center of one of
the glass plates using a graduated syringe. The amount of sealant was approximately 0.05 mL. The
second glass plate was placed on top of the sealant; then a 100 g weight was used to make a total
weight of approximately 120 g. After 10 minutes, the weight was removed, and the largest and smallest
diameters of the discs formed by the compressed sealants were measured with the aid of a digital
caliber (Mitutoyo MTI Corp., Huntersville, NC, USA) [26]. Six tests were done for each sealant.

4.4. Measurement of Initial Calcium and Phosphate Ions Release from NACP

Three specimens of approximately 2 × 2 × 12 mm were immersed in 50 mL of sodium chloride
(NaCl) solution (133 mmol/L). The NaCl solution was previously buffered to pH 4 with 50 mmol/L of
lactic acid to simulate a cariogenic low pH condition [27]. The specimen volume per solution ratio was
almost 2.9 mm3/mL following previous study [22]. The tubes (n = 6) were kept in a 37 ◦C incubator
during the experiment. Aliquots were collected at 1, 3, 5, 7, 9, 11, 14, 21, 28, 35, 42, 49, 56, 63 and 70
days. The Ca and PO4 ions concentrations from collected aliquots were analyzed using SpectraMax®

M Series Multi-Mode Microplate Reader from Molecular Devices [28]. The absorbance was measured
using known standards and calibration curves. After each collection, the NaCl solution was replaced
by a fresh solution. All the groups were tested for the initial Ca and PO4 ions release [29].

4.5. Calcium and Phosphate Ions Recharge and Re-Release

After the calcium and phosphate ions released for 70 days, the specimens were stored for almost
6 months before starting the ion recharging experiment to exhaust the ions in all the specimen and
ensure there is no additional ion release. The pH of the immersion solutions was assessed by the same
period of time. Then, these ion-exhausted specimens were used for the ion recharging experiment.
The Ca ion recharging solution was made of 100 mmol/L CaCl2 and 50 mmol/L HEPES buffer [18].
The PO4 ion recharge solution was made of 60 mmol/L KHPO4 and 50 mmol/L HEPES buffer. Both
solutions were adjusted to pH 7 by the use of 1 mol/L KOH [19]. Three specimens of approx. 2 × 2 ×
12 mm were immersed in 5 mL of the calcium ion or phosphate ion recharging solution and gently
vortexed for 1 min using Analog Vortex Mixer, (Fisher Scientific, Waltham, MA, USA) to simulate
the action of using mouthwash [30]. Specimens were immersed three times for 1 minute each time.
This is for a total of 3 min of ion recharge. After that, the recharged specimens were immersed in a
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50 mL NaCl solution, which was adjusted to pH 4 as described in Section 4.4. This immersion was to
measure the Ca and PO4 ion re-release on day 1, 2, 3, 5, 9, 11 and 14. After 14 days, the specimens were
recharged again, and then the ion re-release was measured for 14 days at day 1, 2, 3, 5, 7, 9, 11 and
14 [31]. The same cycle or recharge and release were repeated for three times as described in Figure 1.
The Ca and PO4 ion measurements were assessed in the same way as mentioned in Section 4.4.

4.6. Statistical Analysis

Kolmogorov-Smirnov test and Levene test were performed to confirm the normality and equal
variance of data. The results of flexural strength, flexural modulus, flow and Ca and PO4 ion release
and re-release were analyzed using one-way analysis of variance (ANOVA). Multiple comparisons
between the different groups were conducted using Bonferroni’s multiple comparison tests. All the
statistical analyses were performed by SPSS 22.0 software (SPSS, Chicago, IL, USA) at an alpha of 0.05.

5. Conclusions

The effects of different percentage loading of the remineralizing agent, NACP in new dental
material formulations have been studied in a thorough and systematic approach. Considering the
clinically relevant properties for dental sealants, the formulation containing 20% of NACP was selected
as the optimal composition. The material flow was highly related to the mass fraction of the filler in the
resin. At 20% NACP, the PEHB-based resin sealant provides high levels of Ca and PO4 ions release and
durable repeated recharge capability, with no negative effect on the mechanical and physical properties
of the sealant. Therefore, this is a promising approach to provide long-term ion release to promote
remineralization and inhibit dental caries in occlusal surfaces of teeth in children and adolescents.
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Abstract: Background: Cell-Based Therapies (CBT) constitute a valid procedure for increasing the
quantity and quality of bone in areas with an inadequate bone volume. However, safety and efficacy
should be investigated prior to clinical application. The objective of this study was to evaluate the
biodistribution, safety and osteogenic capacity of bone marrow-derived human mesenchymal stem
cells (hBMMSCs) pre-seeded into β-tricalcium phosphate (TCP) and implanted into NOD/SCID
mice at subcutaneous and intramuscular sites. Methods: hBMMSCs were isolated, characterized and
then cultured in vitro on a porous β-TCP scaffold. Cell viability and attachment were analyzed and
then hBMMSCs seeded constructs were surgically placed at subcutaneous and intramuscular dorsal
sites into NOD/SCID mice. Acute and subchronic toxicity, cell biodistribution and efficacy were
investigated. Results: There were no deaths or adverse events in treated mice during the 48-hour
observation period, and no toxic response was observed in mice. In the 12-week subchronic toxicity
study, no mortalities, abnormal behavioral symptoms or clinical signs were observed in the saline
control mice or the hBMMSCs/β-TCP groups. Finally, our results showed the bone-forming capacity
of hBMMSCs/β-TCP since immunohistochemical expression of human osteocalcin was detected from
week 7. Conclusions: These results show that transplantation of hBMMSCs/β-TCP in NOD/SCID
mice are safe and effective, and might be applied to human bone diseases in future clinical trials.

Keywords: preclinical biosafety; bone substitute; mesenchymal stem cells; β-tricalcium phosphate;
tissue engineering

1. Introduction

Bone marrow is a source of mesenchymal stromal stem cells (MSCs) which have demonstrated
in vivo and in vitro ability to differentiate into osteoblasts and chondrocytes, thus providing tissue
repair capacities [1,2]. Their functional properties have been confirmed in several studies using
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autologous human bone marrow mesenchymal stem cells (hBMMSC) for bone repairing and tissue
healing [3]. hBMMSC represent a cell type with a high potential for bone regeneration [4] as a result
of their multipotential differentiation capacity, including differentiation into the osteogenic lineage,
which constitutes a very valuable tool in medicine, specifically for tissue engineering in traumatology
or maxillofacial applications [5,6]. When hBMMSCs are seeded into a scaffold, the final product brings
together the osteoinductive and osteoconductive properties of the biomaterial and the regenerative and
homeostatic properties of the cells. Therefore, this approach can provide an alternative to autogenous
bone grafting that usually adds morbidity to the patients [7].

Cell-therapy approaches constitute one of the most promising instruments to enhance the
reconstruction of both hard and soft tissues [8,9]. Nevertheless, cell dose and viability are always a
problem when we move from the bench to preclinical, or even further, to the clinical setting. Therefore,
this point remains to be optimized [10].

Cell-Based Therapies (CBT) are a promising approach to a wide variety of medical conditions
that currently do not have satisfactory treatments. However, differentiation and proliferation potential
of CBT involve new safety concerns that are not considered for conventional drug products [10].
Preclinical studies are needed to address the safety and efficacy of an investigational stem cell-based
product before to move to the clinic. The development of new 3D scaffolds using advanced
strategies [11,12], the mechanism of action of the mesenchymal stem cells and the most efficient
route of administration have to be investigated in animal models that ideally should replicate human
disease without compromising the ability of human cells to engraft and survive [13]. One step higher,
MSCs from different sources are currently being tested as investigational medicinal products in
several clinical trials (clinicaltrials.gov) [13]. However, many clinical trials have failed to demonstrate
efficacy results because, as we have previously mentioned, critical aspects such as cell dose, homing,
engraftment, and biodistribution in vivo of these “living drugs” are difficult to extrapolate from
preclinical models [14]. In Europe, MSCs are somatic cell-therapy products, referred to as advanced
therapy medicinal products (ATMPs) and are subject to European Regulation No. 1394/2007 [15].

The aim of this study was to test the biodistribution and security profile of hBMMSCs pre-seeded
into β-tricalcium phosphate (TCP) after subcutaneous/intramuscular transplantation. In addition,
the safety in terms of toxicity of the procedure and its capacity of osteocalcin production was evaluated.

2. Material and Methods

2.1. Isolation and Culture of Bone Marrow-Derived hBMMSCs

Multipotent hMSCs were isolated from bone marrow as described previously [16]. The study
was approved by the Institutional Ethics Committee (Virgen de la Arrixaca University Hospital ID:
101212/1/AEMPS), while all patients signed an informed consent. For isolation, the aspirated material
was transferred into transfer bags containing heparin. The mononuclear cell fraction was obtained
using Ficoll density gradient media and a cell washing closed automated SEPAX™ System (Biosafe,
Eysines, Switzerland). After estimating the viability with trypan blue staining, cells were plated out in
75 cm2 culture flasks (Sarstedt, Nümbrecht, Germany) with 10 mL of basal culture growth medium
(GM). The GM used was α-MEM (Minimum Essential Media) medium (Invitrogen, Carlsbad, CA,
USA), supplemented with 15% fetal bovine serum (FBS, Invitrogen), 100 mM L-ascorbic acid phosphate
(Sigma-Aldrich, Steinheim, Germany) and antibiotics/antimycotics before incubating at 37 ◦C in 5%
CO2. Cells in passage 3 were used for both in vitro and in vivo experiments.

2.2. Immunophenotypic Profiles of hBMMSC Cultures

hBMMSCs were analyzed by flow cytometry for mesenchymal (CD90, CD73), endothelial
(CD105/endoglin,), hematopoietic (CD34, CD45) and HLA-DR stem cell (SC) markers, as previously
described [17–19]. Single cell suspensions obtained by culture trypsinization were labelled or
surface markers with fluorochrome-conjugated antibodies: CD73-PE, CD90-APC, CD105-FITC,
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HLA-DR-FITC, CD34-APC and CD45-FITC (Human MSC Phenotyping Cocktail, Miltenyi Biotec,
Bergisch Gladbach, Germany).

2.3. Human Bone Marrow-Derived Mesenchymal Stem Cells (hBMMSCs) Seeded into Scaffold (hBMMSCs/
β-TCP) Constructs Preparation

Synthetic β-Tricalcium phosphate (CellplexTM TCP, Wright Medical Technology, Inc., Arlington,
TN, USA) with size of 0.7–1.4 mm, a porosity of 60%, and a pore size of 100–400 pm was used as
carrier. This dimension was appropriate for the specific application in the subcutaneous/intramuscular
implantation. Prior to cell seeding, sterile β-TCP granules were pre-wetted for 1 h in complete medium.
For cell seeding in the study group, hBMMSCs were trypsinized, centrifuged and resuspended in
an appropriate volume; after cell counting, the density of cells in suspension was adjusted to about
1 × 106 cells. For the control group, β-TCP granules were pre-wetted with complete culture medium
free of cells.

2.4. Cell Viability Assay

For this purpose, the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay
was used, as previously described [20]. The cells/scaffold constructs were initially loaded with
1.0 × 104 cells/well in 96-well plates. After 1, 7 and 14 days, MTT (0.5 mg/mL in GM) was added
to each cell/scaffold construct. Cells were seeded on β-TCP, as described above and 3 to 5 granules,
depending on the granule size, and incubated for 4 h at 37 ◦C and 5% CO2. The MTT insoluble formazan
was then dissolved by means of DMSO (Dimethyl sulfoxide) that was applied for 2–4 h to the constructs
at 37 ◦C. The optical density (OD) was measured against blank (DMSO) at a wavelength of 570 nm and
a reference filter of 690 nm by an automatic microplate reader (ELx800; Bio-Tek Instruments, Winooski,
VT, USA). Cell-free scaffolds incubated under the same conditions were used as reference controls and
their OD values were subtracted from those obtained from the corresponding hBMMSCs /scaffold
constructs. Population doubling number (PDN) was then calculated for the cells from days 1 to 14
using the cell number at day 1 as the seeding cell number (N0) and the day 14 as the harvested cell
number (N1). The PDN was calculated with the following equation: Log10 (N1/N0) × 3.33 [21].

2.5. Scanning Electron Microscopy (SEM) Study of hBMMSCs Seeded on β-TCP

To evaluate the cell attachment of hBMMSCs adhered to β-TCP, study periods of 24 h, and 7 and
15 days were established. Then, hBMMSCs were directly seeded onto β-TCP granules at a density
of 5 × 104 cells/mL. After 24 h, 7 and 15 days of culture, the samples seeded with hBMMSCs were
primarily fixed in a solution of 3% glutaraldehyde, 0.1 M Sucrose, 0.1 M sodium cacodylate for 45 min at
4 ◦C. Then, they were rinsed again and dehydrated increasing concentrations (50–100% v/v) of ethanol
and hexamethyldisilizane. The samples were dried in a critical point drier CPDO2 (Balzers Union,
Liechtenstein, Germany) sputter-coated with a 20 nm thick layer of gold-palladium and observed
under a SEM (JSM-6390 LV, JEOL, Tokyo, Japan).

2.6. In vivo hBMMSCs/β-TCP Constructs Transplantation

Thirty female NOD/SCID mice (Charles River Laboratories, Inc., Wilmington, MA, USA) with an
average age of 6 weeks were used in this study. All animal experiments were conducted in accordance
with the European Union guidelines for experimental animal use. The study protocol was approved by
the Ethical Committee for Animal Care of the University of Murcia, Murcia, Spain (101212/1/AEMPS).

Mice were anesthetized intraperitoneally with a solution of ketamine (Renaudin, Aïnhoa, France,
100 mg/kg) and xylazine (Rompun, Bayer AG, Leverkusen, Germany, 10 mg/kg) and fixed on the
board. After an aseptic preparation was applied to the skin. A subcutaneous incision was made at the
middle of the dorsum.

The mice were randomly divided into two groups:
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Group 1 formed by 25 NOD/SCID mice. A subcutaneous pocket was bluntly created in the left
paravertebral area. 5 granules of hBMMSCs/β-TCP constructs were transplanted into the pockets, and
the wound was suture closed. In addition, 5 granules of hBMMSCs/β-TCP construct was transplanted
intramuscularly in the right paravertebral area.

Group 2 formed by 5 NOD/SCID mice. A subcutaneous pocket was bluntly created in the left
paravertebral area. 5 constructs (1%PBS/β-TCP) were transplanted into the pockets, and the wound
was suture closed. Also, 5 constructs (1%PBS/β-TCP) were transplanted intramuscularly in right
paravertebral area.

Food and water was given ad libitum and the individuals’ normal values for complications,
abnormal locomotor activity, food and water consumption were recorded at different time points:
1 day, 2 days, 1 week, 2 weeks, 5 weeks, 7 weeks, 9 weeks and 12 weeks; 14 organs (lung, heart, kidney,
spleen, tibialis anterior muscle, brain, inguinal fat pad, bone marrow, stomach, intestine, liver, ovary,
blood, knee joint) were harvested and frozen at −80 ◦C.

2.7. Acute and Subchronic Toxicity Study

To assess the acute toxicity, the animals from both groups were observed continuously before
surgery, at each hour for the first 4 hours and then at 6 hours interval for the next 48 hours after
construct transplantation, to observe any deaths or abnormal locomotor activities. All mice were
scored using a traditional welfare scoring system [22]. Values between 0–4 are considered a good
welfare status, values of 5–9 indicate some kind of suffering, while 10–14 suggests that the mouse is in
a state of considerable suffering. Finally, a score of between 15 and 19 (vocalization, self-mutilation,
restlessness/stillness) is associated with intense pain and the animal should be sacrificed immediately.
In addition, acute organ toxicity was evaluated by histological analysis 24 h and 48 h after surgery.

Subchronic toxicity was evaluated 1, 2, 5, 7, 9 and 12 weeks after surgery in all groups. The body
weights and welfare status were recorded weekly. During the entire course of the study, animals were
observed daily. In addition, subchronic organ toxicity was evaluated by histological analysis at the
same time points.

2.8. Biodistribution

hBMMSCs were detected in mouse tissues using the quantitative polymerase chain reaction (qPCR)
technique described by François et al. [23]. Genomic DNA from fresh tissues was prepared using
the QIAamp DNA Mini Kit from Qiagen according to the manufacturer’s instructions. The amount
of human DNA in each sample was quantified by amplification of the human beta-globin gene,
while endogenous mouse RAPSYN gene (Receptor-Associated Protein at the Synapse), served as
internal control. Absolute standard curves were generated for the human beta-globin and mouse
RAPSYN genes. One hundred nanograms of purified DNA from several tissues was amplified
using Taqman Fast Advanced Master Mix and a Step-One Plus Real Time PCR (Polymerase
Chain Reaction) system (Applied Biosytems, Foster City, CA, USA). The primers and probe for
human beta-globin were: forward primer 5′GTGCACCTGACTCCTGAGGAGA3′ and reverse primer
5′CCTTGATACCAACCTGCCCAGG3′; the probe labelled with fluorescent reporter and quencher
was 5′FAM-AAGGTGAACGTGGATGAAGTTGGTGG-TAMRA-3′. The primers and probe for
mouse RAPSYN gene were forward primer 5′ACCCACCCATCCTGCAAAT3′ and reverse primer
5′ACCTGTCCGTGCTGCAGAA3′; the probe labelled with fluorescent reporter and quencher was
5′FAM-CGGTGCCAGTGATGAGGTTGGTC-TAMRA-3′. Likewise, human DNA was isolated from
hMSC culture and used as a positive control [24].

2.9. Anatomic Pathology Examination

Representative samples from constructs and brain, lung, heart, liver, kidney, gut, spleen, lymph
node, bone marrow were fixed in 4% buffered formalin (Panreac Quimica, Barcelona, Spain) for
48 h. Constructs and bone marrow were additionally decalcified in a formic-acid-based commercial
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solution (TBD-2, Thermo, Madrid, Spain) for 12–16 h. Samples were then washed, processed and
paraffin-embedded. Sections were obtained and stained with hematoxylin and eosin (H&E) for
standard histological analyses. To study the presence of human osteocalcin producer cells, a standard
indirect ABC immunohistochemical staining was performed, using a specific polyclonal rabbit human
anti-osteocalcin antibody (LsBio, Seattle, WA, USA) with a commercial kit EnVision FlexTM, (Dako,
Carpinteria, CA, USA)). All samples were evaluated with a conventional light microscope (Axio
Scope AX10, Zeiss, Oberkochen, Germany), with attached digital camera (Axio Cam Icc3, Carl Zeiss,
Jenna, Germany).

2.10. Statistics

Data were analyzed using the SPSS software (version 19, SPSS, Inc., Chicago, IL, USA). Statistical
analysis was conducted using the Mann-Whitney U-test or Student’s t-test (others). p < 0.05 was
interpreted as denoting statistical significance.

3. Results

3.1. Characterization of hBMMSCs In Vitro Experiments

The isolated hBMMSCs displayed a SC phenotype, and had a comparatively high purity;
practically all cells showed a positive expression of the mesenchymal markers CD73, CD90 and
CD105 (>95%) and lack expression of the hematopoietic markers, CD34, CD45 and HLA-DR (<5%)
(Figure 1).
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Figure 1. Immunophenotypic characterization of hBMMSCs by flow cytometry for the expression of
mesenchymal (CD90, CD73, CD105/endoglin), hematopoietic (CD34, CD45) and HLA-DR markers
(black line: unstained control; red, green and purple line: marker of interest). Results are means of
triplicates (±SD) of three independent experiments.
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3.2. Cell Proliferation and Attachment

Figure 2A shows the proliferation of hBMMSCs on β-TCP after 1, 7 and 14 days, as assessed by
the MTT assay. hBMMSCs incubated in culture plates were monitored as positive control and cell-free
scaffolds incubated under the same conditions were used as negative control. An MTT assay was
performed at days 1, 7 and 14 after cell seeding into β-TCP to assess cell survival and proliferation.
A significant increase in MTT reduction was seen at day 14 compared with days 1 and 7, indicating
that hBMMSCs were able to survive and proliferate on β-TCP granules (p < 0.01). In addition, the PDN
obtained with and without β-TCP was 2.22 ± 0.18 versus 2.09 ± 0.15, respectively.

Figure 2. (A) MTT assay results of hBMMSCs and β-TCP/hBMMSCs construct. Results are expressed
as relative MTT activity compared with the control. Data were shown as mean ± SD from three
independent experiments; (B) Cellular shape and adherence of hBMMSCs onto β-TCP by scanning
electron microscopy (SEM) 1, 7 and 14 days post-seeding on β-TCP. Scale bar: 100 μm.

SEM analyses revealed that small quantities of hBMMSCs were evenly attached to β-TCP granules
after 24 h (Figure 2B). Importantly, at longer culture times (7 days) the hBMMSCs covered all the
biomaterial, exhibiting a fibroblastoid morphology with several cytoplasmatic prolongations that
allow the cells to anchor to β-TCP surface and establish intercellular connections. After 14 days
of culture, large amounts of hBMMSCs adhered to the β-TCP granules, appearing as multilayered
cultures. Moreover, calcified matrix deposition was detected on the surface of the cells.

3.3. Acute, Subchronic Toxicity Study

No death or clinical signs associated with toxicity occurred during the 48-hour observation
period in animals. Mice exhibited normal behavior, without surgery complications or abnormal
locomotor activities. No abnormal form or color was found in the animals’ feces. Body weight
changes were measured during this 2-day period. The welfare score of the 30 mice prior to and
post-implantation was 0. According to Figure 3A, no statistically significant weight loss was observed
between hBMMSCs/β-TCP group and the physiological saline control group (p = 0.820).

Local and subchronic toxicity of hBMMSCs/β-TCP constructs were assessed in a 12-week toxicity
study. No mortalities or adverse clinical signs were found in both groups (Figure 3B). There was no
significant difference in body weight between groups in each week. Dose-related change in mean daily
food or water consumption was not observed between the negative control and the hBMMSCs/β-TCP
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groups throughout the experimental period. Additionally, no macroscopic findings were observed at
necropsy, and microscopic analysis (Figure 3C) revealed no histopathological or tumor alterations in
any of the paraffin-embedded tissues.

Figure 3. The body weight changes of the NOD/SCID mice after construct implantation for (A) 48 h
(Acute Toxicity study) and (B) 12 weeks (Subchronic Toxicity study); (C) Histological analysis of
various organs collected (lung, heart, liver, bone marrow, spleen, kidney, tibia, ovary and the brain).
No structural changes or injuries were detected in theses organs.

3.4. Biodistribution

DNA extraction and PCR analysis were performed to detect the presence of human cells in mouse
tissues. The results are expressed as the number of mice (or percentage) with PCR positive for human
beta-globin gene. Our results showed the presence of human cells on scaffolds during all experiment
(24 h to 12 weeks post-implantation) (Table 1). However, we did not detect human cells in lung, heart,
kidney, spleen, tibialis anterior muscle, brain, inguinal fat pad, bone marrow, stomach, intestine, liver,
ovary, blood, skin or the knee joint.

Table 1. Biodistribution of hBMMSCs using the quantitative polymerase chain reaction (qPCR)
technique, for 12 weeks. Controls: cell-free scaffolds; (+), detection of human RNAse P gene; (−),
no detection of human RNAse P gene.

Tissues/Organs 24 h 1 w 2 w 5 w 7 w 9 w 12 w Controls

Scaffold + + + + + + + −
Lung − − − − − − − −
heart − − − − − − − −

kidney − − − − − − − −
spleen − − − − − − − −

tibialis anterior muscle − − − − − − − −
brain − − − − − − − −

inguinal fat pad − − − − − − − −
bone marrow − − − − − − − −

stomach − − − − − − − −
intestine − − − − − − − −

liver − − − − − − − −
ovary − − − − − − − −
blood − − − − − − − −
skin − − − − − − − −

knee joint − − − − − − − −
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3.5. In Vivo Bone Formation

Next, the in vivo bone formation was analyzed. Histopathological analysis revealed signs of
lamellar bone formation in both the subcutaneous (from week 7) and intramuscular (from week 9)
constructs of Group 1 (hBMMSCs/β-TCP, Figure 4). No signs of lamellar bone neoformation were
observed in the subcutaneous and intramuscular constructs of Group 2 at any time.

Figure 4. Representative images of subcutaneous and intramuscular constructs from Group 1 (a–d) and
Group 2 (e,f) at week 9 after constructs implantation. While there was signs of formation of lamellar
bone (asterisks) with signs of functional lacunae (presence of nucleus, head arrows) interspersed
within the construct matrix in subcutaneous (a,c) and intramuscular (b,d) constructs from Group 1,
in subcutaneous (e) and intramuscular (f) constructs from Group 2 there was a infiltration of connective
tissue with trabecular disposition in which signs of a refringent material (+) could be identified within
trabeculae. (M): Skeletal muscle. Hematoxylin and eosin (H&E) stain. Magnifications: 100 × (a,b,e,f)
and 200 × (c,d).

Immunohistochemical expression of human osteocalcin was detected only in bone marrow
from mice of Group 1 from week 7 onwards (Figure 5). On the other hand, no signs of positive
immunoreaction were observed in subcutaneous and intramuscular constructs from Group 2.

Quantitative results (Table 2) exhibited a significant difference in the osteocalcin expression among
the subcutaneous/intramuscular group (Group 1) and control group (Group 2) (p < 0.05). There was no
significant difference between the subcutaneous and intramuscular localizations. Overall, the results
indicated that the hBMMSCs/β-TCP group can promote the formation of calcified matrix and the
osteocalcin expression compared with the control group. While there is a strong positive expression
of osteocalcin in lacunae in human control bone, no positive reaction was observed either in bone or
other tissues in the mouse (Figure 6).
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Figure 5. Representative images of human osteocalcin expression of subcutaneous and intramuscular
constructs from Group 1 (a–f) and Group 2 (g,h) at week 9 after constructs implantation. There
was positive expression of human osteocalcin in lamellar bone formations within subcutaneous or
intramuscular constructs from Group 1 (a,b asterisks), particularly in functional lacunae (c,d, head
arrows). Any sign of background was observed in negative controls of the same regions (e,f). On the
other hand, no signs of positive immunoreaction were observed in subcutaneous and intramuscular
constructs from Group 2 (g,h). ABC anti-human osteocalcin stain. Magnifications: 100 × (a,b,e–h) and
200 × (c,d).

Table 2. Frequency of human osteocalcin expression in mice after construct implantation compared
with the control. ** p < 0.01.

Intramuscular Implant Subcutaneous Implant

Yes No Yes No
Group I

(hBMMSCs/TCP) n = 18 ** n = 7 Group I
(hBMMSCs/TCP) n = 17 ** n = 8

Group II
(Cell free TCP) 0 n = 5 Group II

(Cell free TCP) 0 n = 5
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Figure 6. Representative images of expression of human osteocalcin in human bone (positive control, a);
and in mouse bone (b); brain (c); skin (d); lung (e); heart (f); spleen (g); liver (h); kidney (I) and skeletal
muscle (j). While there is a strong positive expression of osteocalcin in lacunae in human control bone
(a, head arrows), no positive reaction was observed neither in bone (b), nor other tissues (c–j) in the
mouse. ABC anti-human osteocalcin stain. Magnifications: 100 × (a,b,e–j).

4. Discussion

Preclinical studies of the products for use in new CBT need to be carried out in animal models
in order to verify their biosecurity and efficacy [25]. In fact, determining the distributive fate and
retention of CBT products after administration is key part of characterizing their mechanism of action
and security profile [25,26]. The present study was prepared to analyze the biosafety of hBMMSCs
pre-seeded into TCP scaffolds after subcutaneous/intramuscular transplantation.

We reported that (i) hBMMSCs/β-TCP constructs did not cause acute or subchronic toxicities to
the mice (inspection of the health status of the operated mice and histologically analyses of several
tissue samples); (ii) human cells do not migrated into tissues distant from the implantation sites
(expression of human globin gene, by quantitative PCR, in several tissues); (iii) hBMMSCs/β-TCP
constructs developed into bone tissue.

The limitation of this study was the animal model; immunocompetent animal model made the
evaluation of the immune response of the implanted hBMMSCs under Good Laboratory Practice (GLP)
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conditions difficult and could be more significant by investigating the impact of SCs in larger animal
models. In contrast, subcutaneous implantation is an easy and non-invasive technique, and allows
performance of several test items in the same animal [27].

New materials must first manifest their biocompatibility before cells can proliferate and produce
an extracellular mineralized matrix on a substrate [28]. For this purpose and to evaluate the possible
cytotoxicity of the β-TCP, we investigated the viability and cell attachment of hBMMSCs cultured
on β-TCP by MTT assay and SEM, respectively. A similar level of cell viability to the control
was seen after 14 days of culture. Previous studies using colorimetric assays demonstrated good
metabolic cell activity, cell adhesion and cell morphology promoted by β-TCP [29–31]. SEM is the
most commonly used electron microscopy approach to analyze morphological appearance of cells
seeded on certain biomaterials prior to implantation [32]. After 14 days of culture, we observed large
amounts of hBMMSCs adhering to the β-TCP granules, giving the appearance of multilayered cultures.
Arpornmaeklong et al. [33] showed that β-TCP stimulates the attachment and differentiation of human
embryonic SCs (hESCs), especially the expression of genes related to neurogenesis (AP2a, FoxD3,
HNK1, P75, Sox1, Sox10). Another recent study exhibited good morphology and cell attachment of
dental pulp SCs into the β-TCP scaffolds [34].

Therapies based on SCs have shown great potential in many clinical studies. However, novel
therapies using cell-based ATMPs require special safety testing strategies [27]. Thus, any additional
information showing toxicity tests can help guide the design of clinical trials [35]. In our study,
the local and systemic toxicity of hBMMSCs intramuscular and subcutaneous transplanted was
monitored for 12 weeks. No mortality, morbidity or abnormal clinical symptoms were found. Moreover,
no hBMMSC-related changes were observed in histopathological lesions. In a previous study involving
mesenchymal progenitor cells derived from umbilical cord blood intravenously administered in mice,
no toxicologically meaningful microscopic findings were observed in the animals [36]. Importantly we
did not observe any tumors in the sacrificed animals.

Due to the cell migration after local administration, biodistribution studies are key elements for
understanding the physiological or pathological behavior of the cells before clinical use [37]. Our
biodistribution results did not show any hBMMSCs in the tested organs (lung, heart, kidney, spleen,
tibialis anterior muscle, brain, inguinal pad, bone marrow, stomach, intestine, liver, ovary, blood,
knee joint) 12 weeks after transplantation, suggesting that cells stay where they are placed and do
not invade other tissues. These data were consistent with those of a previous study in which no
hDNA was detected in such major organs as the brain, heart, lungs, kidneys, spleen or liver of animals
after intramuscular administration of hMSCs [25]. In the same line, Choi et al. [38] reported that
intracranially injected adipose mesenchymal SCs did not invade other tissues out of the brain in
normal mice. However, after intra-articular injection, human Alu sequences were detected in several
tissues and organs [39]. This suggests that the biodistribution potential of mesenchymal SCs could be
influenced by the route of administration.

Regarding the efficacy of hBMMSCs, subcutaneous ectopic bone formation models are commonly
used by CBT [40,41]. Previous reports have demonstrated that murine or human bone marrow stromal
cells seeded on calcium phosphate (CaP) stimulate the bone formation implanted subcutaneously in
immune-compromised mice [42]. Our results showed the presence of signs of lamellar bone formation
in both subcutaneous and intramuscular constructs of group β-TCP + hBMMSCs from week 7 in those
cases of subcutaneous implantation, and from week 9 in the intramuscular implants. While there was
a strong positive expression of osteocalcin in lacunae in human control bone, a positive reaction was
observed neither in bone, nor other tissues in the mouse. In this context, other authors have shown the
therapeutic efficacy of BMMSCs/β-TCP in goat models of critical size bone defects [43].
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5. Conclusions

Based on the data described in this work, it is concluded that transplantation of mesenchymal
stem cell from bone marrow preseeded into β-TCP scaffolds in murine models is safe and effective.
This results pave the way to perform “first in human” clinical trials to treat bone diseases in the future.
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Abstract: The aim of this study was to evaluate calcium charge and release of conventional
glass-ionomer cement (GIC) containing nanoporous silica (NPS). Experimental specimens were
divided into two groups: the control (GIC containing no NPS) and GIC-NPS (GIC containing 10 wt %
NPS). The specimens were immersed in calcium chloride solutions of 5 wt % calcium concentration
for 24 h at 37 ◦C, whereupon the calcium ion release of the specimens was measured. The calcium ion
release behavior of GIC-NPS after immersion in the calcium solution was significantly greater than
that of the control. Scanning electron microscopy and electron-dispersive X-ray spectroscopy results
indicated that calcium penetrated inside the GIC-NPS specimen, while the calcium was primarily
localized on the surface of the control specimen. It was demonstrated that NPS markedly improved
the calcium charge and release property of GIC.

Keywords: nanoporous silica; glass-ionomer cement; calcium

1. Introduction

The overall incidence of dental caries has gradually decreased, but it still occurs quite
frequently [1]. In the case of small dental carious lesions, the tooth is typically restored by a coronal
restoration material, which often requires a retreatment owing to circumstances such as the progress
of the dental caries around the restoration or the dental restoration falling out [2,3]. The main cause
of coronal restoration treatment failure is secondary caries, which requires coronal restoration or
pulp treatment [4,5]. To avoid tooth loss, therefore, it is necessary to prevent secondary caries,
for which fluoride takes an important role [6,7]. Fluoride ions are included in dental items such
as toothpaste and glass-ionomer cement (GIC) [8,9], and GIC is often used to prevent secondary
caries in children [10,11]. GIC is widely used in dentistry such as the luting cement [12], temporary
restoration [13], and adhering orthodontic band [14]. The GIC supplemented with TiO2 nanoparticles
also have the effect of antibacterial properties [15].

Calcium is an important component of the tooth. It is essential for the tooth mineralization that
the calcium ion exists around the tooth. As one of the methods to supply calcium for teeth, some
studies proposed the addition of casein phosphopeptide amorphous calcium phosphate (CPP-ACP) to
GIC [16–18]. Addition of CPP-ACP to GIC increased the release of calcium ions. However, CPP-ACP
is an ingredient derived from milk, and clinicians should consider potential side effects from ingestion
of casein derivative protein in people with immunoglobulin E allergies to milk proteins [19].

Nanoporous silica (NPS) has a structure that possesses a uniform pore size of about 1 nm with
a large specific surface area and is attractive in applications such as a sustained drug release carrier
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and catalyst support [20]. It is believed that NPS can adsorb formaldehyde gas and methylene blue
pigments, and it has been confirmed that one of the properties of NPS is its ability to adsorb various
ions and substances [21–23]. However, there are few studies on the application of NPS in dentistry.

The purpose of this study was to determine whether conventional GIC containing NPS was
able to charge and release calcium ions. Furthermore, the cross-section of the GIC-NPS specimen
was observed by scanning electron microscopy (SEM) and the compressive strength was measured.
Our null hypotheses were that GIC containing the NPS did not charge and release calcium ions,
and that there was no difference in the compressive strength of the GIC control and the GIC-NPS.

2. Materials and Methods

2.1. NPS Synthesis

The NPS was synthesized in accordance with the protocol described by Tagaya et al. [20]. In this
process, 1.37 mmol of cetyltrimethylammonium bromide (CTAB: Wako, Osaka, Japan) was added
to 120 mL of distilled water, to which 1.75 mL of 2.0 M sodium hydroxide (Wako) solution was
added. The mixture was stirred for 30 min at 80 ◦C, whereupon 12.4 mmol of tetraethoxysilane
(Wako) was added and the mixture stirred for 2 h at 80 ◦C. The resulting suspension was filtered and
dried and, to remove the CTAB, the obtained particles were calcined at 550 ◦C for 4 h. The obtained
white particles were subsequently observed using an SEM (S-4800, HITACHI, Tokyo, Japan) and a
transmission electron microscope (TEM: JEM-2010, JEOL, Tokyo, Japan).

2.2. Preparation of Test Specimens

The obtained NPS was added to the powder component of the GIC (GC Fuji II, GC, Tokyo, Japan;
lot 1606141) at 10 wt % concentration, whereupon the test specimens were prepared by mixing the
powder component (with or without NPS) and the liquid component of the GIC (GC Fuji II, GC, Tokyo,
Japan; lot 1607041) in accordance with the manufacturer specifications. The specimens were set in
two patterns, where the first was 10 mm in diameter and 1 mm in height for the calcium ion release
measurement and the SEM and electron-dispersive X-ray spectroscopy analysis, and the second was
4 mm in diameter and 6 mm in height for the compressive testing. The experimental specimens were
divided into two groups comprising the control (no NPS) and the GIC-NPS (containing 10 wt % NPS).
The specimens were wet ground via hand lapping using P400 grit silicon carbide abrasive papers
(SANKYO, Saitama, Japan).

2.3. Calcium Charge and Release

Three 10 mm-diameter, 1 mm-height specimens were immersed in a calcium chloride solution
with a 5 wt % calcium concentration (calcium 150 mg/3mL) for 24 h at 37 ◦C. After removal from the
calcium solution, the specimens were rinsed with distilled water and subsequently immersed in 5 mL
of distilled water at 37 ◦C for 7 d. The distilled water was changed every day and was further analyzed
daily to determine the calcium ion concentration in the water. N = 6 samples (18 specimens) per group
were used. The calcium ion concentration was measured using inductively coupled plasma atomic
emission spectroscopy (ICPE-9000, SHIMADZU, Tokyo, Japan). The total weights of the calcium
releasing from the specimens were calculated from the calcium concentration. The preparation of
specimens was carried out according to Bando’s conditions [24], but slightly modified.

2.4. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS)

Specimens containing calcium were analyzed using SEM and EDS (Genesis, EDAX Japan, Tokyo,
Japan). The specimens were immersed in the 5 wt % calcium solution and dried. The specimens were
cut perpendicularly, then the specimen surface and cross-section were observed after carbon coating.
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2.5. Compressive Strength Test

The 4 mm-diameter, 6 mm-height test specimens were placed in a universal testing machine
(Model 4204, Instron, Canton, OH, USA) with a cross-head speed of 1.0 mm/min. N = 12 specimens
per group were used for this test. This procedure has been described in detail elsewhere [25].

2.6. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics Version 21 (IBM Japan, Tokyo, Japan),
and the results were analyzed statistically using the Mann-Whitney U test. The level of significance
was set at p < 0.05.

3. Results

3.1. Morphological Characteristics of NPS

The SEM and TEM images of NPS particles are shown in Figure 1. The NPS particles were
spherical and approximately 200–300 nm in diameter, exhibiting pores a few nanometers in diameter.

Figure 1. Typical (A) SEM and (B) TEM images of nanoporous silica particles. The nanoporous silica
particles showed sizes approximately 200–300 nm in diameter (A), exhibiting pores a few nanometers
in diameter (B).

3.2. Calcium Charge and Release

Figure 2 shows the time-profile of the release of calcium from the specimens after immersion
in the 5 wt % calcium chloride solution. The calcium release behavior of GIC-NPS was significantly
greater than that of the control (p < 0.05).

Figure 2. Time-profile of calcium release from the specimens after immersion in 5 wt % calcium chloride
solution. Significance was determined using the Mann-Whitney U test (p < 0.05).
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3.3. EDS Analysis

Figure 3A–C show the results of SEM and EDS for the surface and the cross-section of the
specimens. As shown in Figure 3A, calcium was detected on the surfaces of both the control and
GIC-NPS specimens; however, the specimen cross-sections exhibited significant amounts of calcium
only for the GIC-NPS specimen. Although calcium was localized primarily on the surface of the
control specimen, it was observed on the surface and throughout the inside of the GIC-NPS specimen
(Figure 3B,C). In the surface of the control specimen (Figure 3B right and 3C right), calcium was
distributed uniformly.

Figure 3. (A) Typical EDS spectra from the cross-section (upper) and surface (lower) of the GIC-NPS
(left) and control (right) specimens, displaying the constitutive elements. (B) SEM images (lower) and
EDS line analysis (upper) for the GIC-NPS cross-section (left), control cross-section (center), and control
surface (right). (C) EDS element mapping of the Al (upper), Si (center), and Ca (lower) in the GIC-NPS
cross-section (left), control cross-section (center), and control surface (right).
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3.4. Compressive Strength

The compressive strength of the control and GIC-NPS were 111.37 ± 28.75 MPa and
100.32 ± 20.73 MPa (Mean ± SD, N = 12). There was no significant difference between the compressive
strength of the control and GIC-NPS (p = 0.319).

4. Discussion

In the present study, the amount of the calcium release from the glass-ionomer cement containing
nanoporous silica (GIC-NPS) specimen was determined. The results suggested the existence of an
NPS-induced calcium ion charge and release property of the GIC-NPS. Even when a concentration
of 10 wt % NPS was included in the GIC, the obtained specimens exhibited compressive strength,
comparable to that of conventional GIC without NPS. It has been suggested that the possibility exists
of NPS being used in dental materials as a calcium source, and it is therefore important that NPS did
not reduce significantly the strength properties of the dental materials in the present study. However,
other properties (solubility, adhesive strength, etc.) of GIC-NPS still have not been clarified, and so it is
necessary for those concerned to hold further studies.

The nanopores in the NPS were approximately the size through which a calcium ion can pass [26].
The EDS images of the GIC-NPS specimens indicated that calcium ions penetrated into the GIC-NPS
after immersion in the calcium solution. The NPS is well known as an adsorbent particle, and calcium
might be adsorbed in the NPS pores in the same way other substances are adsorbed. It was not
confirmed, however, which component of the NPS combined with the calcium, but this should be the
subject of future research.

There were 150 mg of calcium in the immersed solution; nevertheless, the total amounts of the
calcium released from specimen of control and GIC-NPS were 17.21 ± 8.66 μg and 287.71 ± 56.60 μg,
respectively. Almost all of the calcium remained in the immersed solution or was washed away by
rinsing with water. The percentage of total calcium released from the specimen in GIC-NPS on the
first day, the second day, and the third day were 86.6%, 6.5%, and 1.5%, respectively. In contrast,
those percentages for the control on the first day, the second day, and the third day were 87.7%, 6.6%,
and 3.3%, respectively. Though the total amount of calcium was different for both, the percentage of
calcium released had a similar tendency in both.

In this study, NPS was found to not only adsorb calcium ion but also to release adsorbed calcium
ions when placed in an aqueous medium. The GIC-NPS could be expected to function as a source
of calcium, and it was suggested that it could be useful to facilitate remineralization. Furthermore,
the GIC used in this study was a fluoride-releasing material; thus, GIC-NPS may be useful for
producing fluoroapatite by allowing the coexistence of calcium and fluoride ions [27]. This is significant
because fluoroapatite possesses a higher acid resistance than hydroxyapatite, the main component of
teeth. The amount of fluoride ions released from the GIC depends on the fluoroaluminosilicate glass
composition included in the powder [28]. In this study, the inclusion of NPS decreases the relative
amount of the GIC powder, so it is likely that the amount of fluoride ions released may be slightly
decreased. This reduction may be negligible with a 10 wt % concentration of NPS, however, because
of the amount of fluoride ions released from the GIC [29]. Furthermore, the specimens were immersed
in calcium chloride solution in this study. Previous research has indicated that the surface hardness of
GIC increases with immersion in the calcium chloride solution [30]. The surface property of GIC may
have changed by immersion of the solution.

The SEM/EDS analysis indicated that calcium penetrated to the interior of the GIC-NPS specimen.
After immersion in the calcium solution, calcium was distributed homogenously on the surfaces of the
control specimen similar to the distribution of aluminum and silicon, which are the major constituents
of GIC (Figure 3C, right column). However, the distribution behavior in the depth direction was
clearly different in the two specimens. In the case of the control, calcium was localized on the surface
of specimen (Figure 3C, middle column), while calcium was detected even inside of the GIC-NPS
(Figure 3C, left column). The highest concentration of calcium was determined to be on the surface of
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the GIC-NPS specimen, similar to that found for the control specimen. The EDS mapping suggests
that the calcium concentration slightly decreased as a function of depth but persisted throughout the
interior of the GIC-NPS specimen.

The EDS spectral line analysis (Figure 3B) also revealed that the calcium concentration profile of
the GIC-NPS specimen was clearly different than that of the control specimen. The latter exhibited
a sharp peak only around the specimen surface, while the former exhibited a calcium concentration
that slightly decreased in a path from the surface to a depth of 0.1 mm, then remained approximately
constant up to 0.5 mm of depth.

Nanoporous silica is often applied as a film on the material surface and is rarely contained inside
the material [31]. Nevertheless, it was found herein that NPS was capable of the charge and release of
calcium ions through the matrix even when the NPS was incorporated throughout the material.

Previous studies of powdered inorganic additives have shown the compressive strength increase
and decrease [25,32,33]. In this study, compressive strength has slightly decreased. It may be due to
interference of the NPS with the normal GIC reaction. By increasing of NPS component, compressive
strength might significantly decrease. However, under the conditions of the present study, there were
no significant differences between the two groups.

The appearance of secondary caries requires a certain period time. In the present study, however,
the calcium charge and release properties of GIC-NPS were observed over only a week. If it is
a repeated charge and release of the calcium, secondary caries were prevented in the long term.
To confirm this presumption, further study is needed. We also measured the amount of calcium charge
and release; the study of the preventing effect for secondary caries may be needed in the model similar
to the oral cavity.

In recent years, many studies of bioactive materials have been conducted [34–36]. The results
of this study may be useful to the development of biomaterials. Firstly, the results herein may be
extended to the development of remineralization-inducing materials by the uptake of phosphate
ions, which are essential for remineralization, e.g., pit and fissure sealants and restoration materials.
Also, this study may inform the drug delivery system by the uptake of antibacterial agents such as
Cetylpyridinium Chloride (CPC). Furthermore, the NPS used in this study possesses a negative charge,
and therefore cannot adsorb a negatively-charged fluoride ion. However, the NPS may be enabled to
adsorb a fluoride ion by also causing it to retain a positive electric charge. This would give the ability
of fluoride ion release to the material without also requiring a composite resin that exhibits fluoride
ion release characteristics. We believe that it is necessary to study these possibilities in future work.

5. Conclusions

We demonstrated the capacity of GIC-NPS for calcium ion charge/release and contrasted it
with that of conventional GIC. The presence of NPS was found to markedly improve the calcium ion
charge/release property of GIC. Even for NPS concentrations up to 10 wt % in the GIC, the compressive
strength of the GIC was not changed significantly.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/8/1295/
s1, Table S1: Total calcium release, Table S2: Compressive strength.
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Abstract: The purpose of this study was to evaluate the diffusion capacity and the biological effects
of different bleaching products on human dental pulp stem cells (hDPSCs). The bleaching gel
was applied for 90, 30 or 15 min to enamel/dentine discs that adapted in an artificial chamber.
The diffusion of hydrogen peroxide (HP) was analysed by fluorometry and the diffusion products
were applied to hDPSCs. Cell viability, cell migration and cell morphology assays were performed
using the eluates of diffusion products. Finally, cell apoptosis and the expression of mesenchymal
stem cell markers were analysed by flow cytometry. Statistical analysis was performed using
analysis of variance and Kruskal–Wallis or Mann–Whitney tests (α < 0.05). Significant reductions
of approximately 95% in cell viability were observed for the 3 × 15 min groups (p < 0.001),
while 1 × 30 min of PerfectBleach and 1 × 90 min of PolaNight resulted in reductions of 50% and
60% in cell viability, respectively (p < 0.001). Similar results were obtained in the migration assay.
Moreover, the 3 × 15 min group was associated with cell morphology alterations and reductions
of >70% in cell live. Finally, hDPSCs maintained their mesenchymal phenotype in all conditions.
Similar concentrations of carbamide peroxide (CP) and HP in different commercial products exhibited
different biological effects on hDPSCs.

Keywords: bleaching products; diffusion; cytotoxicity; dental pulp; stem cells

1. Introduction

The first study examining the chemical mechanism of hydrogen peroxide (HP) when coming into
contact with enamel was published in 1970, which demonstrated that HP reached the dentin structure
to produce a whitening effect [1]. The permeability of hard dental tissues and the low molecular
weight of HP explain HP diffusion [2,3]. The bleaching process occurs when the low molecular weight
of HP diffuses through enamel and dentin as it releases reactive oxygen species (ROS) that react with
other free or weakly bound substances before regaining molecular stability. This oxidant phenomenon
may explain the complex mechanism of dental bleaching [4]. The presence of oxidising agents and the
penetration capacity of HP are closely correlated with each other [5].
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HP reaches the pulp chamber via the dentinal tubules, decreases cell metabolism and viability [6,7]
and induces vascular permeability changes [8], DNA modifications and pulpal necrosis [9–12].

Dental pulp is a loose connective tissue that occupies the pulp chamber of the tooth,
which originates from the embryonic dental papilla (ectomesenchymal tissue) [13]. It has a high
capacity for repair since it exhibits a significant regenerative response in reaction to injury or trauma,
which causes the secretion of tertiary dentine and promotion of the differentiation of dental pulp
stem cells (hDPSCs) into odontoblast-like cells. In addition, hDPSCs are able to differentiate toward
osteogenic, myogenic and adipogenic lineages, melanocytes, Schwann cells and neurons [14].

Previous studies have analysed the biocompatibility of several bleaching agents, although there
are fewer investigations studying specific commercial products and the effect of different times of
applications [15–19]. Furthermore, the different compositions of commercial bleaching products
are often unknown and commercial bleaching products have provided differing results for their
biocompatibility in vitro and in vivo.

Cell cultures are suitable for evaluating the effects of different dental products and materials on
pulp tissues [20] and the biological response of human pulp cells to these products and materials.
The results of these in vitro studies are not directly comparable to those in humans, but these studies
provide a good model with which to analyse different products and techniques and their potential
risks [21].

The literature has questioned whether the use of bleaching products with a high concentration
of HP is necessary or even safe. However, these products have been applied and reapplied multiple
times in the same clinical session in order to increase the speed of changing the colour of the teeth.
Although the whitening effect is known to be related to the diffusion of peroxide through the dental
tissues, studies suggest that the bleaching effect is not related to the constant reapplication of the gel
because good results have been obtained with the technique of a single clinical application [22]. Thus,
this finding might support the adoption of a new dosage that is based on a single application of the
bleaching product. Thus, given that high concentrations of peroxide are potentially harmful to the
pulp cells [7,23], a focus on the posology that is guided by the adoption of milder protocols is both
appealing and justifiable in an effort to find safe alternatives to bleaching.

In addition to the discrepancy in the clinical application protocols, the diffusion of and pulp
damage caused by different commercial products with similar HP concentrations is still not clear.

The present study evaluated the diffusion capacity and cytotoxicity of different high-concentration
commercial bleaching products and different application protocols in vitro. The null hypothesis was
that different commercial bleaching products with equal or similar concentrations of HP would not
promote different responses in dental pulp stem cells. This study was conducted in order to determine
if other substances contained in the product are responsible for the cytotoxicity of the commercial
bleaching product.

There are no studies that have determined the toxicity of the excipients contained in different
commercial bleaching products with equal or similar HP concentrations.

2. Materials and Methods

2.1. Specimen Selection and Preparation

We selected freshly impacted mandibular third molars (n = 25) from patients aged 18 to 35 years
to obtain a homogeneous sample. Selected teeth were not subjected to the oral environment, occlusal
loads or other functional aggressions. The study was approved by the Ethics Committee of the
University of València (registration number H1443515306255).

Organic remains were removed from the teeth and the integrity of the dental structure was
confirmed. Selected teeth were immersed in a 0.1% thymol solution and preserved at 4 ◦C for 48 h.
Teeth were removed from the thymol solution and immersed in deionized water at 4 ◦C until use.
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Twenty-five samples that contained 2 mm of enamel and 2 mm of dentin were prepared as
follows. Each tooth was cut mesio-distally with a diamond disk mounted on a hand piece with
water-cooling. Roots were discarded. The dentin surface was reduced with 400- and 600-grit silicon
carbide paper Sof-lex™ discs (3M Dental Products, St. Paul, MN, USA) until the dentin thickness
was 2 mm. The sample dimensions were in the range of 0.5–0.7 cm × 0.4–0.6 cm. The dentin surface
was treated with 0.5 M ethylene diamine tetra-acetic acid (EDTA) at a pH of 7.4 for 30 s, which was
subsequently rinsed with deionized water to remove the smear layer and stored in deionized water at
4 ◦C until use.

An artificial pulp chamber was prepared with heavy silicone (Panasil R Putty, Kettenbach,
Huntington Beach, CA, USA) with a capacity of 100 μL. To stabilize the sample, a heavy silicone
ring was fabricated to anchor the sample, which allowed the dentin to be in contact with the buffer
and had an upper window for placing the study gel (Scheme 1). This ring fit perfectly in the artificial
pulp chamber, which maintained the fixation of the sample, while additional sealing was performed
between the sample and the ring by using wax.

 

Scheme 1. Schematic representation of the artificial pulp chamber. Heavy silicone (A,C) was utilized
to stabilize the sample (D), maintain the buffer (B) and prepare the artificial pulp chamber.

2.2. Diffusion Evaluation

The experimental specimens were randomized into five different groups (n = 5 each): group 1
was exposed to a neutral pH gel of 37.5% HP -Pola Office + (PO)- (SDI, Bayswater, VIC, Australia)
for 30 min (PO30); group 2 was exposed to the same product as group 1 but with 3 applications
of 15 min (PO3x15); group 3 was exposed to neutral pH gel of 35% HP -PerfectBleach (PB)- (Voco,
Cuxhaven, Germany) for 30 min (PB30); group 4 was exposed to the same product as group 3 but
with 3 applications of 15 min (PB3x15); and the group 5 was exposed to 16% carbamide peroxide (CP)
-PolaNight (PN)- (SDI) for 90 min (PN90).

The diffusion of HP from different bleaching products was analysed using fluorimetry.
The production of a homovanillic acid dimer from a reaction catalysed by peroxidase using HP
as a substrate was measured as described by Barja [24]. Samples that had reacted with the peroxidase
were measured using a fluorimeter (model F-4500 fluorescence spectrophotometer, Hitachi, Japan).
A standard fluorimetry signal curve of HP (H1009-100ML, Sigma-Aldrich, St. Louis, MO, USA)
was generated. The same dilutions were measured in a Helios Alpha UV−vis spectrophotometer
(Thermo Fisher Scientific Inc., Waltman, MA, USA). Therefore, the fluorimetry signal was related to
the concentration of the fluorescent dimer.

Phosphate-buffered saline (PBS; 400 μL) was placed in the buffer in the reservoir. Gel (0.5 μL) was
applied to the external enamel surface and the film was coated (Parafilm M, Sigma-Aldrich, St. Louis,
MO, USA). The HP in the PO15 and PB15 groups was replaced every 15 min without removal of the
PBS from the reservoir. The HP remained for 30 min in the PO30 and PB30 groups and 90 min in the
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PN90 group. The PBS containing the diffused HP from the reservoir was removed. The bleaching
agent application process was performed at 37 ◦C.

A volume of 100 μL of the sample containing the diffused HP was removed and added to
1400 μL of the reaction buffer. Glycine−EDTA buffer (500 μL) was added after 15 min. Fluorescence
intensity was measured, before the concentration value was extrapolated from the standard curve
from the controls.

2.3. Biological Assays

2.3.1. Isolation and Culture of hDPSCs

hDPSCs were isolated and characterised as described previously [25]. Human DPSCs (hDPSCs)
were obtained from impacted third molars collected from healthy subjects (n = 15). Donors provided
written informed consent according to the guidelines of the Ethics Committee of our Institution. Briefly,
the pulp chamber was exposed after removal of the tooth and the pulp tissue was retrieved, thoroughly
minced and digested by means of a collagenase I (3 mg/mL) and dispase II (4 mg/mL) buffer
(Invitrogen, Karlsruhe, Germany) for 45 min at 37 ◦C. The cells were cultured with a-MEM (Minimum
Essential Media) medium (Invitrogen), supplemented with 15% fetal bovine serum (FBS, Invitrogen),
100 mM L-ascorbic acid phosphate (Sigma-Aldrich, Steinheim, Germany) and antibiotics/antimycotics
(Complete Culture Medium, CCM) before incubating at 37 ◦C in 5% CO2. This study was performed
using hDPSCs from 4th passage of the culture.

2.3.2. Characterisation Assay

The mesenchymal immunophenotype of cultured human DPSCs was analyzed by flow cytometry.
Single cell suspensions obtained by culture trypsinization were labelled or surface markers with
fluorochrome-conjugated antibodies: CD73 (clone AD2), CD90 (clone DG3), CD105 (clone 43A4E1),
CD14 (clone TÜK4), CD20 (clone LT20.B4), CD34 (clone AC136) and CD45 (clone 5B1) (Human
Mesenchymal (MSC) Stem Cell Phenotyping Cocktail, Miltenyi Biotec, Bergisch-Gladbach, Germany),
following the recommendations of the International Society of Cellular Therapy (ISCT) [26]. Flow
cytometry analyses were performed using a FACSCanto II flow cytometer (BD Biosciences, San José,
CA, USA).

2.3.3. Conditioned Medium

Culture medium conditioned with the bleaching products (BPs) was obtained as described by
Cavalcanti et al. [27] in compliance with the ISO 10993-12 [28] proceedings. Briefly, 100 μL of the
sample containing the diffused HP was removed and was collected into aliquots, before dilutions of
1%, 0.5% and 0.25% were created using cell culture medium. The conditioned medium was filtered in
a sterile environment immediately and was used for cell culture exposure.

2.3.4. Cell Viability Assay

The metabolic activity of hDPSCs growing in the presence of different bleaching extracts was
evaluated using the MTT assay (MTT Cell Growth Kit, Chemicon, Rosemont, IL, USA). hDPSCs were
initially loaded with 1 × 103 cells per well and a volume of 180 μL in 96-well plates. Cells were
starved for 24 h in serum-free medium at 37 ◦C in a humidified 5% CO2 atmosphere prior to testing.
The serum-free medium was replaced with different material elutes. Cells cultured in α-MEM medium
containing 10% FBS were the negative control. After 24, 48 and 72 h, MTT (1 mg/mL in CCM) was
added after cell seeding and incubated for 4 h at 37 ◦C and 5% CO2. The MTT insoluble formazan was
then dissolved by means of dimethyl sulfoxide DMSO that was applied for 2–4 h at 37 ◦C. The optical
density (OD) was measured against blank (DMSO) at a wavelength of 570 nm (Abs570) and a reference
filter of 690 nm by an automatic microplate reader (ELx800; Bio-Tek Instruments, Winooski, VT, USA)
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2.3.5. Cell Migration

To study the chemotactic effect of bleaching extracts, hDPSCs were seeded on 12-well plastic
dishes and incubated in culture medium for 24 h until until a monolayer formed. A pipette tip
was used to generate a cross-shaped scratch or “wound” and the cell debris was removed with PBS.
Plated cells were incubated with various dilutions of the eluates up to 48 h to allow cell migration
back into the wounded area. Images of the scratched areas were captured at 0, 24 and 48 h using
a phase-contrast microscope (Nikon, Tokyo, Japan). Two images photomicrographs per well were
takenat each indicated time. ImageJ software (NIH, Bethesda, MD, USA) was used to evaluate the
wound closure area.

2.3.6. Cell Morphology in Presence of Extracts

hDPSCs were plated on the glass coverslips at a low density and cultured in culture medium
containing different material extracts to investigate morphological changes. The cells were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min at 2537 ◦C, permeabilized
with 0.25% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 3 min, and washed 3 times with
PBS. For staining filamentous actin (F-actin), cells were incubated with CruzFluor594-conjugated
phalloidin (Santa Cruz Biotechnology, Dallas, TX, USA). Nuclei were counterstained with
4,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich). Fluorescent images were
obtained using a confocal microscopy (Zeiss, Oberkochen, Germany).

2.3.7. Analysis of the Expression of Mesenchymal Stem Cell Surface Markers on hDPSCs Exposed to
Bleaching Products Using Flow Cytometry

The expression of mesenchymal stem cell surface molecules was analysed in cultures of hDPSCs
in 2nd–4th passages using flow cytometry. Briefly, cells were seeded at a density of 3 × 104 cells/cm2

in 48-well plates and treated with the different eluates for 72 h at 37 ◦C. Cells were detached using
a 0.25% w/v trypsin-EDTA solution. This was then rinsed twice with PBS and incubated in the dark
at 4 ◦C for 30 min with fluorescence-conjugated specific monoclonal antibodies for human CD73,
CD90 and CD105 (MiltenyiBiotec, BergischGladbach, Germany), as recommended by the International
Society of Cellular Therapy (ISCT), to confirm the mesenchymal phenotype of the cells (Dominici et al.,
2006). The lack of expression of the hematopoietic markers CD14, CD20, CD34 and CD45 was also
analysed. Non-specific fluorescence was measured using specific-isotype monoclonal antibodies. Cells
were acquired using a BD FACS Canto flow cytometer (BD Biosciences) and analysed using Kaluza
analysis software (Beckman Coulter, Inc., Brea, CA, USA).

2.3.8. Detection of Apoptosis and Necrosis Using Flow Cytometry (Annexin-V/7-AAD Staining)

hDPSCs were cultured in different bleaching extracts for 72 h, which was followed by double
staining with PE-conjugated Annexin-V and 7-AAD (BD Biosciences, Pharmingen). Percentages of live
(Annexin-V−/7-AAD−), early apoptotic (Annexin-V+/7-AAD−) or late apoptotic and necrotic cells
(Annexin-V+/7-AAD+ and Annexin-V−/7-AAD+) were determined using flow cytometry, before the
percentages of each population were calculated.

2.4. Statistical Analysis

Two independent experiments were performed for all protocols in this study. Data were compiled
and subjected to Levene’s test to verify the homogeneity of variance. Data data were compiled and
subjected to one-way ANOVA and Tukey’s test (* p < 0.05, ** p < 0.01 and *** p < 0.001.)
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3. Results

3.1. HP/CP Diffusion

All bleached groups differed in HP diffusion. We created a 1:2 dilution of the productions of one
application, while we created 1:4 dilutions of the products of 3 applications to obtain unsaturated
measures of fluorometry. Our results demonstrated variation in the quantification of homovanillic
dimer (HD) between bleaching products (Figure 1). Table 1 shows that HD concentrations with PN
were lower than those with the other products despite the longer exposure time (90 min). Pola Office
exhibited no differences with different numbers of applications. Perfect Bleach exhibited great diffusion
with three applications.
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Figure 1. Fluorometric spectrum of samples of PO30 diluted 1:2 (black), PO3x15 diluted 1:4 (red), PB30
diluted 1:2 (green), PB3x15 diluted 1:4 (yellow) and PN90 diluted 1:2 (blue).

Table 1. Bleaching products diffusion.

Bleaching Products Applications Diffusion (mM)

Pola Office 1 × 30 38.4 ± 8.2
Pola Office 3 × 15 39.3 ± 1.2

Perfect Bleach 1 × 30 28.2 ± 6.5
Perfect Bleach 3 × 15 48.6 ± 1.7

Polanight 1 × 90 27.7 ± 0.4

3.2. Isolation and Characterisation of hDPSCs

Positive cell surface marker expression of the mesenchymal markers CD73, CD90 and CD105 and
negative expression of the hematopoietic markers CD14, CD20, CD34 and CD45 were evaluated on
hDPSCs using flow cytometry. More than 95% of viable hDPSCs were positive for the mesenchymal
markers CD73, CD90 and CD105 and negative for the hematopoietic markers CD14, CD20, CD34 and
CD45 (Figure 2).
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Figure 2. Immunophenotypic characterization of hDPSCs by flow cytometry for the expression of
mesenchymal (CD73, CD90 and CD105) and hematopoietic (CD14, CD20, CD34 and CD45) stem cell
(SC) markers (grey histogram: unstained control, red histogram: marker of interest). Results are means
of triplicates of three independent experiments.

3.3. MTT Assays

MTT assays were performed to evaluate the effects of the eluates of different bleaching agents
on hDPSC viability (Figure 3). The incubation of hDPSCs with 1% of each bleaching product yielded
a significant reduction in cell viability rates compared with the control group at the indicated times
(*** p < 0.001). In contrast, the 1%, 0.5% and 0.25% PB30 or PN allowed a slight but significant recovery
of cell viability compared to PO30, PO3x15 or PB3x15 (ΔΔΔ p < 0.001). There was not difference in cell
viability between 1 and 3 applications of the bleaching agents, except PO as there were significant
differences in cell viability between 0.25% PO30 and PO3x15 (** p < 0.01). Our results revealed
differences between bleaching agents with one application and PB30 produced better viability rates
than PO30 and PN (*** p < 0.001).
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Figure 3. Cell viability was determined using the 3-(4,5-dimethyl-thiazol)-2,5-diphenyl-tetrazolium
bromide (MTT) assay. The incubation of hDPSCs with 1% of each bleaching product revealed
a significant reduction in cell viability rates compared with those in the control group at the indicated
times of culture (*** p < 0.001). In contrast, a slight but significant recovery of cell viability was observed
with 1%, 0.5% and 0.25% PB30 or PN compared to the others (ΔΔΔ p < 0.001).

3.4. Cell Migration

Compared to treatment with the complete medium (control), treatment with the different dilutions
of PB3x15, PB30 and PO3x15 (except 0.25%) for 24 h induced a significantly lower cell migration rate
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(** p < 0.01 and *** p < 0.001; Figure 4). Cell migration with PN and PO30 was still impaired but slightly
higher at 24 h. Extracts of PO30 significantly promoted wound closure after 48 h of treatment and
achieved comparable levels to control extracts. The PN group exhibited a slightly faster cell migration
than the PB30 group, but both groups exhibited larger wound openings than the control group. Taken
together, our results demonstrated that PO30 exerted a stronger effect on the migration ability of
hDPSCs, while PN and PB30 produced values that were similar to those of the controls.
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Figure 4. Wound-healing assay. Observation of wound closure change. Confluent hDPSCs were
wounded and stimulated with bleaching extracts for up to 48 h. Cell migration is represented as
the percentage of the open wound area under each condition compared with the control (* p < 0.05;
** p < 0.01; *** p < 0.001), which was analysed using one-way ANOVA.

3.5. Cell Morphology

The immunofluorescence assay was performed to detect changes in cellular morphology and
cytoskeletal organisation of hDPSCs by phalloidin (red fluorescence) and DAPI (blue fluorescence).
hDPSCs without bleaching extracts (control) showed a gradual increase in cell proliferation with
fibroblastic morphology, a high expression of F-actin and confluency after 72 h of culture (Figure 5).
Notably, treatment with extracts of PB3x15, PB30, PO3x15 and PO30 resulted in a small proportion of
cells in both groups that lacked F-actin cytoskeleton staining and exhibited condensed or fragmented
nuclei, which is typical of apoptotic cells. PN, especially at 0.25% and 0.5% concentrations, exhibited

98



Materials 2018, 11, 1098

a similarly organised and stretched stress assembly of fibers compared with controls, which provides
evidence for the optimal status of hDPSCs.

Figure 5. Representative immunofluorescence micrographs revealing the cytoskeletal organisation of
hDPSCs exposed to control and bleaching products. Cultured hDPSCs were treated with undiluted
extracts of bleaching products for 24 h. For staining filamentous actin (F-actin), cells were incubated
with CruzFluor594-conjugated phalloidin (Santa Cruz Biotechnology, Dallas, TX, USA). Nuclei were
counterstained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) (blue). Scale bar = 150 μm.
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3.6. Analysis of the Expression of Mesenchymal Stem Cell Surface Markers on hDPSCs Exposed to Bleaching
Extracts Using Flow Cytometry

Flow cytometry studies were performed to determine possible phenotypic changes in viable
hDPSCs after culture with the eluates of the different bleaching agents. MSC surface molecules
CD73, CD90 and CD105 were expressed at levels greater than 95%, while the expression level of
the hematopoietic markers CD14, CD20, CD34 and CD45 was lower than 5% (Figure 6). Notably,
the incubation of hDPSCs with different dilutions of the extracts (1%, 0.5%, or 0.25%) did not
significantly alter the percentage of positive expression of these mesenchymal markers compared to
that in untreated hDPSCs (controls).

Figure 6. Mesenchymal phenotype analysis of hDPSCs after culture with bleaching products using
flow cytometry. Cells were cultured for 72 h, detached and labelled with fluorescence-conjugated
specific antibodies for the mesenchymal surface markers CD73, CD90 and CD105 and the
hematopoietic markers CD14, CD20, CD34 and CD45. Inset numbers represent the mean fluorescence
intensity values of viable cells. Histograms show representative flow cytometry results from three
independent experiments.

3.7. Apoptosis/Necrosis of hDPSCs in the Presence of Bleaching Extracts

Figure 7 shows the representative 2D dot plots of the distribution of viable
(Annexin-V−/7-AAD−), early apoptotic (Annexin-V+/7-AAD−) or late apoptotic/necrotic
(Annexin-V+/7-AAD+ and Annexin-V−/7-AAD+) cells among the untreated hDPSCs (controls) or
cells exposed to different dilutions of the bleaching extracts. The PN extract was associated with more
than 90% of the cells remaining viable after 72 h. In contrast, the more concentrated eluates (1% and
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0.5%) of the other bleaching agents decreased cell viability. This cytotoxic effect was minor in the most
diluted extracts (0.25%).
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Figure 7. hDPSCs were cultured with bleaching extracts and plastic (control) for 72 h, before being labelled
with Annexin-V and 7-AAD and analysed using flow cytometry. Numbers within the different quadrants
represent the percentages of live (Annexin-V−/7-AAD−), early apoptotic (Annexin-V+/7-AAD−) or
late apoptotic and necrotic (Annexin-V+/7-AAD+ and Annexin-V−/7-AAD+) cells. Dot-plots display
representative flow cytometry results from three independent experiments. comma in the figure should
be decimal point.
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4. Discussion

To our knowledge, this is the first study to compare commercial bleaching products and their
biological effects on stem cells from dental pulp. Little information on the diffusion capacity of
commercial bleaching products and their effects on dental pulp tissue is available. Therefore,
the present study quantified the diffusion of commercial bleaching products and their influence
on the biological responses of hDPSCs.

The trans-enamel and trans-dentinal diffusion of bleaching products was based on a previously
reported method [24], which is more sensitive than spectrophotometry. Our results demonstrated
a higher diffusion of bleaching products after 3 applications. These results corroborate previous
studies, which revealed that three applications of gels with greater HP concentrations produced greater
diffusion of HP to the pulp chamber and increased damage to the dental pulp [11,12]. Therefore,
the exposure time was less important than the number of applications. Our results demonstrated
that PN (90 min) exhibited lower rates of diffusion than the other bleaching products. This is the less
concentrated product as 16% CP is equivalent to 5–6% HP, but its diffusion was similar to that obtained
with PB30.

Pulpal inflammation associated with local tissue necrosis was demonstrated in vivo by the
application of high-concentration HP bleaching gels (35–38%) to human teeth [7,29]. hDPSCs are used
as the cell line model to simulate clinical conditions because these cells play a major role in dental pulp
inflammation and tooth hypersensitivity [25,30].

We analysed the biological cell responses of hDPSCs with respect to cell viability, cell migration,
phenotype, apoptosis and morphology in the presence of three commercial bleaching products.
The present investigation demonstrated that the PB3x15 and PO3x15 bleaching gel applications
were cytotoxic to hDPSCs because cell viability was reduced. These results are clinically interesting
because the number of applications may be involved with the occurrence of tooth sensitivity. In fact,
Benetti et al. [31] demonstrated that major damage to rat dental pulp occurred after three applications
of an HP gel, while de Oliveira et al. [6] also observed a significant reduction in cell viability following
three applications of 10% HP gel for 15 min.

Previous studies demonstrated the healing of damaged pulp via the formation of a hard-tissue
barrier or reparative dentine. The migration of pulp stem cells to substitute for irreversibly damaged
odontoblasts after differentiation is an important step in this process [25]. In general, three applications
of the bleaching gel produced lower cell migration than PN or PO30. However, we observed better cell
migration in Pola Office groups than in Perfect bleach groups. Notably, Vaz et al. [32] reported that
pulp inflammation was related to increased macrophage migration. These authors observed higher
macrophage migration with in-office bleaching compared to at-home bleaching.

Optimising the state of dental pulp stem cells contributes to cell migration and dental pulp
repair [21]. Immunofluorescence staining showed that undiluted extracts of cells treated with PN
produced no morphological alterations and no changes in cytoskeletal organisation patterns compared
to cells treated with the other bleaching products. Again, we observed better cell morphology in PO30
than PB30.

Analysis of the expression of mesenchymal stem cell markers is important in regenerative
dentistry [33], which was performed in this study. The ISCT states that multipotent mesenchymal
stromal cells must express CD105, CD73 and CD90 and should be devoid of the expression of
hematopoietic markers, such as CD45, CD34, CD14 and CD11b [26]. We characterised the surface
expression pattern of these markers using flow cytometry to evaluate possible changes in the expression.
With commercial bleaching products, the MSC surface molecules CD73, CD90 and CD105 were
expressed at levels greater than 95% following commercial bleaching, while the expression level of the
hematopoietic markers CD34 and CD45 was less than 5%. Therefore, the bleaching products used in
this study maintained the mesenchymal phenotype of hDPSCs.

Apoptosis plays an important role in the formation of reparative dentin by providing room for new
dentin and preventing inflammation. Apoptosis also leads to the formation of mature dental pulp when
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exposed to extraneous stimuli [34]. Our results revealed that PN did not induce apoptosis, which is
consistent with the results from Benneti et al. [31] as they demonstrated that the effects on pulp tissue
varied with the HP concentration. These authors observed that higher HP concentrations produced
pulp necrosis and had a prolonged effect on the apoptotic process, while lower HP concentrations
induced moderate inflammation, cell proliferation and apoptosis. Nevertheless, in the present study,
also in the apoptosis experiment, bleaching products with 35% HP concentration were more cytotoxic
than 37% HP and caused membrane permeability-related apoptosis and necrosis. Thus, this effect is
more dependent on the commercial product than on the composition.

5. Conclusions

In general, a low concentration of bleaching products, such as PN applied for 90 min, was less
cytotoxic than other commercial bleaching products with 35–37.5% HP concentration. This effect
occurred independently of the application protocol. For high concentration products, bleaching
products with 35% HP concentration were more cytotoxic than 37% HP, which suggests that unknown
agents in bleaching products could play an important role in determining their level of toxicity.
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Abstract: This study is aimed at evaluating the effects of triclosan-encapsulated halloysite nanotubes
(HNT/TCN) on the physicochemical and microbiological properties of an experimental dental
composite. A resin composite doped with HNT/TCN (8% w/w), a control resin composite
without nanotubes (HNT/TCN-0%) and a commercial nanofilled resin (CN) were assessed for
degree of conversion (DC), flexural strength (FS), flexural modulus (FM), polymerization stress
(PS), dynamic thermomechanical (DMA) and thermogravimetric analysis (TGA). The antibacterial
properties (M) were also evaluated using a 5-day biofilm assay (CFU/mL). Data was submitted to
one-way ANOVA and Tukey tests. There was no significant statistical difference in DC, FM and
RU between the tested composites (p > 0.05). The FS and CN values attained with the HNT/TCN
composite were higher (p < 0.05) than those obtained with the HNT/TCN-0%. The DMA analysis
showed significant differences in the TAN δ (p = 0.006) and Tg (p = 0) between the groups. TGA
curves showed significant differences between the groups in terms of degradation (p = 0.046) and
weight loss (p = 0.317). The addition of HNT/TCN induced higher PS, although no significant
antimicrobial effect was observed (p = 0.977) between the groups for CFUs and (p = 0.557) dry
weight. The incorporation of HNT/TCN showed improvements in physicochemical and mechanical
properties of resin composites. Such material may represent an alternative choice for therapeutic
restorative treatments, although no significance was found in terms of antibacterial properties.
However, it is possible that current antibacterial tests, as the one used in this laboratory study,
may not be totally appropriate for the evaluation of resin composites, unless accompanied with
aging protocols (e.g., thermocycling and load cycling) that allow the release of therapeutic agents
incorporated in such materials.

Keywords: mechanical properties; nanotubes; resin composite; Streptococcus mutans; triclosan
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1. Introduction

Resin dental composites (RDCs) have been widely modified in the last few decades. Indeed,
in order to increase their clinical performance, especially in terms of wear resistance and lower
polymerization shrinkage, modern RDCs are formulated with a high amount of glass/ceramic fillers
(60–80 wt.%) [1]. Moreover, inorganic nanoparticles and nanofibers have also been incorporated within
the composition of RDCs to advance their mechanical and esthetic properties [2], as well as their
biological and bioactive properties [3].

Nowadays, the formation of secondary caries remains one of the main reasons for the replacement
of resin composite restorations [4–6]. Carious lesions along the margins of our restorations present
an important causal relationship with the accumulation of a cariogenic biofilm; this is probably
facilitated by gaps formed at the tooth-restoration interface, as well as by excessive roughness of
resin composite [7]. Streptococcus mutans is one of the main species of a cariogenic biofilm responsible
for secondary caries [8], hence, restorative materials with bioactive and antimicrobial properties are
needed in order to improve the clinical outcome in daily practice [9].

Triclosan (TCN) is a well-known antibacterial agent used in a wide range of products such
as toothpastes and mouthwashes. Several studies demonstrated the efficiency of such therapeutic
substances against gram-positive microorganisms, (e.g., Streptococcus mutans [10,11], Staphylococcus
aureus [12], Lactobacillus spp. [13], and Actinomyces spp. [14]). Indeed, due to such antimicrobial
potential, along with its low molecular weight, uses and applications of TCN have radically increased
in the last 30 years [12]. However, neat TCN incorporation in resin-based materials could lead to a
high leachability that can cause a rapid decrease of the antimicrobial properties of such materials.
To overcome this issue, TCN was previously incorporated in specific “vehicles” known as nanotubes,
in order to achieve a slower and more controlled release of such an antibacterial agent [3,11].

Halloysite nanotubes (HNT) are natural aluminosilicates with a hollow tubular structure [3],
which are typically used as a reinforcing nano-filler to improve some mechanical properties of
resin-composites [15] such as tensile strength, flexural strength, storage modulus [16], as well as
microhardness and bond strength [17]. HNT is a “green” biocompatible nanomaterial characterized by
very low cytotoxicity [18]. Furthermore, it acts as “biologically-safe” reservoirs for the encapsulation
and controlled release of a variety of therapeutic drugs [15,19], bioactive molecules [20] and matrix
metalloproteinase inhibitors [21,22]. Active principles released by halloysite may last 30 to 100 times
more than when these were incorporated alone or using some different nanocarriers in polymer
nanocomposite [23,24].

Thus, the aim of the present study was to evaluate in vitro the effects of triclosan-encapsulated
halloysite nanotubes (HNT/TCN) on the physical-chemical and microbiological properties of an
experimental micro-hybrid resin dental composite.

The null hypothesis tested in this study was that the inclusion of HNT-TCN would not influence
the physicochemical and microbiological properties of such an experimental resin composite.

2. Material and Methods

2.1. Material

Halloysite nanotubes (Al2Si2O5(OH)4·2H2O) with a diameter of 30–70 nm and length of
1–3 μm (Sigma-Aldrich, St. Louis, MO, USA) were treated with a silane solution (5 wt.% of
3-metacryloxypropyltrimetoxysilane and 95 wt.% acetone) at 110 ◦C for 24 h. Subsequently, these were
mixed [1:1 ratio] with 2,4,4-Trichloro-2-hydroxydiphenyl ether (TCN: Triclosan, Fagron, Rotterdam,
SH, The Netherlands) under constant shaking for 1 h [3]. The mixture was then dispersed in 95 wt.%
pure ethanol (0.03 mg/mL−1) and ultasonicated for 1 h. The nanoparticles were finally desiccated for
10 days at 30 ◦C to ensure complete evaporation of the residual solvents. The HNT/TCN nanoparticles
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obtained after such processing method were finally prepared and characterized using a Transmission
Electron Microscope (TEM) JEM 120 Exll (JEOL, Tokyo, Japan) at 80 kV at a magnification X 300,000.

An experimental resin composite was created by mixing 75 wt.% Bis-GMA (2,2-bis-[4-(hydroxyl-3-
methacryloxy-propyloxy)phenyl]propane) and 25 wt.% triethylene glycol dimethacrylate
(TEGDMA) (Sigma-Aldrich, St. Louis, MO, USA) under continuous agitation and
sonication for 30 min. Camphorquinone (CQ), ethyl4-dimethylaminobenzoate (EDAB), and
diphenyliodoniumhexafluorophosphate (DPIHFP; Milwaukee, MI, USA) were also added at 1 mol %
to obtain a light-curable resin-based material. Incorporation of 8 wt.% of HNT/TCN and 72 wt.% silica
micro-hybrid filler was performed by stirring for 12 h under continuous sonication of the experimental
resin composite.

The control experimental resin composite was formulated with the same organic matrix and
silica micro-hybrid filler (80 wt.%), but without the use of the HNT/TCN nanotubes (HNT/TCN-0%)
(Table 1).

Table 1. Composition of the resin composite used in this study.

Name of the
Composite

Type of Composite Manufacturer/Lot No. Composition

HNT/TCN-0%
Experimental

resin-composite
—–

Organic matrix: Bis-GMA, TEGDMA.

Filler type: Silica micro-hybrid filler
80 wt.%

Filler content: 80 wt.%

HNT/TCN
Experimental

resin-composite
—–

Organic matrix: Bis-GMA, TEGDMA.

Filler type: Silica micro-hydrid filler
72 wt.% and halloysite nanotubes
8 wt.%.

Filler content: 80 wt.%

Filtek Z-350XT
(Shade A1D)

Commercial
nano-filled
composite

3M ESPE (St Paul, MN,
USA)/N702257

Organic matrix: Bis-GMA, Bis-EMA,
UDMA, TEGDMA

Filler type: Silica and zirconia
nanofillers, agglomerated
zirconia-silica nanoclusters

Filler content: 82 wt.%

A commercial nano-filled resin composite was used in this study as a control group. According to
the manufacturer (3M ESPE), this material has nanoclusters of zirconia (4–11 nm) and silica (20 nm)
nanoparticles, along with micro-filled silica/zirconia particles (0.6 mm) (Table 1).

2.2. Degree of Conversion (DC)

Three discs were created for each composite used in this study using teflon molds (6 mm in diameter
× 2 mm thick) and light-cured in the absence of oxygen for 40 s under an acetate transparent strip
using a light-curing system (1200 mW/cm2, Bluephase, Ivoclar Vivadent, Schaan, Liechtenstein),
at a standardized 2-mm distance. The degree of conversion (DC) of each material tested in this
study was evaluated through micro-Raman spectroscopy (Xplora Horiba, Paris, France) in the range
between 1590 and 1670 cm−1 using the 638 nm laser emission wavelength, 5 s acquisition time and
10 accumulations [11,25]. Three specimens for each group were analyzed at a standardized room
temperature of 23 ± 1 ◦C. DC was calculated as described in a previous study by Rodrigues et al. [25]
on the intensity of the C=C stretching vibrations (peakheight) at 1635 cm−1 and using the symmetric
ring stretching at 1608 cm−1 from the polymerized and non-polymerized specimens.

DC% =

(
1 −

(
R cured

R uncured

))
× 100 (1)
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2.3. Flexural Strength and Flexural Modulus

The flexural strength (FS) and flexural modulus (FM) (n = 5) evaluation was performed according
to ISO 4049/2000 [26] using a universal mechanical testing machine (Instron 3345, Canton, MA, EUA).
Specimens with standard dimensions of 25 × 2 × 2 mm were prepared using a Teflon split mold.
A polyester strip and a glass slide covered the resin-composite, and the light tip guide was placed over
the center of the mold, to light-cure the specimens for 40 s as described in Section 2.2. After irradiation,
the specimens were removed from the molds and carefully polishedusing a 320 grit SiC abrasive paper.
All of the specimens were stored in water at 37 ◦C for 24 h. The specimens were positioned in a 3-point
bending apparatus with 2 parallel supports with a distance of 20 mm. The specimens were loaded
until fracture with a 500 Kgf load cell at a cross-head speed of 0.05 mm/min. The flexural strength
(MPa) was calculated using the following formula:

σ =
3L × Fmax

2w × h2 (2)

L is the distance between the parallel supports (mm); Fmax is the load at fracture (N); w is the
width (mm), and h is the height (mm).

The flexural modulus (GPa) was calculated using the following formula:

Ef =
F × L3

4wh3d
(3)

F and d stands for the load and deflection increment, respectively, between 2 specific points in the
elastic portion of the curves (N and mm); L is the distance between the parallel supports (mm); w is the
width (mm), h is the height (mm).

2.4. Dynamic Thermomechanical Analysis (DMA)

Three specimens (8 mm × 2 mm × 2 mm) were prepared for each group (Table 1) and light-cured
as previously described. A DMA system (Mettler Toledo, Columbus, OH, USA), equipped with
a single bending cantilever was used to determine the mechanical properties in clamped mode.
The viscoelastic properties were characterized by applying a sinusoidal deformation force to the
material under dynamic conditions: Temperature, time, frequency, stress, or a combination of these
parameters. The storage modulus (E′), glass transition temperature (Tg) and tangent delta (TAN-δ) of
the tested materials were evaluated at different temperatures under cyclic stress (frequency of 2.0 Hz
and amplitude of 10 μm) and from 50 to 800 ◦C at the heating rate of 2 ◦C min−1. The TAN-δ value
represents the damping properties of the material, serving as an indicator of all types of molecular
motions and phase transitions.

2.5. Thermogravimetric Analysis (TGA)

A further three specimens were prepared for each group (Table 1) (mass of 10 mg). A thermogravimetric
analysis was performed to determine the thermal degradation and the weight percentage of fillers
resin-composites. A thermal program from 30 to 193 ◦C at the heating rate of 2 ◦C min−1 in nitrogen
atmosphere determined the weight changes as a function of time and temperature. Thermogravimetric
analysis was performed using the Pyris 1 TGA (SDTA851—Mettler Toledo) thermal analyzer.

2.6. Polymerization Stress Measurements (PS)

Poly(methyl methacrylate) rods, 5 mm in diameter and 13 or 28 mm in length, had one of
their flat surfaces sandblasted with 250 μm alumina. On the shorter rod, to allow for the highest
possible light transmission during photoactivation, the opposite surface was polished with silicone
SiC papers (600, 1200, and 2000 grit) followed by felt disks with 1μm alumina paste (Alumina 3,
ATM, Altenkirchen, Germany). The sandblasted surfaces received a layer of methylmethacrylate
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(JET Acrilico Auto Polimerizante, Sao Paulo, Brazil), followed by two thin layers of unfilled resin
(Scotchbond Multi-Purpose Plus, bottle 3, 3M ESPE).

The resin composite was light-cured as previously described for 40 s. The rods were attached to
the opposing clamps of a universal testing machine (Instron 5565, Canton, MA, USA) with the treated
surfaces, facing each other with a 1-mm gap. The resin composite was inserted into the gap and shaped
into a cylinder following the perimeter of the rods. An extensometer (0.1 μm resolution), attached
to the rods (Instron 2630-101, Bucks, UK) in order to assess the height of the specimen, provided the
feedback to the testing machine to keep the height constant. Therefore, the force registered by the
load cell was necessary to counteract the polymerization shrinkage to maintain the specimen’s initial
height. A hollow stainless steel fixture with a lateral slot attached the short rod to the testing machine,
allowing the tip of the light guide to be positioned in contact with the polished surface of the rod.
Force development was monitored for 10 min from the beginning of the photoactivation; the nominal
stress was calculated by dividing the maximum force value by the cross-section area of the rod. Five
specimens were tested for each tested material [27].

2.7. Microbiology Assay

Streptococcus mutans (S. mutans) UA159 (ATTCC) was obtained from single colonies isolated
on blood agar plates, inoculated in Tryptone yeast-extract broth containing 1% glucose (w/v) and
incubated for 18 h at 37 ◦C under micro-aerophilic conditions in partial atmosphere of 5% CO2.

To analyze antimicrobial effects, blocks (4 × 4 × 2 mm) of each group were produced (Table 1).
Materials were dispensed in a silicone mold, covered with a polyester tape and then submitted to
digital pressure for 2 s to better accommodate the material, with curing light being activated for 40 s.
Specimens were sterilized by exposure to Plasma Hydrogen Peroxide before starting biofilm formation.
Mono-species S. mutans biofilms were formed on blocks placed in bath cultures at 37 ◦C in 5 % CO2 up
to 5 days in 24-well polystyrene plates. The biofilms grew in tryptone yeast-extract broth containing
1% sucrose (w/w) and were kept undisturbed for 24 h to allow an initial biofilm formation. During
the biofilm formation period, once daily the discs were dip-washed three times in a plate containing
NaCl 0.89% solution to remove the loosely bound biofilm and they were transferred to new 24-well
plates with sterile medium. The blocks of each experimental group were removed after 5 days of initial
biofilm formation and transferred to pre-weighed microtubes containing 1 mL of NaCl 0.89 % solution.
Biofilms were then dispersed with 3 pulses of 15 s with 15 s of interval at a 7-W output (Branson
Sonifier 150; Branson Ultrasonics, Danbury, CT, USA). An aliquot (0.05 mL) of the homogenized biofilm
was serially diluted (10−1–10−7) and plated onto blood agar plates. Plates were then incubated at
37 ◦C, 5% CO2 for 48 h, before enumerating viable microorganisms. Results were expressed as colony
forming units (CFU)/mL and transformed in log10 CFU to reduce variance heterogeneity [28].

To determine the biofilm dry weight, 200 μL aliquots of the initial biofilm suspension were
transferred to pre-weighed tubes and dehydrated with ethanol solutions (99 %). The tubes were
centrifuged, and the supernatants were discarded before the pellet was dried into a desiccator (P2O5)
for 24 h and weighted (±0.00001 mg). The dry weight of the biofilm was determined by calculating
the weight in the tube (initial weight − final weight) and in the original suspension (dry weight in
1 mL = dry weight in 200 μL × 5) [29].

2.8. Statistical Analysis

Physicochemical properties data was submitted to analysis of variance with one factor (One
way-ANOVA), followed by Tukey test. For analyzing antimicrobial effects was performed analysis of
variance with one factor (One way-ANOVA). Significance level was set at 5%. The program used to
perform the analyses was IBM SPSS Statistics Version 20.0 (Armonk, NY, USA).
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3. Results

TEM analysis showed that TCN was successfully deposited inside the lumen of the HNTs
(Figure 1A,B). Means and standard deviations of physicochemical properties of the tested materials
are presented in Tables 2 and 3. To summarize, the degree of conversion (DC) test showed that
there was no significant difference between the tested materials (p = 0.879). The flexural strength of
HNT/TCN and that of Z350XT was greater than attained with the control HNT/TCN-0% (p = 0.005)
composite. However, no significant difference was encountered between the storage modulus (Ef) of
the three tested groups (Figure 2). The maximum polymerization stress obtained in the specimens
created with HNT/TCN composite was significantly (p < 0.05) greater than that observed in the control
HNT/TCN-free resin composite. The DMA assessment showed no significant differences between
the three tested composites for the TAN δ at Tg (p = 0.006) and Tg (p = 0) (Table 3). The TGA curves
(Figure 3) obtained in nitrogen atmosphere showed that there was no significant difference between
the three tested composites on the first degradation step (p > 0.05): HNT/TCN (296 ◦C), HNT/TCN-0%
(301 ◦C) and the commercial resin composite (286 ◦C). Moreover, on the second degradation step, no
significant difference was observed: HNT/TCN (419 ◦C), HNT/TCN-0% (426 ◦C) and the commercial
resin composite (415 ◦C). There was no difference (p = 0.317) between the weight loss of the composites
HNT/TCN (25.7%), HNT/TCN (24.5%) and the commercial resin composite (30%) (Table 3).

 

Figure 1. (A) TEM image that shows the presence of TCN nanoparticles with diameter of 5–10 nm.
(B) TEM image of a nanotube with its inner-surface of 40–50 nm diameter range and outer-surface of
90 nm diameter.

Table 2. Results Degree of Conversion (DC), Flexural Modulus (E) and Flexural Strength (FS), Maximum
polymerization stress (PS).

Composite DC (%) E (GPa) FS (MPa) PS (MPa)

HNT/TCN-0% 75.9 (5.4) A 6.8 (0.9) A 75.9 (10.1) B 3.6 (0.3) B

HNT/TCN 78.5 (2.2) A 7.5 (0.2) A 107.2 (6.6) A 5.4 (0.9) A

Z350XT 72.5 (10.6) A 6.8 (0.4) A 101.4 (18.4) A 3.6 (0.3) B

* Different capital letters in column indicate statistical difference (p < 0.05).
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Table 3. Results Glass Transition Temperature (Tg), TAN-δ and Thermogravimetric analysis (TGA).

Composite Tg (◦C)
Tanδ (×103)

at Tg
TGA Weight

Loss (%)

TGA Temperature of
the First

Degradation Step (◦C)

TGA Temperature of
the Second

Degradation Step (◦C)

HNT/TCN-0% 102 (6.56) B 156.7 (0.15) A 27.3 (0.58) A 301 (1.73) A 426 (3.6) A

HNT/TCN 154 (4.36) A 106.7 (0.11) B 26.3 (0.58) A 296 (1.0) B 419 (1.15) A,B

Z350XT 105.3 (3.51) B 103.3 (0.15) B 27 (1.0) A 286 (2.64) C 415 (5.72) B

* Different capital letters in column indicate statistical difference (p < 0.05).

Figure 2. DMA curves of the specimens showed that the MPa, TAN δ at Tg for HNT/TCN resin
composite presented a lower TAN δ at Tg when compared to the control composite containing
no HNT/TCN-0%. The glass transition temperature (Tg) of HNT/TCN is higher than the other
resin composite.

The results of the microbiological test are presented in Table 4. There were no statistically
significant differences (p = 0.977) between the experimental groups for CFUs and (p = 0.557) for
dry weight.

Table 4. Results microbiological tests, as colony forming units after 5 days (CFU)/mL/mm2 and biofilm
dry weight. This test showed no statistical difference between experimental groups and commercial
resin composite (p = 0.977).

Composite (CFU)/mL/mm2 Dry Weight (g)

HNT/TCN-0% 6.9267 (0.35) A 0.0004 (0.00025) A

HNT/TCN 6.8733 (0.28) A 0.0008 (0.00082) A

Z350XT 6.8867 (0.28) A 0.0003 (0.00006) A

* The same capital letters indicate absence of statistical difference (p < 0.05).
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Figure 3. TGA curves of the specimens. Curve of the weight loss (%) showing that HNT/TCN resin
composite presented a lower weight loss than other groups. The second curve below shows that there
were two steps of degradation for each group.

4. Discussion

Recent studies have demonstrated that the incorporation of HNTs (5 wt.%) in resin-based materials
(i.e., dental adhesive systems and enamel infiltrants) could improve their micro-hardness, flexural
strength [15] and maximum polymerization rate [11]. However, if the concentration of HNTs is
higher than 10 wt.% it is likely to attain a decrease of both flexural strength [15] and maximum
polymerization rate [11]. The reason of such outcomes has been attributed to the behavior of such
nanotubes to agglomerate in micro-cluster; this causes interference in the mechanism of interaction
between nanotubes and the polymer matrix [30]. The null hypothesis that the inclusion of HNT-TCN at
concentration of 8% into an experimental resin composite would have increased the physicochemical
and microbiological properties must be partially accepted since some physicochemical properties were
improved, although no significant differences were attained in terms of antibacterial activity (CFUs)
and dry weight after 5 days of initial biofilm formation.

The physicochemical results obtained in this study are in agreement with those recently presented
by Degrazia et al. [11]. Indeed, the organic matrix structure and the characteristic of fillers employed
in the formulation of composite materials exert a direct influence on the surface roughness, degree
of conversion, finishing, and polishing procedures; this may influence the surface quality of resin
composite when applied in clinical scenarios [31]. Moreover, it is believed that if a higher degree of
conversion is achieved, it is possible to extend the long-term stability and longevity of resin composites,
especially in those cases when relatively “short” light-curing periods are performed [32]. However,
despite the absence of statistical significance, the HNT/TCN composite presented greater numerical
degree of conversion compared to the two control composites tested in this study. It is important
to consider that for monomers with the same functionality, the higher the conversion of double
bond monomers, the greater the mechanical strength of the cured resin [33]. Indeed, it has been
already demonstrated that during the light-curing process HNT/TCN nanotubes may increase the
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intermolecular interactions between monomers during polymerization [30], due to the C=O and
Al-O-H groups present on the inner and outer surface of the HNTs [34]. In general, in case of greater
cross-link conversion degree, the conversion of monomers may advance and increase the density of
the polymer network [35].

The dynamic mechanical analysis is usually employed for the evaluation of the glass transition
temperature (Tg) of resin-based materials, since this allows a more “in-depth” knowledge of the
network homogeneity and cross-linking density [36]. As previously stated, the addition of nanotubes
in resin-based materials may cause the formation of intermolecular interactions (hydrogen bond
formation between hydroxyl groups) between the outer surface of HNTs and Bis-GMA molecule by
hydroxyl groups [30].

It has been reported that, low values of TAN δ at specific Tg values indicate a better interfacial
adhesion between the organic matrix and the filler [35]. In the present study, the glass transition
temperature of the tested materials showed that the HNT/TCN composite presented a lower TAN δ

at Tg when compared to the control composite containing no HNT. This outcome indicates that the
nanotubes may enhance the chemical interaction during polymerization reaction between the organic
matrix and the inorganic fillers (Figures 2 and 3).

Furthermore, the strength, modulus and impact resistance of resin-based materials can be
increased when these are doped with HNTs, even at relative low concentration (5 wt.%) [23]. According
to the ISO 4049/2000 standard [26], the flexural strengths of universal resin-based restorative materials
should be higher than 80 MPa. The Flexural strength test (Table 2) showed that FS of the commercial
nanofilled composite and that of the experimental composite HNT/TCN were statistically higher than
FS obtained with the control composite HNT/TCN-0%; the latter did not meet the minimal required
values of ISO 4049/2000. High flexural strength is necessary to prevent cohesive fractures within
the bulk material, especially when considering posterior restorations [37,38]. However, HNT/TCN
presented FS values similar to that of the modern commercial composite used in this study. However,
although the similarity in flexural strength, the elastic modulus of the Filtek Z350 XT attained in our
study was lower than that reported by Rosa et al., 2012 [39]. The main reason for such a difference can
be attributed to the different light-curing protocol used in our study.

A further important characteristic that may influence the stress development is the flexural
modulus (FM); this is often associated with the composition of the tested material. In this study, the
FM tests showed no significant difference between the tested groups (Table 2). Correlation between the
FM and the polymerization stress values is a valid simplified approach [38]. However, the limitations
of this in vitro test are related to the fact that the light needed to pass through the acrylic rod, as well
as the 1 mm thick material before reaching the upper rod in order to create the bonding between
the materials and the rods [40]. Indeed, in this study the high standard deviation of polymerization
stress test obtained in the HNT/TCN resin composite may be related to the compliance of the test.
Tensilometer test configurations can also present some limitations when considering a clinical scenario
and the configuration of the cavities [41]. Nonetheless, it was previously reported that it is a valid
method to simulate the conditions present in small cavities, where the volume of the resin composite
is restricted; this may represent the clinical situation in minimally invasive restorative procedures [42].

Resin composites with lower values of the polymerization stress are those having the lowest
elastic modulus; this is probably due to the greater deformation capacity of these latter materials [43].
The addition of HNT/TCN in the experimental resin composite resulted in a significant increase in
PS (Table 2). It is known that resin-composites with high modulus of elasticity may generate stiffer
restorations; such conditions may increase the effect of the polymerization stress on the tooth-composite
interfaces [44]. Conversely, resin composites with a lower elastic modulus create less stress on the
interface, although these may lack full dimensional recovery to withstand the masticatory load [44].
Indeed, it can be observed that despite the higher polymerization stress value of HNT/TCN, FM
values had the tendency to be higher than the other two materials tested in this study. Another
reason HNT/TCN composite showed higher polymerization stress may be associated with the lower

114



Materials 2018, 11, 1080

micro-hybrid silica filler content (72%) compared to the HNT-free control composite, which had
80 wt.% of micro-hybrid filler.

To test the antibacterial effect, a test was carried out with 5 days of biofilm growth. Degrazia and
collaborators [11], showed that their resin-based material doped with HNT/TCN had antibacterial
effect up to 72h; antibacterial properties can be also evaluated after 24 h of biofilm growth. It is
suggested that the antibacterial effect can be obtained by direct contact of S. mutans with the inhibitory
agent present in the resin composite (TCN in case of the present work). In agreement with this
idea, Feitosa and collaborators [22] demonstrated strong antibacterial activity when S. mutans was in
direct contact with doxycycline-encapsulated nanotube-modified dentin adhesive after 24 h. In the
present study, no statistically significant difference was found between the CFUs values of the 3 tested
composites biofilm formed over a 5-day period (p = 0.977) (Table 4). It seems that the decrease in the
inhibitory antibacterial effect overtime might be related to the inability of such agent from the resin
composite to reach the whole thickness of the plaque, in particular the outer layers of bacteria. Probably,
the absence in degradation and wearing of the material seems to be considered as an advantage. Due
to the interestingly low CFU of the HNT/TCN, in the present work, we believe that the daily removal
of the biofilm can reduce its thickness and allow the direct contact of the agent with the bacteria and
promoting a more effective antibacterial action. Furthermore, it is possible that current antibacterial
tests performed in a laboratory may not be totally appropriate for the evaluation of resin composites,
unless accompanied with aging protocols that allow the release of therapeutic agents such as the TCN.

Future studies are suggested to improve the development of antimicrobial materials and the
understanding of the relationship between their formulations, morphology and properties, to promote
the longevity (shelf-life and ageing) of resin-based materials restorations. Moreover, studies including
its rheological properties with alternative methods for synthesis and nanotubes can extend the range
of application of such materials as well the satisfaction of as patients and clinicians.

5. Conclusions

It can be concluded that:

• Incorporation of 8 wt.% seems to be a satisfactory formulation of halloysite nanotube for achieving
appropriate mechanical properties for an experimental resin micro-hybrid composite without
affecting the viscosity and the material and increase the risk for phase separation;

• The experimental resin composite containing 8 wt.% halloysite nanotube doped with triclosan,
from a physicochemical point of view, seems to be a suitable restorative material such as the
current commercial nano-filled resin-composite;

• Incorporation of triclosan seems to be test-dependent, since it showed no response in mature
biofilms as used in this study.
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37. Aydınoğlu, A.; Yoruç, A.B.H. Effects of silane-modified fillers on properties of dental composite resin.
Mater. Sci. Eng. C 2017, 79, 382–389. [CrossRef] [PubMed]

38. Boaro, L.C.C.; Gonalves, F.; Guimarães, T.C.; Ferracane, J.L.; Versluis, A.; Braga, R.R. Polymerization
stress, shrinkage and elastic modulus of current low-shrinkage restorative composites. Dent. Mater. 2010,
26, 1144–1150. [CrossRef] [PubMed]

39. Rosa, R.S.; Balbinot, C.E.; Blando, E.; Mota, E.G.; Oshima, H.M.; Hirakata, L.; Pires, L.A.; Hübler, R.
Evaluation of mechanical properties on three nanofilled composites. Stomatologija 2012, 14, 126–130.
[PubMed]

117



Materials 2018, 11, 1080

40. Gonçalves, F.; Boaro, L.C.C.; Miyazaki, C.L.; Kawano, Y.; Braga, R.R. Influence of polymeric matrix on the
physical and chemical properties of experimental composites. Braz. Oral Res. 2015, 29, 1–7. [CrossRef]
[PubMed]

41. Boaro, L.C.C.; Fróes-Salgado, N.R.; Gajewski, V.E.S.; Bicalho, A.A.; Valdivia, A.D.C.M.; Soares, C.J.;
Miranda Júnior, W.G.; Braga, R.R. Correlation between polymerization stress and interfacial integrity
of composites restorations assessed by different in vitro tests. Dent. Mater. 2014, 30, 984–992. [CrossRef]
[PubMed]

42. Rodrigues, F.P.; Lima, R.G.; Muench, A.; Watts, D.C.; Ballester, R.Y. A method for calculating the compliance
of bonded-interfaces under shrinkage: Validation for Class i cavities. Dent. Mater. 2014, 30, 936–944.
[CrossRef] [PubMed]

43. Labella, R.; Lambrechts, P.; Van Meerbeek, B.V.G. Polymerization shrinkage and elasticity of flowable
adhesives and filled composites. Dent. Mater. 1999, 15, 128–137. [CrossRef]

44. Rosatto, C.M.P.; Bicalho, A.A.; VerÃssimo, C.; BraganÃ§a, G.F.; Rodrigues, M.P.; Tantbirojn, D.; Versluis, A.;
Soares, C.J. Mechanical properties, shrinkage stress, cuspal strain and fracture resistance of molars restored
with bulk-fill composites and incremental filling technique. J. Dent. 2015, 43, 1519–1528. [CrossRef] [PubMed]

© 2018 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 (http://creativecommons.org/licenses/by/4.0/).

118



materials

Article

Properties of Experimental Dental Composites
Containing Antibacterial Silver-Releasing Filler

Robert Stencel 1, Jacek Kasperski 2, Wojciech Pakieła 3, Anna Mertas 4, Elżbieta Bobela 4,

Izabela Barszczewska-Rybarek 5 and Grzegorz Chladek 3,*

1 Private Practice, Center of Dentistry and Implantology, ul. Karpińskiego 3, 41-500 Chorzów, Poland;
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Abstract: Secondary caries is one of the important issues related to using dental composite
restorations. Effective prevention of cariogenic bacteria survival may reduce this problem. The aim
of this study was to evaluate the antibacterial activity and physical properties of composite materials
with silver sodium hydrogen zirconium phosphate (SSHZP). The antibacterial filler was introduced
at concentrations of 1%, 4%, 7%, 10%, 13%, and 16% (w/w) into model composite material consisting
of methacrylate monomers and silanized glass and silica fillers. The in vitro reduction in the number
of viable cariogenic bacteria Streptococcus mutans ATCC 33535 colonies, Vickers microhardness,
compressive strength, diametral tensile strength, flexural strength, flexural modulus, sorption,
solubility, degree of conversion, and color stability were investigated. An increase in antimicrobial
filler concentration resulted in a statistically significant reduction in bacteria. There were no
statistically significant differences caused by the introduction of the filler in compressive strength,
diametral tensile strength, flexural modulus, and solubility. Statistically significant changes in degree
of conversion, flexural strength, hardness (decrease), solubility (increase), and in color were registered.
A favorable combination of antibacterial properties and other properties was achieved at SSHZP
concentrations from 4% to 13%. These composites exhibited properties similar to the control material
and enhanced in vitro antimicrobial efficiency.

Keywords: dental composites; antibacterial properties; silver; mechanical properties; degree of
conversion; sorption; solubility; color stability

1. Introduction

Worldwide, around 2.4 billion people (33% of the population) suffer from dental caries in
permanent teeth, and the percentage of this chronic disease increased between 2005 and 2015 by 14% [1].
Moreover, in some countries like Poland, more than 90% of the adult population has experienced
dental caries and use dental fillings or dentures [2]. These facts illustrate the progressive extent of the
demand for dental materials and the role of constant development in this specific field of material
science. Dental caries, but sometimes also dental trauma or extensive wear caused, e.g., by bruxism,

Materials 2018, 11, 1031; doi:10.3390/ma11061031 www.mdpi.com/journal/materials119



Materials 2018, 11, 1031

may lead to the loss of hard tissues of the teeth. One of the strategies allowing reconstruction of the
teeth structure is using direct restorative materials, which are shaped intraorally to create restorations
directly in teeth cavities [3]. Currently, the most common of them are photopolymerizable resin-based
composites, introduced few decades ago as a substitute for amalgams [4]. This type of material is
also considered to be the most prospective, which has resulted in a growing number of new products
on the market and numerous investigations in this area. In comparison with other direct restorative
materials, composites show optimal esthetic properties, which are related to possibilities of color
matching (translucency, shades), satisfying color stability and polishability [5]. Composites are also
reasonably easy to use and need less invasive preparation techniques than amalgams [6], which should
be considered as additional clinical advantages. As a result of many years of evolution, modern
composites show good mechanical and physical properties [7], with wear rates similar to human
enamel [8] as well as suitable biocompatibility [9]. Nevertheless, use of resin composites may still lead
to higher failure rates in comparison to amalgams [10,11]. The two most frequent reasons for composite
failures are fractures and secondary caries [12,13]. Pereira-Cenci et al. [14], in their extensive review,
concluded that secondary caries is the cause of up to 55% of resin composite filling replacements.
It is defined as “positively diagnosed carious lesion, which occurs at the margins of an existing
restoration” [15]. However, currently, it is commonly accepted that it is a primary carious lesion
of teeth at the margin of a filling, but it occurs after some time from placing the restoration [15,16],
in contrast to the remaining caries, which are caused by incomplete elimination of infected tooth tissues
during cavity preparation [15]. Secondary caries is often linked to the presence of microleakage caused
by various factors [17–19], which may be the reason for the occurrence of liquids, chemical substances,
and finally bacteria between the tooth and the restoration [20,21]. Regardless of the doubts about the
etiology of caries after the placement of fillings, it is recognized as a serious and widespread clinical
problem. Moreover, composites accumulate more biofilm and plaque than other direct restorative
materials [22]. For this reason, it is believed that the perfect resin composite filling should not only have
suitable mechanical and esthetic properties but also ought to possess antibacterial properties to avoid
colonization of the tooth/restoration interface by pathogenic bacteria, such as Streptococcus mutans
(S. mutans) [23,24].

Diverse research with different additives has been carried out to develop effective
antibacterial composites. Numerous experiments have focused on resins containing
polymerizable antibacterial additives, such as quaternary ammonium dimethacrylate (QADM) [25],
12-methacryloyloxydodecylpyridinium bromide (MDPB) [26], dimethylaminohexadecyl methacrylate
(DMAHDM) [27], dimethyl-hexadecyl-methacryloxyethyl-ammonium iodide (DHMAI) [28],
or dimethylaminododecyl and dimethylaminohexadecyl methacrylates [29]. Other organic materials
including quaternary ammonium polyethylenimine (PEI) nanoparticles [30], chlorhexidine [31,32],
triclosan [33], chitosan [34], and benzalkonium chloride and acrylic acid [35] were also tested
with varying degrees of success. The use of different experimental fillers is another important
strategy for developing antimicrobial composites. Tavassoli Hojati et al. [36], Kasraei et al. [37],
and Aydin Sevinç et al. [38] reported the reduction of cariogenic bacteria after incorporation of
zinc oxide nanoparticles, probably due to the mechanism of production of active oxygen species,
such as H2O2 or the possible leaching of Zn2+ ions. Khvostenko et al. [39] used bioactive glass
(65% SiO2, 31% CaO, 4% P2O5) and obtained a 61% reduction of S. mutans penetration of the gap
depth under laboratory conditions, which suggests that the release of ions from glass into the
gap may help control the local chemistry by creating an antimicrobial environment that reduces
biofilm propagation. Łukomska-Szymańska et al. [20] noted that composites additionally filled
with calcium fluoride had shown a significant reduction of S. mutans and L. acidophilus, which was
probably related with creating hydrofluoric acid that can penetrate the bacterial membrane, generate
acidification of cytoplasm, and inhibit enzymes. Sodagar et al. [40] modified the commercially
available orthodontic composite with titanium dioxide nanoparticles and proved inhibition of
S. mutans and S. sanguinis growth. The most widely tested materials in previous years were those
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containing silver. Niu et al. [41] successfully applied tetrapod-like zinc oxide whiskers to increase
antibacterial resistance. Chatzistavrou et al. [42] confirmed a significant reduction of S. mutans for
Ag-doped bioactive glass and additional bioactivity of tested materials. Ai et al. [43] investigated
composite resin reinforced with silver nanoparticle-laden hydroxyapatite nanowires, where nanowires
were used as reinforcement and nanosilver as an antimicrobial agent. The reduction of microorganisms
was noted, however, only when the experimental filler was added into the matrix and its concentration
was limited to 10%, so those interesting results needs confirmation in follow-up experiments on
materials with typical reinforcing fillers. Łukomska-Szymańska et al. [44], reported a viability
of S. mutans from 48% to 87% in comparison to control samples on the surface of experimental
composites with the addition of silver particles alone and combined titanium dioxide, silica dioxide,
and zirconium dioxide nanoparticles or microparticles. Kasraei et al. [37] and Azarsina et al. [45]
modified commercially available composites with silver nanoparticles and noted a reduction of
bacterial colonies. However, amber to brown discoloration of materials with nanosilver has been noted,
which is a limitation for an esthetic material [37,44,45]. Also, the inhibitory effect against S. mutans
of resin composites with silver-containing inorganic particles like silica gel have been confirmed,
which the authors linked not with silver ion release but with the presence of active oxygen, including
hydroxyl radicals, created by the catalytic action of silver during photoactivation or contact with water
at polar surfaces [46]. Additionally, simultaneous effects of silver nanoparticles with hydroxyapatite
nanoparticles [47] or antimicrobial monomers [27,48] were also investigated.

Silver sodium hydrogen zirconium phosphate (SSHZP) is a silver-releasing ceramic.
This submicron-sized antimicrobial material is white and stable, so as opposed to silver nanoparticles,
it should not cause the typical initial amber or brown discoloration due to the plasmon effect [49],
which is problematic in the case of dental materials. However, the question of further color changes
related with silver ion release during contact with a wet environment and its oxidation remains open.

So far, SSHZP has been reported as an additive into a polymethyl methacrylate (PMMA)
denture base material [50] and a polydimethylsiloxane-based soft denture lining [51]. SSHZP was
also previously investigated as an antimicrobial additive into chitosan and alginate fibers [52,53].
Moreover, it is incorporated into some currently available alginate and carboxymethylcellulose wound
dressings [54,55]. In this study, we report the use of SSHZP as antibacterial filler for a distinctly different
material—a experimental direct restorative photopolymerizable resin-based composite, reinforced with
varied filler types at high concentrations. Therefore, the aim of the presented work was to investigate
the impact of the proposed filler (SSHZP), introduced into resin-based composites intended as direct
restorative materials, for its antimicrobial effectiveness, mechanical properties, degree of conversion,
sorption, solubility, and color changes. Our hypothesis was that composites additionally filled with
SSHZP would show antimicrobial effectiveness against cariogenic bacteria and suitable properties for
dental restorative materials.

2. Materials and Methods

2.1. Materials Preparation

The matrix consisted of three mixed monomers: bisphenol A glycidyl methacrylate (bis-GMA),
urethane-dimethacrylate (UDMA), and triethylene glycol dimethacrylate (TEGDMA) at a weight
ratio of 42:38:20, respectively (all purchased form Sigma-Aldrich, St. Louis, MO, USA). Additionally,
0.4% (w/w) of camphorquinone (CQ, Sigma-Aldrich, St. Louis, MO, USA) as the photosensitizer
and 1% (w/w) of N,N-dimethylaminoethyl methacrylate (DMAEMA) as a photoaccelerator (both
Sigma-Aldrich, St. Louis, MO, USA) were introduced. The reinforcing fillers were two silanized
barium borosilicate glass fillers (Esschem, Linwood, PA, USA), with a mean particle size declared
by the manufacturer of 2 μm (G1) or 0.7 μm (G2), and silanized silica nanofiller Aerosil R7200
(AR) (Evonic Industries, Essen, Germany), used at a weight ratio of 50:35:15, respectively. Silver
sodium hydrogen zirconium phosphate containing approximately 10% of silver (w/w), with molecular
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formula Ag0.46 Na0.29 H0.25 Zr2 (PO4)3 [56] (Milliken Chemical, Spartanburg, SC, USA) was used as an
antimicrobial filler. The SSHZP was compounded at concentrations of 1%, 4%, 7%, 10%, 13%, and 16%
(w/w), and the masses necessary to prepare the composites were calculated according to the equation:

mSSHZP =
cSSHZP × mMRF

1 − cSSHZP
(1)

where mSSHZP was the SSZHP g; cSSHZP was the SSZHP concentration, % (w/w); and mMRF was the
matrix with reinforcing filler mass (always constant).

The fillers were compounded into a matrix in 50 mL glass Griffin form beakers at room
temperature in the following order: SSHZP, G1, G2, and AR as the last one. All composites
were prepared in standardized portions based on the same masses of matrix and reinforcing fillers.
The compositions of standardized portions of tested materials are listed in Table 1. The introducing
process was carried out gradually in standard portions of 1 g (SSHZP, G1, G2) or 0.5 g (AR). For the
lowest concentration of SSHZP, or when the last portion of particular fillers was added, they were
smaller. Compounding was effected by multiple spreadings and mixings of materials with a stainless
steel spatula on the wall of the beaker to apply shear forces. The subsequent doses of fillers were added
when a homogeneous consistency for the previous dose was achieved. The process of compounding
for one material took about 2.5–4 h; the longer time was needed for materials with higher filler
concentrations due to their increasing viscosity. The obtained compositions were placed under the
pressure of 80 mbar for 25 min in a modified vacuum stirrer (Twister evolution, Renfert GmbH,
Hilzingen, Germany). All materials were polymerized with a DY400-4 LED lamp (Denjoy Dental,
Changsha, China), power 5 W, intensity 1400–2000 mW/cm2, optical wave length 450–470 nm.

Table 1. Compositions of investigated materials with the masses of components needed to prepare
standard portions.

Code Matrix, g Matrix, % (w/w) RF, g RF, % (w/w) SSHZP, g SSHZP, % (w/w) TF, % (w/w)

Control 15.00 35.00 27.86 65.00 0 0 65.00
AC 1 15.00 34.35 27.86 64.65 0.43 1 65.35
AC 4 15.00 33.60 27.86 62.40 1.76 4 66.40
AC 7 15.00 32.55 27.86 60.45 3.22 7 67.45

AC 10 15.00 31.50 27.86 58.50 4.76 10 68.50
AC 13 15.00 30.45 27.86 56.55 6.40 13 69.55
AC 16 15.00 29.40 27.86 54.60 8.16 16 70.60

AC—antibacterial composite, RF—reinforcing fillers, SSHZP—silver sodium hydrogen zirconium phosphate,
TF—total concentration of compounded fillers.

2.2. Scanning Electron Microscopy (SEM) Investigations

Fillers were added to 99.8% ethanol, ultrasonically homogenized, and dropped on carbon tape.
Polymerized samples for composite morphology observations measured 10 × 2 × 2 mm. Two types
of specimens were used. The first type was subjected to the standard procedure which involved
wet-grinding and polishing using diamond pastes. The other type was immersed in liquid nitrogen and
broken. Composite samples after polishing were also etched with orthophosphoric acid. All samples
were sputtered with gold. Observations were performed using a Zeiss SUPRA 35 scanning electron
microscope (Zeiss, Oberkochen, Germany) at accelerating voltages from 3 kV to 20 kV.

2.3. Antibacterial Test

Specimens measured 11 mm in diameter and 2 mm in thickness and were prepared in Teflon
molds. The mold was placed at a microscope slide covered with 50 μm thick polyester foil. The material
was placed into the mold and covered with the foil and microscope slide. Then, the upper microscope
slide was manually pressed and taken away. When the sample was polymerized, the polyester foil was
removed. The molds with samples were wet-ground sequentially with P800- and P1200-grit abrasive
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papers to remove excess of material and to standardize the surface. Next, the samples were rinsed
with distilled water and pushed out of the molds.

The in vitro reduction of bacteria was examined according to the previously described
method [51,57,58] with some modifications. The standard strain of bacterium Streptococcus mutans
ATCC 33535 was used. Sterilized samples of composites were immersed individually in 2 mL
of bacterial suspensions in tryptone water, which contained approximately 1.5 × 105 CFU/mL
(CFU—colony forming units) of S. mutans. A suspension of bacteria in tryptone water was tested as a
positive control. Pure tryptone water was tested as a negative control. Incubation was carried out in a
shaking incubator for 17 h at 37 ◦C. After incubation, 20 μL of suspension was seeded onto Columbia
agar (bioMerieux, Marcy l’Etoille, France) with 5% sheep blood plates. The cultured plates were finally
incubated at 37 ◦C for 24 h, and the numbers of bacterial colonies were counted. The relative reduction
in the number of viable bacteria colonies (RB) was calculated according to the equation:

RB =
Vc − Vt

Vc
× 100% (2)

where Vc was the number of viable microorganism colonies of the positive control (BLANK) and Vt

was the number of viable microorganism colonies of the test specimen.

2.4. Compressive Strength

Compressive strength was examined according to the method presented by Mota et al. [59],
with some necessary specifications concerning sample preparation. Cylindrical specimens (3 mm in
diameter and 6 mm in height) were prepared as described for the microbiological test. However, due
to their height, polymerization was carried out at the top and at the bottom before the removal of
the polyester foil. Furthermore, after removing them from the mold, the samples were cured on four
lateral surfaces, according to the recommendation of Galvão et al. [60]. Ten samples were prepared
from each composite. The samples were conditioned in distilled water at 37 ± 1 ◦C for 24 h. Tests were
conducted using a universal testing machine (Zwick Z020, Zwick GmbH & Com, Ulm, Germany) at a
cross-head speed of 0.5 mm/min. Compressive strength was calculated according to the equation:

σcs =
F
A

(3)

where σcs was the compressive strength, MPa; F was force at fracture, N; and A was the initial
cross-sectional area of specimen, mm2.

2.5. Diametral Tensile Strength

The samples for the diametral tensile strength (DTS) tests (6 mm in diameter and 3 mm in
height) [61] were prepared with a method similar to the microbiological test, but irradiation was
carried out at the top and at the bottom before removing the polyester foil. Ten samples were
prepared from each composite. The samples were conditioned in distilled water at 37 ± 1 ◦C for
24 h [61]. Compressive load was applied on the lateral surface of the samples at a cross-head speed
of 0.5 mm/min [20] using a universal testing machine Zwick Z2.5. The DTS values were calculated
according to the equation:

DTS =
2F
πdh

(4)

where DTS was the ultimate diametral tensile strength, MPa; F was the force at fracture, N; d was the
diameter, mm; and h was the thickness, mm.

2.6. Flexural Strength

Three-point bending tests were carried out using a universal testing machine Zwick Z2.5 in
accordance with the ISO 4049 standard [62], with specifications concerning sample preparation.
Specimens measuring 25 × 2 × 2 mm were prepared using silicone (Zetalabor Platinum 85Touch,
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Zhrmack SpA, Badia Polesine, Italy) molds placed in a stainless-steel frame. Materials were packed
into a mold and polymerized by a method similar to the previous test, but five overlapping irradiations
were carried out, starting from the center of the sample. After curing, samples were taken out of the
mold, the excess of material was cut off with a scalpel, and the specimens were then wet-ground with
P800- and P1200-grit abrasive papers. Ten samples were prepared from each composite. The samples
were stored in distilled water at 37 ± 1 ◦C for 24 h. The test was performed at a cross-head speed
of 0.75 mm/min and the distance between the supports was 20 mm. Flexural strength and flexural
modulus were calculated according to the equations:

σf l =
3Pl
2bh2 (5)

E =
P1l3

4bh3δ
(6)

where σfl was flexural strength, MPa; E was flexural modulus, GPa; l was distance between the
supports, mm; b and h were the specimen width and height, mm; P was maximal force, N; P1 was
the load at chosen point at the elastic region of the stress-strain plot, kN; and δ was the deflection at
P1, mm.

2.7. Vickers Hardness

Vickers microhardness was measured on specimens like for DTS, however, samples after
wet-grinding were also polished with 6-μm and 3-μm diamond suspensions (Struers GmbH, Willich,
Germany). Three samples were made from each composite. The samples were stored in distilled water
at 37 ± 1 ◦C for 24 h. Hardness was measured 10 times for each specimen at randomly chosen locations
using the microhardness tester (Future-Tech FM-700, Future-Tech Corp, Tokyo, Japan) at a 100-g load
and a loading time of 15 s [63]. Vickers hardness was calculated according to the equation:

E =
1.8544 × F

d2 (7)

where F was the load, N, and d was the average length of the diagonal left by the indenter, mm.

2.8. Degree of Conversion

The degree of conversion (DC) was determined using the method described by Atira et al. [64]
with modifications made during sample preparation. Specimens, measuring 5 mm in diameter and
2 mm in height, were prepared in Teflon molds as previously described, but irradiation was carried out
only at the top. The samples were removed from the molds and dried in desiccators with freshly dried
silica gel at 37 ± 1 ◦C for 24 h. Spectra were recorded by a Fourier transform infrared spectroscopy
(FTIR) spectrophotometer (Perkin Elmer Spectrum Two, Perkin Elmer, Waltham, MA, USA), equipped
with an attenuated total reflectance (ATR) crystal. The absorption intensity of selected peaks was
measured in the range of 1800–1500 cm−1 and recorded with 128 scans at a resolution of 1 cm−1.
The DC was calculated from the decrease of the absorption band at 1637 cm−1, referring to the C=C
stretching vibration (AC=C) in relation to the peak at 1608 cm−1, and assigned to the aromatic stretching
vibrations (AAr) in accordance with the equation [65]:

DC(%) = (1 − (AC=C/AAr)a f ter curing

(AC=C/AAr)be f ore curing
)× 100 (8)

2.9. Sorption and Solubility

The specimens measuring 15 mm in diameter and 1 mm in height were prepared using Teflon
molds [66] and polymerized at nine overlapping irradiation zones in accordance with the method
described in the ISO standard [62]. After curing, they were ground with P1200-grit abrasive paper to
remove excess material with potentially poorly polymerized layers [67] and to standardize the surface.
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Then, the samples were removed from the molds. Five test samples of each material were made.
The measurement of sorption and solubility was performed in accordance with ISO 4049. The samples
were dried inside desiccators with freshly dried silica gel in a dryer at 37 ± 1 ◦C and weighed daily
(AS 110/C/2, Radwag, Radom, Poland) with an accuracy of 0.1 mg. When the changes in mass were
no higher than 0.1 mg, the mass values were recorded as m1, and the thickness and diameter were
measured with a digital caliper with an accuracy of 0.1 mm. Each sample was placed in 10 mL of
distilled water for 7 days at 37 ± 1 ◦C. After storing, the samples were removed from water with
tweezers, dried from visible moisture with filter paper, kept at room temperature for 15 s, and weighed
(m2 mass values were denoted). The drying process was repeated as described above, and stable mass
was denoted as m3. Sorption and solubility were calculated using equations:

wsp =
m2 − m3

V
(9)

wsl =
m1 − m3

V
(10)

where wsp was sorption, wsl was solubility, ml was the initial mass of dried sample, μg; m2 was the
mass after storing, μg, and m3 was the mass after the second drying, μg; and V was the volume of the
sample, mm3.

2.10. Color Change Measurement

To evaluate the color changes, the specimens measuring 7 mm in diameter and 3 mm in thickness
were prepared in Teflon molds. The mold was placed on a microscope slide. The material was placed
into the mold, covered with polyester foil and finally with second microscope slide. Then, the upper
microscope slide was manually pressed and taken away. The form prepared in this way was inverted
(the slide was on top, foil on the bottom). This was important to do because during polymerization,
the elastic foil allowed the material to move due to polymerization shrinkage (typical meniscus was
formed), while the working surface of the composite in contact with the slide adhered to it and
remained flat. The cured sample was pushed out of the mold. Five samples were prepared from each
material. After preparation, samples were stored in dry and dark conditions at 37 ◦C for 24 h and next
were immersed in 10 mL of distilled water in darkness at 37 ± 1 ◦C. Distilled water was replaced after
the second and fourth day. Color measurements were obtained 24 h after polymerization (baseline)
and after 7 days of immersion. A spectrophotometer (CM2600d, Konica Minolta, Takyo, Japan) was
used to record the CIE L*a*b* parameters with a D65 illuminant on a white ceramic tile. The CIELab
system is composed of three axes: L* is the lightness from 0 (black) to 100 (white), a* represents the red
(+a* value)—green (−a* value) axis, and b* represents the blue (−b* value)—yellow (+b* value) axis.
The color change (ΔE*) was calculated using the equation [68]:

ΔE∗ =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2 (11)

where ΔL* = L(7 days) − L(baseline); Δa* = a(7 days) − a(baseline); and Δb* = b(7 days) − b(baseline).

2.11. Statistical Analysis

Statistical analysis of the results was done with the use of the Statistica software (software
version 13.1, TIBCO Software Inc., Palo Alto, CA, USA). The distributions of the residuals were
tested with the Shapiro–Wilk test, and the equality of variances was tested with the Levene test.
When the distribution of the residuals was normal and the variances were equal, the one-way or
two-way ANOVA with Tukey HSD post hoc tests were used (α = 0.05), otherwise the nonparametric
Kruskal–Wallis test (α = 0.05) was used. Regression analysis was performed to determine the
correlation between DC and hardness (α = 0.05).
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3. Results

3.1. Scanning Electron Microscopy Investigations

Figure 1 presents the morphologies of the used fillers. For both glass fillers (Figure 1a,b), numerous
particles showed a much smaller (starting from 50 nm) or larger (up to 8 μm) size than the mean
size declared by the manufacturer (2 μm and 0.7 μm). The shapes of the particles were irregular.
Nanoparticle aggregations measuring up to 50 nm were noted for silica filler (Figure 1c). For SSHZP
particles measured approximately from 100 nm to 500 nm (Figure 1d) but also larger structures,
consisting of particles connected to each other, were observed (Figure 1e).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 1. Scanning electron microscopy images presenting the morphologies of used fillers: glass fillers
with a mean particle size of 0.7 μm (a); 2 μm (b); silica nanofiller (c); and silver sodium hydrogen
zirconium phosphate (d,e).
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SEM images illustrating the morphologies of composite reinforced with glass and silica fillers
are presented in Figure 2a,b. The morphologies of materials with additional antibacterial filler are
presented in Figure 2c–f. Good distribution of silica nanoparticles between glass submicroparticles and
microparticles in the matrix was observed (Figure 2b). Large aggregations of AR were not detected.
The SSHZP was also well distributed up to the highest concentrations. Single particles were clearly
visible, however, clusters measuring up to 2 μm were also noted. Observations for frozen-broken but
not etched samples (Figure 2e,f) showed good contact between the particles and the matrix.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 2. Representative SEM images presenting the morphologies of the cured base composite
compounded with: reinforcing fillers (a,b); addition of 7% (c) and 16% (c–f) of silver sodium hydrogen
zirconium phosphate; (a–d)—wet-ground, polished, etched samples (e,f)—frozen-broken but not
etched samples, black arrows (c,d) indicate the gaps between SSZHP and matrix after etching.
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3.2. Antibacterial Test

The achieved results of the antibacterial tests are listed in Table 2. Introducing the SSZHP into the
composites had a significant effect (p = 0.0002) on the reduction of S. mutans colonies. For material
without antimicrobial filler, RB values were comparable to the positive control. Composites with filler
concentrations from 1% to 4% showed RB medians from 43.8% to 70.1%, and those values should
be considered as different if we take into account the obtained minimal and maximal RB values.
For concentrations starting from 7%, all obtained RB values were 100%.

Table 2. The reduction in the number of viable colonies (RB) of Streptococcus mutans ATCC 33535, after
17 h of incubation with composites samples.

cSSZHP, %
CFU/mL (Vt) ×104 RB, %

Med Max Min Med Max Min

0 3.53 3.99 3.13 4.7 15.5 −7.7
1 2.08 2.89 1.87 43.8 49.6 21.9
4 0.68 0.13 0.00 70.1 93.2 65.7
7 0.00 0.00 0.00 100.0 100.0 100.0
10 0.00 0.00 0.00 100.0 100.0 100.0
13 0.00 0.00 0.00 100.0 100.0 100.0
16 0.00 0.00 0.00 100.0 100.0 100.0

cSSZHP—concentration of silver sodium hydrogen zirconium phosphate; CFU—colony forming units;
RB—the relative reduction in the number of viable bacteria colonies; Med—median, Min—minimal value,
Max—maximal value.

3.3. Compressive Strength

The mean compressive strength values are presented in Figure 3. The SSHZP concentration did
not have a significant influence on the compressive strength of the composites (p = 0.0524). The mean
values were from 284 MPa to 307 MPa.

 

Figure 3. Mean values and standard deviations of compressive strength.
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3.4. Diametral Tensile Strength

The mean diametral tensile strength values are presented in Figure 4. The SSHZP concentration
did not have a significant influence on the compressive strength of the composites (p = 0.2986).
The mean values were from 40.3 MPa to 43.1 MPa.

 

Figure 4. Mean values and standard deviations of diametral tensile strength.

3.5. Flexural Strength

The mean flexural strength values are presented in Figure 5a. The SSHZP introduction had a
significant influence on flexural strength (p = 0.0178). The post hoc test showed a significant (p < 0.05)
decrease in flexural strength for the composite with the antibacterial filler concentration of 16%
(88 MPa). However, these values were not significantly different (p > 0.05) in comparison to the results
obtained for other materials with SSHZP. The highest mean flexural strength value was registered for
the control material (96 MPa).

 
(a) 

 
(b) 

Figure 5. Mean flexural strength (a) and flexural modulus (b) values with standard deviations; different
lowercase letters show significantly different results at the p < 0.05 level.
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The mean flexural modulus values are presented in Figure 5b. The SSHZP concentration did not
have a significant effect on the flexural modulus (p = 0.5351). The mean values were from 5.6 GPa to
6.1 GPa.

3.6. Vickers Hardness

The mean Vickers hardness values are presented in Figure 6. The SSHZP introduction had a
significant influence on flexural strength (p < 0.0001), and the post hoc test showed a significant
(p < 0.05) decrease in hardness starting from the antibacterial filler concentration of 4%. However, the
values for SSHZP concentration from 4% to 13% and from 7% to 16% were not significantly different.
The highest mean hardness value was registered for the control material (52.7 HV0.1), and the lowest
value was for a composite with 16% of SSHZP (48.2 HV0.1).

 

Figure 6. Mean Vickers microhardness values with standard deviations; different lowercase letters
show significantly different results at the p < 0.05 level.

3.7. Degree of Conversion

The mean degrees of conversion values are presented in Figure 7. At the top of the samples
(Figure 7a) the degree of conversion significantly decreased (p < 0.0001) with increasing SSHZP
concentrations, from 68.7% for the control material to 58.7% for the composite with an SSHZP
concentration of 16%. The post hoc test showed that the results for concentrations from 1% to 7%, from
4% to 13%, and from 7% to 16% were not significantly different. Degrees of conversion values obtained
at the top were significantly lower in comparison to the values registered at the bottom of the samples
(p < 0.0001). At the bottom of the samples (Figure 7b), the degree of conversion significantly decreased
(p < 0.0134) with increasing SSHZP concentrations, from 53.3% for the control material to 47.6% for the
composite with an SSHZP concentration of 16%. However, the post hoc test showed that the results
for concentrations from 1% to 13% were not significantly different, and only the mean value for the
material with the highest SSHZP concentration was significantly lower.
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(a) 

 
(b) 

Figure 7. Mean degree of conversion values with standard deviations at the top (a); and at the bottom
(b) of the samples, different lowercase letters show significantly different results at the p < 0.05 level.

3.8. Sorption and Solubility

The mean sorption values are presented in Figure 8a. SSHZP introduction had a significant
influence on sorption values (p < 0.0004). The post hoc test showed a significant increase in sorption
values for composites with 13% and 16% of SSHZP. The mean sorption for the composite with the
highest SSHZP concentration was 44% greater than for the control material.

 
(a) 

 
(b) 

Figure 8. Mean values with standard deviations of sorption (a); and solubility (b), different lowercase
letters show significantly different results at the p < 0.05 level.

The mean solubility values are presented in Figure 8b, and there were no statistically significant
differences (p = 0.4185) between the results obtained for the investigated materials.

3.9. Color Measurement

The results of initial color measurements are presented in Table 3. The obtained L* axis values
showed a significant increase (p < 0.0001) with the increasing SSHZP concentration. The a* and b* axis
values showed a significant decrease with the increasing SSHZP concentration (p < 0.0001).
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The color changes of different composites after immersion in distilled water are presented in
Table 4. The ΔE values for the different composites showed a significant increase (p < 0.0001) with
the increasing SSHZP concentration. However, the post hoc test indicated significant differences in
comparison to reference materials for composites with 13% and 16% of SSHZP. A similar situation was
registered for ΔL* values. The statistically significant influence (p < 0.0001) of SSHZP concentration
was also noted for Δa* and Δb* values. The post hoc test showed a significant increase for composites
with 13% and 16% of antibacterial filler.

Table 3. The color of different composites before immersion.

cSSZHP, % L* a* b*

0 51.34 ± 0.36 a 5.97 ± 0.08 a 12.83 ± 0.26 a

1 54.48 ± 0.47 b 4.53 ± 0.20 b 11.21 ± 0.38 b

4 70.42 ± 0.21 c 2.28 ± 0.21 c 10.59 ± 0.35 c

7 76.50 ± 0.18 d 1.79 ± 0.15 d 9.55 ± 0.22 d

10 81.09 ± 0.09 e 1.00 ± 0.04 e 6.82 ± 0.18 e

13 82.84 ± 0.16 f 0.96 ± 0.07 e 5.63 ± 0.10 f

16 85.84 ± 0.16 g 0.51 ± 0.11 f 5.32 ± 0.19 f

Groups with the same lowercase superscript letters for each column are not significantly different at the p < 0.05 level.

Table 4. The color changes of different composites after immersion.

cSSZHP, % ΔL* Δa* Δb* ΔE*

0 −0.88 ± 0.15 a 0.37 ± 0.07 a 0.61 ± 0.04 a 1.14 ± 0.10 a

1 −0.95 ± 0.18 a,b 0.41 ± 0.06 a 0.64 ± 0.04 a 1.22 ± 0.13 a

4 −1.10 ± 0.08 a,b 0.47 ± 0.10 a,b 0.60 ± 0.05 a 1.34 ± 0.09 a

7 −1.13 ± 0.14 a,b 0.44 ± 0.12 a 0.64 ± 0.07 a 1.38 ± 0.10 a

10 −0.98 ± 0.15 a,b 0.43 ± 0.09 a 0.70 ± 0.06 a 1.29 ± 0.10 a

13 −1.21 ± 0.14 b 0.64 ± 0.05 b 1.11 ± 0.12 b 1.77 ± 0.14 b

16 −1.88 ± 0.16 c 1.10 ± 0.05 c 1.41 ± 0.08 c 2.60 ± 0.11 c

Groups with the same lowercase superscript letters for each column are not significantly different at the p < 0.05 level.

4. Discussion

In the current study, experimental composites based on a photopolymerizable matrix were
considered as direct antibacterial restorative materials. Materials were developed by introducing a
filler with confirmed antimicrobial properties: silver sodium hydrogen zirconium phosphate particles.
In previous experiments, we tested SSHZP as an antimicrobial additive in two different dental
materials: a PMMA denture base material [50] and silicone soft denture lining [51]. Both types
of composites had shown enhanced antimicrobial properties, but for the PMMA-based materials,
a significant deterioration of mechanical properties had been registered (results unpublished yet),
while for polydimethylsiloxane-based composites, they were at the appropriate level [51]. In the
presented work, we modified different materials in terms of the final application, polymerization,
mechanical properties, and composition.

The applied filler compounding method allowed us to obtain satisfactory dispersion of the used
fillers. Observations carried out on polished and etched samples clearly showed typical, irregular
shapes of milled glass particles and a very good distribution of nanoparticles between them (Figure 2b).
Aggregations of glass fillers or large AR aggregations were not detected. When SSHZP was additionally
introduced, cubic-shaped particles were well distributed between glass particles. Due to the used filler
types and the obtained morphology, all used materials may be classified as nanohybrid composites [69].
Gaps were visible between the matrix and SSHZP particles (Figure 2c,d), which was related to etching
during sample preparation. For nonetched samples, slits were not detected with the used method
(Figure 2e,f). However, the observed gaps may suggest the possibility of easier liquid migration
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between SSHZP and the matrix than between silanized glass and the matrix. For frozen-broken
nonetched samples, glass particles were usually not visible, which suggests their good connection
with the matrix and is related to the salinization process used by the manufacturer. Large aggregations
of SSHZP were not observed, which was favored because of their potential influence on the properties
of the composites [70]. However, some structures consisting of connected particles, probably coming
from the used antimicrobial filler (Figure 1e), were observed. Observations have also shown some air
bubbles in the polymerized composites. They were probably caused by the used procedure of manual
preparation of composite and/or by the process of sample preparation. Bubbles measured from a few
up to 50 μm. Those structural defects might decrease the mechanical properties because they may act
as stress concentrators. In the future, the bubbles can also have a negative effect on the mechanical
properties at the bonded interface.

In previous works related with dental materials, the antimicrobial effectiveness of SSHZP
against Candida albican (C. albicans), Staphylococcus aureus (S. aureus), and Escherichia coli (E. coli) was
confirmed [50,51]. However, only two tested microorganisms (C. albicans, S. aureus) had clinically
proven relevance, which is related to using partial or complete dentures [71–74], but none of them was
associated with tooth decay. The problem of caries appearing between teeth and composite restorations
is widely disputed in the literature, and its mechanisms are probably multifactorial. Bacterial species
associated with secondary caries and primary caries seem to be the same. However, a higher proportion
of caries-related bacteria (mutans streptococci, lactobacilli) was found on restored surfaces than on
unrestored dentin or enamel [75], which is an additional argument for the development of antibacterial
materials. Despite the fact that both mutans streptococci and lactobacilli have a confirmed role in dental
caries, the S. mutans strains are usually investigated in the context of antimicrobial composites, so this
bacterium was also used in our experiment.

Due to differences in microbiological test protocols, the results obtained for the antimicrobial
fillers mentioned in the introduction cannot be directly compared to one another or to the results of the
present study. In our experiment, samples were stored in an S. mutans suspension. All specimens were
finally finished with P1200-grit abrasive paper, which gives well standardized and smooth surfaces.
This may be confusing in the context of the recognized fact that higher values of roughness promote
bacterial adhesion and dental plaque retention [76–78]. However, in our study, adherence of bacteria
and biofilm formation were not investigated. Samples were immersed in bacteria suspension in a
shaking incubator, and the changes in the number of bacteria were investigated. In this experiment,
silver ions released into the environment determined the reduction of bacteria, so using a smooth
surface would have created stricter test conditions due to the smaller surface area responsible for the
release of antibacterial ions.

After incubation, the reduction of the bacteria population in the environment was registered for
all materials, but starting from a concentration of 7%, it was complete. Antimicrobial properties of
the used filler are initiated in humid environments by the mechanism of silver ion release from an
inorganic, insoluble carrier, which was described by Kampmann et al. [79]. With time, this mechanism
may lead to the loss of antibacterial properties due to the continuous silver ion release, so further
investigations in this context should be made. Additionally, restorative materials in oral cavities are
subject to tribological processes. This, on the one hand, may be the reason for the selective removal
of particles from the matrix, but on the other hand, it can also cause “refreshment” of antimicrobial
properties by gradual abrasion of the surface with fillers. Both mentioned conceptions may be checked
in future experiments.

The microbiological properties of the newly developed antibacterial composites are regularly
tested, whereas their mechanical and functional properties are much less frequently reported.
Compressive strength, flexural strength, flexural modulus, diametral tensile strength, and hardness
are frequently tested mechanical properties for dental restorative materials.

In the present study, we used different curing protocols for each mechanical evaluation. It was
justified by the varied sample dimensions, which were dictated by the requirements of the procedures.
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It is known that light intensity, polymerization time, and curing depth determine whether or not dental
composites are properly cured [80]. Mechanical tests as well as sorption/solubility and antibacterial
tests require samples having a length or diameter much larger than the area effectively covered by
the used lamp. The use of overlapping light-curing areas for flexural test samples has been subject
to criticism due to the risk of preparation of nonhomogeneous specimens [81], although the effect of
that method on the flexural properties has been questioned [82]. The height of the samples is equally
important due to the expected decrease of the degree of conversion with the depth [83]. A thickness of
2 mm can be considered in that context as a safe value [84]. Moreover, Koran et al. [85] established
that if the total dose of light intensity (interpreted as light intensity in exposure time) delivered to
the photopolymerizable dental composite is high enough to achieve complete polymerization, the
surface hardness, as well residual monomer concentration, tends to remain constant. This shows that
the best way to standardize samples is to use overlapping areas of irradiation on both the bottom and
top surface, and for samples higher than 4 mm, to use additional irradiations on the lateral surface.
However, such an approach is a simplification because it does not take into account other changes
occurring in the material during the polymerization and postirradiation polymerization [86–88].

Composites often replace a large bulk of the teeth structure, so the dental restorative materials
are usually subjected to compressive forces generated during mastication [89]. If we consider that the
compressive strength and plastic limit of tooth tissues [3,90] may be recommended as a standard for the
strength of composites [60], we can accept a 230 MPa as a secure value for a composite. The obtained
results were higher and were additionally comparable with values reported for numerous commercially
available materials with BisGMA, TEGDMA, and UDMA matrices and similar filler content [59,91],
including those releasing fluoride [92]. Compressive strength after antimicrobial filler addition was
investigated in only a few previous works. The effect of the used additives was varied. An increase of
compressive strength values at low concentrations and a decrease of them at larger concentrations was
noted for nanosilver [93], zinc oxide [36], and tetretrapod-like zinc oxide whisker [41]. Yoshida et al. [74]
have shown no effect of silver-containing ceramic microparticles. In our study, the filler addition also
had no effect on compressive strength.

Stress analyses have shown that restorative composites can fracture under tension [94] and tensile
strength data may have equal, if not greater, importance than compressive strength, especially in the
area near the teeth–composite interface [95,96]. The diametral tensile strength test is an alternative
method to evaluate the tensile strength of brittle materials, and it is the default for investigating
dental restorative materials. Nevertheless, it gives correct results only if minimal or no plastic
deformations occur and when deformations at fracture are small because the area of contact is still
near to theoretical [61]. For this reason, this test should not be used for resins or experimental
composites with a low filler concentration because of their stress-strain characteristics. Usually
DTS values for different types of commercially available composite materials range from 25 MPa
to 50 MPa [97–99], but for modern nanocomposites, they may reach over 80 MPa [100]. For all
investigated materials, mean DTS values were above 40 MPa, which can be considered to be satisfactory
values. The antibacterial filler introduction had no statistically significant effect on DTS, although
the mean value for the control group was the lowest. Those findings are in opposition to the results
obtained by Łukomska-Szymańska et al. [101], Diaz et al. [102], and Sokołowski et al. [103], where
nonfunctionalized calcium fluoride microparticles, zinc oxide three-dimensional microstructures,
nanosilver, and nanogold decreased the DTS values of modified composites.

Flexural strength and flexural modulus have been reported as indicators of clinical wear of
composites in some studies [104,105]. Composite fillings are also exposed to flexural stress, especially
in stress-bearing cavities for restoration classes I, II, and IV [82]. The flexural test is also indicated as
a method that relates well to tensile failure [104]. Flexural strength is the only mechanical property
specified by the ISO 4049 standard for composite restorative materials, which requires minimal values
of 80 MPa for occlusal tooth surface restorations and 50 MPa for others [62], so all investigated
materials meet these requirements. The obtained results were additionally comparable to other
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materials with similar matrix or filler concentrations [4,106–108]. A parallel situation was noted for
flexural moduli [109], the values of which are not defined by the standard and may be diversified
for different clinical situations. Cervical cavities demand composites characterized by a relatively
lower modulus to flex with the teeth, but posterior composites need a high modulus to withstand the
occlusal forces [110]. In the presented study, the flexural strength significantly decreased only for the
highest antimicrobial filler concentration, whereas the flexural modulus values were stable. Similar
trends were noted for other experimental materials compounded with antibacterial particles [36,111].
However, for composites with calcium fluoride, after 24 h storing in wet conditions, a significant
deterioration of flexural properties has been registered [112]. The addition of zinc oxide whiskers [41]
and nanoparticle-laden hydroxyapatite nanowires [36] caused increases in flexural strength and
modulus, but for the concentration of 10%, properties decreased for both fillers. This suggests that
the obtained effects are related to both filler type and filler loading. The decrease in flexural strength
noted in our study for the highest SSHZP concentration should be treated with some caution, also
in the context of the obtained compressive and tensile strength values. For one sample, the flexural
strength was 77 MPa. If we deleted this result, we would have a mean value of 90.1 MPa, and this
value is not statistically different from any other. After consideration, we decided not to remove that
result because samples for flexural strength for this material were the most difficult to prepare due
the increasing viscosity of composition in combination with a small working area of silicone mold
(2 × 25 mm), which created an increased risk of making structural defects during the packing of
the material. The registered statistical difference can be an indicator of those problems, especially if
we consider that flexural strength has been noted to be more sensitive to subtle changes in material
substructure than, for example, compressive strength test [113].

The Vickers microhardness test is a known method used to compare composite resins, especially
in the context of their wear resistance prediction [50,114]. Direct restorative composites used in
dentistry demonstrate Vickers hardness starting from 40 kgf/mm2, but for some materials, values
exceed 100 kgf/mm2 [10,114–116]. The values obtained in this work were within this range but were
rather at the lower limit. Increasing antibacterial filler concentration caused a small but systematic
lowering of microhardness. This is in opposition to some findings for commercially available materials,
where higher filler content was correlated with higher microhardness [117], but is in accordance with
some research, where introducing antibacterial additives decreased microhardness [44,101,111].

Degree of conversion is an important property of restorative composites due to the potential risk
of biological responses related to monomer release and affection of pulp tissues [118]. The obtained
values were in agreement with the findings from other studies, performed on similar dimethacrylate
systems, and measured with the same method [64]. The reduction of DC values at the bottom of the
samples was also expected because when light moves through a material with increasing density,
its intensity is reduced. The reduction of DC values with increasing SSHZP content was probably
related to the effect of light scattering by particles. Moreover, some reports showed larger scattering
when the particle size is circa one half or close to that of the curing light wavelength [119,120]. In the
presented study, this situation took place because the optical wave length was 450–470 nm, so it was
similar to the observed SSHZP particles size, which may explain unfavorable DC changes. Additionally,
the DC values at the top of the samples were well correlated (R2 = 0.9058, p = 0.001) with microhardness
results. This is in accordance with other reports, where surface microhardness has been identified as a
good indicator of DC changes [121,122].

The solubility and sorption properties are important from the viewpoint of biocompatibility
concerns over monomer releasing and in relation to the stability of the composites due to degradation
from the uptake of solvents and the wash-out of ingredients of materials [104]. Sorption values
for all samples were lower than 40 μg/mm3, so all investigated materials met the requirements of
the ISO standard. Solubility values’ samples were lower or, for one sample, equal to 7.5 μg/mm3,
so all materials also met the requirements of the ISO standard. The sorption values were comparable
to numerous commercially available materials [123,124] but increased for the highest antimicrobial
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filler concentration. The solubility for all composites, including the control group, was generally
higher than for most modern materials, however, for some of them, a similar value has also
been registered [66,123,124]. The increasing solubility with SSHZP content was not statistically
significant. The principal factor influencing sorption and solubility of dental restorative materials is
the composition of polymer matrix [67]. The sorption is influenced by the polarity of the molecular
structure, the presence of hydroxyl groups (which may crate hydrogen bonds), and with the degree
of crosslinking of the matrix [125]. Water may penetrate into the free volume between the chains
and nanopores formed during polymerization, or it can be successively attached to polymer chains
via hydrogen bonds [123]. In this study, a hydrophilic monomers system (Bis-GMA, TEGDMA,
UDMA) [123] was used, from which TEGDMA and Bis-GMA create networks characterized by
higher sorption due to the presence of the ether linkages and hydroxyl groups, respectively [66,126].
Thus, those kinds of matrices usually show relatively large values of water sorption and solubility.
Additionally, after the introduction of nonsilanized SSHZP, water would migrate in the interface
between the filler particles/particle aggregations and the matrix, which may explain the enhanced
sorption values for the higher concentration. Also, decreased DC may have some influence on
water sorption. The uptake of water also allows diffusion out (into the storage medium) to residual
monomers, fillers, degradation products, and other leachable components, so sorption is often
correlated with solubility [66]. This was not found in this study, although a statistically insignificant
increase in solubility was registered. This may suggest that an experiment should be prepared in
future with longer storage periods to allow for more extensive changes in the materials, which will be
easier to detect, or with more sensitive methods.

The introduction of SSHZP caused significant changes in composite color. The materials
with increasing antimicrobial filler concentrations show a narrow whitening effect, represented
by increasing L* axis values. Composites have also shown a reduction of reddish and yellow
coloration related to decreasing positive values of a* and b*, respectively. These changes, at the
starting point, might be considered as beneficial. After being stored in distilled water, color
changes expressed by ΔE values can be classified as noticeable only for an experienced observer
(ΔE values from 1 to 2) for all materials, excluding the highest concentration for which unexperienced
observer may notice the difference (ΔE values from 2 to 2.5) [127]. However, all achieved ΔE values
were comparable to the results obtained for commercial [128] and experimental [129,130] materials
after a similar period of storing in distilled water. For all composites, the darkening, reddening,
and yellowing effects were registered, which were also registered for other photopolymerizable
resin-based composites [120,128,130]. The reasons for the noted color changes might be multifactorial.
De Oliwiera et al. [120] suggest that reduced monomer conversion can lead to poorer color stability
in the composites during storing due to the oxidation of the amines or monomers. In our study, the
reduction of DC values was also noted, which may partially be the reason for the reddening and
yellowing of the materials. However, the slight, progressive changes in DC values cannot explain
much of the decreased color stability of the materials for the two highest concentrations of SSHZP.
The effect of color changes can be also associated with the leaching of components [130], including
the antibacterial filler. The silver ions released from the filler, their deposition on the surface, and
further oxidation may be considered as the reason for the darkening, reddening, and yellowing of the
composites. However, additional investigations ought to be conducted to clarify this behavior.

The findings presented here should be enhanced with further in vitro investigations. As an
especially important part of future research, the cytotoxic potential of composites should be examined.
The toxicological data for the used SSHZP [56] let us suppose that materials should not present
unfavorable properties in that aspect, although toxic effects in dental materials with silver have been
registered [70]. The ion release into the environment and the dynamics of this process should be
investigated, as an indication of the persistence of the material’s antibacterial activity. The SSHZP
introduced into the PMMA denture base material in a previous work have shown antimicrobial
properties decreasing with time during a three-month experiment [50], so it should be expected that
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the durability of the antibacterial activity of the tested composites will also be limited. The used
antimicrobial test additionally did not reflect real conditions, especially in the context of the expected
lifetime of the dental composites and the processes occurring in the interface area between tooth tissues
and composite. Nevertheless, the presented results of antimicrobial tests are a promising base for
further experiments. All properties studied here may also be tested with long-term experiments.

Another limitation of the present study was that the mechanical properties of the proposed
composites were not evaluated after biofilm exposure. Acid production by bacteria during metabolic
processes may be the cause of changes in some mechanical properties of composites. Microhardness
is usually stable after exposure to S. mutans biofilm [77,131], but Fúcio et al. [131] have shown that it
can be reduced for particular restorative composites. Moreover, the presence of biofilm influences
the mechanical properties of resin–dentin bonds. Melo et al. [132], in self-designed experiments
with quasi-static and fatigue performance tests, have shown that the S. mutans growth may be the
cause of the reduction in the mechanical properties of the bonded interface. The degradation in the
dentin–composite interface in the biofilm environment was confirmed by other researchers [133,134],
who indicated that the studied experimental composites should be examined in the future in this
respect. The problem of acid production by bacteria may also be important in the context of
the observed gaps between SSZHP particles and the matrix after the etching of samples for SEM
investigations. This may suggest the possibility of accelerated changes in this area due to the influence
of the acidic environment. Depending on whether these changes occur as a result of the presence of a
biofilm, this phenomenon could negatively affect the mechanical properties of materials due to the
creation and propagation of structural defects.

In the present study, we used quasi-static tests for the mechanical properties’ evaluation,
which was sufficient at the planned initial stage. However, fatigue tests in the past decade have
gained increased importance because dental materials under clinical conditions are subject to cyclic
loading [135], caused by thousands of cycles of mastication per day. It has been proven that flexural
static strength is higher than values obtained after flexural cyclic loading [136]. Cyclic loading also
reduces fracture toughness [137]. Fatigue tests are also used to evaluate mechanical properties of
resin–dentin bonds [138,139], also in the context of bacteria presence [133]. These results suggest the
desirability of conducting research in this direction, including comparative studies with commercially
available composites.

5. Conclusions

Within the limits of this study, it can be concluded that the experimental composites showed a high
initial reduction of bacteria colonies for the tested S. mutans strain. The satisfactory combination of the
reduction of bacteria colonies with physical properties was achieved for filler concentrations ranging
from 4% to 13%. Those materials exhibited mechanical properties similar to the base material, as well as
the degree of conversion, sorption, solubility, and color stability at acceptable levels. The cytotoxic tests
and long-term investigations, including silver ion release into the environment, need to be performed
in future experiments.
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50. Chladek, G.; Basa, K.; Mertas, A.; Pakieła, W.; Żmudzki, J.; Bobela, E.; Król, W. Effect of Storage in Distilled
Water for Three Months on the Antimicrobial Properties of Poly(methyl methacrylate) Denture Base Material
Doped with Inorganic Filler. Materials 2016, 9, 328. [CrossRef] [PubMed]
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Sokołowski, K.; Łukomska-Szymańska, M. Evaluation of resin composites modified with nanogold and
nanosilver. Acta Bioeng. Biomech. 2014, 16, 51–61.

104. Ferracane, J.L. Resin-based composite performance: Are there some things we can’t predict? Dent. Mater.
Off. Publ. Acad. Dent. Mater. 2013, 29, 51–58. [CrossRef] [PubMed]

105. Peutzfeldt, A.; Asmussen, E. Modulus of resilience as predictor for clinical wear of restorative resins. Dent.
Mater. Off. Publ. Acad. Dent. Mater. 1992, 8, 146–148. [CrossRef]

106. Feiz, A.; Samanian, N.; Davoudi, A.; Badrian, H. Effect of different bleaching regimens on the flexural
strength of hybrid composite resin. J. Conserv. Dent. 2016, 19, 157–160. [CrossRef] [PubMed]

107. Pala, K.; Tekçe, N.; Tuncer, S.; Demirci, M.; Öznurhan, F.; Serim, M. Flexural strength and microhardness of
anterior composites after accelerated aging. J. Clin. Exp. Dent. 2017, 9, e424–e430. [CrossRef] [PubMed]

108. Kumar, G.; Shivrayan, A. Comparative study of mechanical properties of direct core build-up materials.
Contemp. Clin. Dent. 2015, 6, 16–20. [CrossRef] [PubMed]

109. Randolph, L.D.; Palin, W.M.; Leloup, G.; Leprince, J.G. Filler characteristics of modern dental resin
composites and their influence on physico-mechanical properties. Dent. Mater. Off. Publ. Acad. Dent.
Mater. 2016, 32, 1586–1599. [CrossRef] [PubMed]

110. Rodrigues Junior, S.A.; Zanchi, C.H.; de Carvalho, R.V.; Demarco, F.F. Flexural strength and modulus of
elasticity of different types of resin-based composites. Braz. Oral Res. 2007, 21, 16–21. [CrossRef] [PubMed]

111. Brandão, N.L.; Portela, M.B.; Maia, L.C.; Antônio, A.; Silva, V.L.M.E.; Silva, E.M.D. Model resin composites
incorporating ZnO-NP: Activity against S. mutans and physicochemical properties characterization. J. Appl.
Oral Sci. Rev. FOB 2018, 26, e20170270. [CrossRef] [PubMed]
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Abstract: Polymeric nanoparticles were modified to exert antimicrobial activity against oral bacteria.
Nanoparticles were loaded with calcium, zinc and doxycycline. Ions and doxycycline release were
measured by inductively coupled plasma optical emission spectrometer and high performance liquid
chromatography. Porphyromonas gingivalis, Lactobacillus lactis, Streptoccocus mutans, gordonii and
sobrinus were grown and the number of bacteria was determined by optical density. Nanoparticles
were suspended in phosphate-buffered saline (PBS) at 10, 1 and 0.1 mg/mL and incubated with 1.0 mL
of each bacterial suspension for 3, 12, and 24 h. The bacterial viability was assessed by determining
their ability to cleave the tetrazolium salt to a formazan dye. Data were analyzed by ANOVA and
Scheffe’s F (p < 0.05). Doxycycline doping efficacy was 70%. A burst liberation effect was produced
during the first 7 days. After 21 days, a sustained release above 6 μg/mL, was observed. Calcium and
zinc liberation were about 1 and 0.02 μg/mL respectively. The most effective antibacterial material
was found to be the Dox-Nanoparticles (60% to 99% reduction) followed by Ca-Nanoparticles
or Zn-Nanoparticles (30% to 70% reduction) and finally the non-doped nanoparticles (7% to 35%
reduction). P. gingivalis, S. mutans and L. lactis were the most susceptible bacteria, being S. gordonii
and S. sobrinus the most resistant to the tested nanoparticles.

Keywords: antibacterial; calcium; doxycycline; nanoparticles; zinc

1. Introduction

Bacteria are the main cause of prevalent oral diseases as caries and periodontitis. Oral administration
of antibacterial agents presents an important limitation, as it is accessing the dentin interface,
the radicular canal or the subgingival pockets where these bacteria grow. In these cases, benefits of
local versus systemic delivery routes are clear [1]. This work explores the design of nanoparticles (NPs)
that locally administered will exert therapeutic antibacterial properties against oral bacteria.

Resin-based restorative materials are commonly employed in clinical treatments to seal the
interfaces and as a result, bonding to dentin is challenging [2]. Gaps at these bonded interfaces lead
to microleakage, which also facilitate the invasion of cariogenic pathogens to cause secondary caries
infections [2,3]. Therefore, in order to minimize the incidence of secondary caries, it would be desirable
the existence of an antibacterial agent able to inhibit cariogenic pathogens at the dentin interface [4].
For this purpose, studying antibacterial effects against Streptococcus mutans (Sm), Streptococcus
gordonii (Sg), Streptococcus sobrinus (Ss), and Lactobacillus lactis (Ll) have been recommended [3].
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In endodontic treatment, elimination of bacteria in the root canal system, is a major challenge.
Microorganisms remained after canal treatment will impair periapical healing and will facilitate
developing apical lesions [5]. Porphyromonas gingivalis (Pg) is a major etiologic agent not only in the
recurrent infections after endodontic treatment [6], but also in the development and progression of
periapical lesions and periodontitis [7]. Biomaterials design leading to minimize the incidence of
persistent or recurrent infections of the root canal system and apical periodontitis would also be
desirable [8]. It is important to note that the biosafety of sodium hypochlorite during root canal
treatment has been recently questioned [9].

Endogenous matrix metalloproteinases (MMPs) are interstitial collagenases present in radicular
dentin, periodontal tissue and periapical bone [10–14]. MMPs have been related to chronic
inflammation processes and abscesses at apical level [10,12]. Then MMPs inhibition will improve the
prognosis of endodontic treatments [11]. Moreover, if resin-based materials are used for dentin bonding
and tooth restoring, collagen degradation by MMPs will occur at the dentin interface jeopardizing
restorations longevity [15]. When bonding to dentin in restorative dentistry, if dentin is infiltrated by
MMP inhibitors, crystallite-sparse collagen fibrils of the scaffold could be protected from degradation
facilitating further remineralization [2,16,17]. Metal nanoparticles (i.e., silver, gold, or zinc oxide . . . )
have been previously introduced in restorative dentistry, mainly due to their antibacterial or MMPs
inhibition properties [18–20].

Novel polymeric nanoparticles (NPs), about 100 nm in diameter, have been synthetized and
previously tested at the resin-dentin bonded interface [17,21]. NPs have been shown to inhibit dentin
MMPs collagen degradation [22], and to facilitate mineral growth at the interface without impairing
bond strength [21,22]. Sequences of anionic carboxylate (i.e., COO−) are along the backbone of
the polymeric NPs. These functional groups permit the possibility of calcium and zinc quelation
(1 μg Ca/mg NPs and 2.2 μg Zn/mg NPs) [23]. Cationic metals, loaded onto particles surfaces,
if released, may provide for antimicrobial activity. Both metal cations have been demonstrated to
have significant antibacterial effects [24,25]. Moreover, when NPs are larger than 10 nm, they do
not penetrate bacteria membranes and are thought to exert further antimicrobial effects through
accumulation on cell membranes [26]. At this stage, the bacterial membrane permeability may become
compromised rendering the cell unable to regulate transport through it, and eventually causing cell
death [27]. Doxycycline hyclate is also an antibacterial [28] and potent MMPs inhibitor [29] that is
proposed to be immobilized on presented NPs.

Proposed NPs may be employed in three different dental clinical applications: (1) during the
dentin bonding process, to exert antibacterial activity at the resin–dentin bonded interface [17,21];
(2) inside the radicular canal, during the endodontic treatment, to facilitate bacterial elimination; and
(3) at the periodontal pocket, onto the cementum surface, to directly exert antibacterial activity [23].

Thus, the purpose of this in vitro study was to design and synthetize NPs doped with calcium/zinc
ions or with immobilized doxycycline able to exert antibacterial activity against Sm, Sg, Ss, Ll and Pg.
The null hypotheses to be tested are that: (1) Calcium, zinc and doxycycline are not liberated from
NPs, and (2) NPs, calcium, zinc and doxycycline doped NPs do not affect bacterial viability.

2. Results

1. Loading efficacy and release of doxycycline hyclate from NPs: The amount of doxycycline in the
aqueous solution before NPs immersion was 1333 μg/mL (per mg of NPs). In the supernatant,
after NPs immersion, doxycycline concentration was 399.5 μg/mL (per mg of NPs). Loading efficacy
was around 70%. Mean and standard deviation of doxycycline liberation (μg/mL) and cumulative
liberation (%), per 10 mg of NPs at each time point are presented in Table 1. Doxycycline liberation
was 106 μg/mL (per mg of NPs) at 12 h. A burst effect with rapid doxycycline liberation was observed
from 12 h until the first week of storage. After 7 days, the antibiotic release was above 20 μg/mL
(per mg of NPs). After 21 days, doxycycline liberation was stably sustained, being 8 and 6 μg/mL
(per mg of NPs) at 21 and 28 days, respectively. After 24 h, a 57% of the immobilized doxycycline was
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liberated, and after 7 days and 28 days, 72% and 80% of loaded antibiotic was respectively released
(Table 1).

Table 1. Mean and standard deviation (SD) of Ca2+, Zn2+ and doxycycline liberation in μg. Cumulative
liberation (CL) was expressed in percentages. Values are obtained per 10 mg of NPs, at each time point.

Time Ca2+ (μg) Ca2+ CL (%) Zn2+ (μg) Zn2+ CL (%) Doxycycline (μg) Doxycycline CL (%)

12 h 1.006 (0.002) 11 0.025 (0.001) 0.1 1211.29 (166.32) 30
24 h 1.007 (0.001) 21 0.025 (0.001) 0.2 1065.98 (146.15) 57
48 h 0.909 (0.003) 30 0.023 (0.002) 0.3 458.08 (63.5) 68

7 days 0.856 (0.001) 39 0.021 (0.001) 0.4 210.81 (28.33) 74
21 days 2.082 (0.05) 61 0.024 (0.002) 0.5 81.85 (10.97) 78
28 days 2.031 (0.02) 82 0.044 (0.005) 0.8 63.23 (9.01) 80

2. Calcium and zinc liberation from NPs: Mean and standard deviation of Ca2+ and Zn2+ liberation
(μg) and cumulative liberation (%), per 10 mg of NPs at each time point are presented in Table 1.
Calcium liberation ranged from 0.856 to 1.007 μg (per 10 mg of NPs) during the first week. This calcium
release was doubled after 21 d, being around 2 μg (per 10 mg of NPs). Zn-NPs maintained a sustained
zinc liberation that ranged from 0.021 to 0.025 μg (per 10 mg of NPs) between 12 to 21 days. A double
fold increase was observed at day 28, when 0.044 μg were released per each 10 mg of NPs.

3. MTT assay: Mean and standard deviations of the different bacteria survival values expressed as
number of viable cells after 3, 12 and 24 h of exposure to the distinct NPs and control PBS are shown in
Figures 1–5.

Figure 1. P. gingivalis survival (number of viable cells) after 3 h, 12 h, and 24 h of different concentration
NPs exposure. Same letter or symbol indicates no significant difference of viable bacteria between
different NPs concentrations (p < 0.05).
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Figure 2. S. mutans survival (number of viable cells) after 3 h, 12 h, and 24 h of different concentration
NPs exposure. Same letter or symbol indicates no significant difference of viable bacteria between
different NPs concentrations (p < 0.05).

Figure 3. L. lactis survival (number of viable cells) after 3 h, 12 h, and 24 h of different concentration
NPs exposure. Same letter or symbol indicates no significant difference of viable bacteria between
different NPs concentrations (p < 0.05).
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Figure 4. S. gordonii survival (number of viable cells) after 3 h, 12 h, and 24 h of different concentration
NPs exposure. Same letter or symbol indicates no significant difference of viable bacteria between
different NPs concentrations (p < 0.05).

Figure 5. S. sobrinus survival (number of viable cells) after 3 h, 12 h, and 24 h of different concentration
NPs exposure. Same letter or symbol indicates no significant difference of viable bacteria between
different NPs concentrations (p < 0.05).

150



Materials 2018, 11, 1013

In general, all tested NPs affected the viability of bacterial suspension. The most effective were the
Dox-NPs followed by Ca-NPs or Zn-NPs and finally non-doped NPs that attained the most variable
and least reduction in bacterial survival (8% to 70% after 24 h).

The viability of tested bacteria following the incubation with NPs depends on the type of NPs.
The two bacteria, S. gordonii and S. sobrinus were found to be the most resistant to the tested NPs.
After 24 h, they were only affected by Zn-NPs (70% reduction in bacterial viability) and by Dox-NPs
(60% reduction). For P. gingivalis, S. mutans and L. lactis, Dox-NPs reduced the bacterial viability by
60% to 99%, after 24 h depending on the concentration of doxycycline. Meanwhile the reduction in
bacterial viability were from 20% to 60% for S. gordonii and S. sobrinus. The P. gingivalis, L. lactis and
S. mutans Dox-NPs effect was not variable during the time of the study. Only in the cases of S. gordonii
and S. sobrinus cultures a drop in Dox-NPs efficacy was observed after 24 h. At 24 h, for P. gingivalis
all tested concentrations of Dox-NPs attained above 98% bacterial death. In general, most effective
dosage of Dox-NPs was found to be 10 mg/mL.

When testing Ca, Zn-doped or even undoped-NPs for S. mutans and L. lactis, bacterial viability
was significantly affected in doses and time dependent manners. After 24 h, only those NPs contained
10 mg/mL were effective. Both bacteria were equally susceptible to Zn-NPs (68% cells reduction).
When considering Ca-NPs or undoped-NPs, L. lactis was more susceptible (reduction values for
Ca-NPs: 90%, for unloaded NPs: 70%) than S. mutans (reduction values for Ca-NPs: 60%, for unloaded
NPs: 50%).

Testing of NPs doped with Ca and Zn-doped NPs at 0.1 mg/mL against P. gingivalis, bacterial
viability was significantly affected and bacterial death ranges between 55% to 27%. However, at the
most effective concentration −10 mg/mL, bacterial reduction ranges were from 80% to 93%, without
significant differences between both ion-doped NPs. P. gingivalis incubated with unloaded NPs attained
low but dose and time-dependent percentages of bacterial survival reduced, from 34.3% to 7.2%.

3. Discussion

There are several in vitro testing models for the efficacy of antibacterial agents, which may involve
single or multispecies bacteria. This microcosm model is the most clinically relevant, but attained
results are often difficult to interpret as there is no way to control for the behavior of individual bacterial
species. It is also difficult to decide which species are appropriate in each experiment and their relative
amounts [3]. Using biofilm models is also challenging as the results may also be different on various
materials surfaces with different chemistry and/or topography [30]. Therefore, when analyzing novel
antibacterial agents planktonic monoculture tests are necessary to facilitate results interpretation.
Further studies need to be conducted on clinical isolates and multi-species biofilms on different
material surfaces or interfaces, which may express resistance trait against tested antibacterial effect.

P. gingivalis was selected for the present study as it is one of the most frequently detected
anaerobic microorganisms in subgingival plaque samples from periodontal-endodontic combined
lesions and necrotic pulp [6]. S. mutans, S. gordonii, S. sobrinus and L. lactis were used as are the
most frequently detected microorganisms in cariogenic plaque [3]. P. gingivalis is a Gram-negative
bacteria, S. mutans, S. gordonii, S. sobrinus and L. lactis are Gram positive. P. gingivalis has an asymmetric
distribution of lipids at their cell walls, the outer face contains lipopolysaccharide (LPS), and the
inner face has phospholipids [8]. S. gordonii, S. sobrinus S. mutans and L. lactis also have LPS at
their membranes, which exhibits anionic charge, as a result it may facilitate cationic groups to bond
and exert antimicrobial activity [8]. This may be a reason for observing low antibacterial activity of
tested non-loaded NPs, as they are also anionic (potential zeta is −41 ± 5 mV measured in water at
pH = 7) [20], and will not be attracted to tested bacteria which posse a zeta potential of approximately
−25 mV at pH = 7 [31].

Ca-NPs and Zn-NPs exerted antibacterial activity, at 10 mg/mL 80% to 93% bacterial reduction
after 48 h, was encountered (Figure 1) as a possible result of liberated calcium and zinc from
NPs. After 48 h, 0.9 and 0.02 μg per 10 mg of NPs of calcium and zinc are respectively released
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(Table 1). Cationic metals as calcium or zinc have been shown to be potent antimicrobials [24,25,27].
Calcium release from NPs was estimated to be 0.08 and 0.1 μg/mL (per mg of NPs) from 12 h
up to 7 days, while zinc release was around 0.02 μg/mL (per mg of NPs) at the same time-points.
Cummulative liberation of both ions is 30% for calcium and 0.3% for zinc after 48 h. It has been shown
that lipopolysaccharides at the outer membrane of Gram-negative bacteria possess magnesium and
calcium ions that bridge to negatively-charged phosphor-sugars [8]. Therefore, cationic elements
may also displace these metal ions damaging the outer membrane, leading to cell death [8,26]. It has
also been previously shown that zinc ions markedly enhanced the adhesion and accumulation of
salivary and serum proteins on cells of P. gingivalis and inhibited their coaggregation when growing
on biofilms [27].

Zinc has a known inhibitory effect on glycolysis and proteinase activity in many oral
bacteria [27]. Zinc may affect S. mutans viability by inhibiting glycolysis [32]. Kinetic studies of
the glucosyltransferases of S. sobrinus by Devulapalle and Mooser [33] showed that the Zn ion acts as a
reversible, competitive inhibitor at the fructose subsite within the active site of the glucosyltransferase.
This observation may well explain the reported dose-dependent effects of zinc on the tested bacteria.
Even when the exact antibacterial mechanism of zinc has not been clearly identified yet, covalently or
oxidatively induced damage has been claimed [32]. Zinc ions are considered useful for limiting the
settlement/colonization of P. gingivalis in the gingival sulcus with the goal of preventing periodontal
disease [27] and in the case of S. mutans preventing carious disease [32]. Zinc has long been known
as a plaque-inhibiting compound and also can influence acid production by different microbes [32].
In addition, zinc is able to depolarize the membrane potential, it does not always cause the bacterial
cell membrane to rupture and leak, but alters permeability that is closely related to the sensitivity
of bacteria to ionic environment [30]. Ion homeostasis affects the proliferation, communication and
metabolism of bacteria; then, zinc may sometimes produce an inhibitive instead of destructive effect
against bacteria [30].

Dox-NPs exerted the highest antibacterial activity to all the tested concentrations (80% to 97%
bacterial reduction after 24 h). Following our results, doxycycline was found to be released at sustained
levels for over 28 days, with a significant burst effect at 24 h. It is liberated at concentrations high
above to those considered effective against bacteria at any time point of the present study. For each mg
of NPs 121, 106 and 46 μg/mL of doxycycline will be liberated at 12, 24 and 48 h, respectively. A burst
effect with rapid doxycycline liberation was observed from 12 h until the first week of storage. After
7 days time-point, antibiotic release was maintained above 20 μg/mL (per mg of NPs). As bacterial
susceptibility to doxycycline is obtained around 0.1 to 0.2 μg/mL [28], doxycycline is then liberated
from NPs at concentrations high above to those considered effective against most of the tested bacteria.
It was shown that doxycycline at a concentration between 0.5 and 1 μg/mL is bactericidal against
different Pg strains [34], and between 0.1 and 6.0 μg/mL is effective against Pg and other putative
periodontal pathogens [35,36]. It should be stressed that tested Dox-NPs after 28 days are able to
liberate doxycycline concentrations above 6 μg/mL.

Doxycycline is a polar and amphoteric compound. Doxycycline as a salt (hyclate) is water
soluble. Doxycycline is known to act against most bacteria by inhibiting the microbial protein
synthesis that requires access into the cell wall and lipid solubility [37]. Doxycycline binds the
ribosome to prevent ribonucleic acid synthesis by avoiding addition of more amino acid to the
polypeptide [37]. Doxycycline is also known to provoke a potent and long-lasting inhibition of dentin
matrix metalloproteinases [29] that are related to chronic inflammation processes and abscesses
at apical level [10]. It may explain how long-term administration of a sub-antimicrobial dose
of doxycycline, to dogs with periodontitis, is regarded as an effective treatment for periodontal
inflammation, even when it does not induce antimicrobial effects [38]. It is also important to note
that MMPs inhibition may also prevent collagen degradation at the resin bonded dentin interface [15].
It will also probably reduce secondary caries formation, as MMPs activity is augmented at caries
affected dentin [39].
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The reported doxycycline liberation data are high and sustained, if compared to the release
profile of other previously proposed compounds as a cellulose-acetate-loaded doxycycline formulation
studied by Tonetti et al. [40]. Kim et al. [28] introduced a biodegradable doxycycline gel and reported
a mean local concentration of 20 mg/mL, after 15 min; values that were lowered to 577 μg/mL
after 3 days and to 16 μg/mL after 12 days. Deasy et al. [41] used tetracycline hydrochloride in
poly(hydroxybutyric acid) as a biodegradable polymer matrix and showed sustained release just over
4 to 5 days, with a significant burst effect at 24 h. Previously introduced materials are then able to
liberate doxycycline at higher concentrations, but in shorter periods of time, denoting accentuated
burst effects.

In general, tested NPs had little effect on the growth of (S. sobrinus and S. gordonii) and specially
Dox-NPs after 24 h, which greatly affected P. gingivalis, S. mutans and L. lactis survival rates (at least
at the evaluated time points and concentrations). Recent results on advanced caries lesions in young
human teeth, using bacterial sequence analysis methods are consistent and indicate that S. gordonii
diminishes greatly in caries-associated plaque biofilm, while S. mutans persists [42]. It means that
NPs may selectively inhibit cariogenic and periodontal bacteria, while leaving commensal microbes.
However, it should be assayed in properly designed multibacteria biofilms models in future studies.
It is to be noted that the tested NPs are biocompatible against human fibroblasts [23], and the
application of antibacterials is crucial if regenerative/revascularization processes are performed
for the endodontic treatment [43], these NPs may be an interesting tool.

Two important limitations are recognized for the present Dox-NPs: (1) antibiotics may produce
bacterial strain resistance, which is a current global concern; therefore, further research is needed.
(2) The bacteria grow in biofilms, and are known to be more resistant to antimicrobial treatment
than the planktonic cultures used for the present antimicrobial susceptibility testing [44]. Then, it is
imperative to include the biofilm mode of growth of bacteria when testing treatments for bonded
dentin interfaces, endodontic and periapical diseases. But these tests are difficult to control, in terms of
knowing specifically how bacteria are involved in the process [3]. It will not be possible to ascertain if
a specific toxicity of NPs against individual bacteria is being produced [44], or just a biofilm disruption
interfering with first colonizers bacteria attachment to dentin.

It may be concluded after this in vitro study that experimental NPs loaded with zinc, calcium
or doxycycline are effective to eradicate tested oral bacteria. For clinical applications, using these
NPs at the resin-bonded interface as cavity liners may be recommended. As it was shown before,
that NPs do not affect bond efficacy and improve dentin remineralization [17,21,22]. The same
beneficial effect may be found if NPs are used in endodontics, before resin sealant cement application.
However, as recognized in the study limitations, further investigations into antibacterial effects through
biofilm models of multiple bacterial species should be implemented.

4. Material and Methods

1. Preparation of Nanoparticles (NPs): PolymP-n Active NPs were acquired (NanoMyP, Granada,
Spain). Particles are fabricated trough polymerization precipitation. Main components of NPs are
2-hydroxyethyl methacrylate, ethylene glycol dimethacrylate and methacrylic acid; these compounds
are the backbone monomer, the cross-linker and the functional monomer respectively.

Calcium-loaded NPs (Ca-NPs) and Zinc-loaded NPs (Zn-NPs) were produced. Zinc and calcium
complexation was obtained immersing 30 mg of NPs during 3 days, under continuous shaking in
aqueous solutions of ZnCl2 or CaCl2, at room temperature. Fifteen mL of the solutions containing
zinc or calcium at 40 ppm were employed (pH 6.5). Then, the adsorption equilibrium of metal ions
was reached [23]. To separate the NPs from the supernatant, the suspensions were centrifuged.
0.96 ± 0.04 μg Ca/mg NPs and 2.15 ± 0.05 μg Zn/mg NPs were the attained ion complexation
values [23]. NPs loaded with doxycycline hyclate were also produced. An 18-mL aqueous solution,
with 40 mg/mL of doxycycline hyclate (Sigma-Aldrich, Darmstadt, Germany) was prepared, and 30 mg
of NPs were immersed in the solution for 4 h, under continuous shaking. Then, to separate NPs from
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the supernatant the suspensions were centrifuged. Following groups were tested: (1) NPs (NPs),
(2) NPs loaded with Ca (Ca-NPs), (3) NPs loaded with Zn (Zn-NPs), and (4) NPs with immobilized
doxycycline hyclate (Dox-NPs).

2. Loading efficacy and release of doxycycline from NPs: For loading efficacy 18 mL of 40 mg/mL
aqueous solution of doxycycline hyclate was prepared and the amount of doxycycline in the initial
aqueous solution was assessed in triplicate samples of 100 μL and recorded as initial doxycycline
concentration (1333 μg Dox/mL). Three different samples containing 1 mg of NPs and 0.6 mL of
the doxycycline solution were incubated for 4 h, under continuous shaking. Then, the suspensions
were centrifuged and the particles were separated from the supernatant, 100 μL of each supernatant
was analyzed for final doxycycline concentration. Final doxycycline concentration was subtracted
from initial values to calculate loading efficacy [45]. To ascertain for doxycycline liberation, 30 mg
of doxycycline loaded-NPs were suspended in 3 mL of phosphate buffer saline (PBS, pH 7.4, Fisher
Scientific SL, Madrid, Spain), three different eppendorf tubes containing 1 mL of the Dox-NPs
suspension were stored at 37 ◦C. After 12 h, suspensions were centrifuged and the particles were
separated from the supernatant. An aliquot (0.1 mL) of each supernatant was analyzed for doxycycline
concentration. NPs were washed and 1 mL of fresh PBS was used to resuspend the NPs at 10 mg/mL
until the next supernatant collection. Seven different time-points were tested: 12, 24, 48 h, 7, 14, 21
and 28 days. Supernatans were stored at −20 ◦C until doxycycline concentration measuring [45].
The amount of doxycycline was assayed by high performance liquid chromatography (HPLC) (Waters
Alliance 2690, Waters Corporation, Milford, MA, USA) equipped with a UV-Vis detector. A binary
mobile phase consisting of solvent systems A and B was used in an isocratic elution with 80:20 A:B.
Mobile phase A was 50 mM KHPO4 in distilled H20 and mobile phase B was 100% acetonitrile.
The HPLC flow rate was 1.0 mL/min and the total run time was 10 min. The retention time was
4.85 min. The concentration of doxycycline was calculated based on a standard curve of known levels
of doxycycline at 273 nm [45].

3. Calcium and zinc liberation from NPs: 150 mg of zinc and 150 mg of calcium loaded-NPs were
suspended in 15 mL of deionized water. Three different eppendorf tubes containing 5 mL of the
Ca-NPs suspensions and other 3 with Zn-NPs were stored at 37 ◦C. After 12 h, suspensions were
centrifuged and the particles separated from the supernatant; 5 mL of each supernatant was analyzed
for calcium and zinc concentration. NPs were washed and 5 mL of fresh deionized water was used
to resuspend the NPs at 10 mg/mL until the next supernatant collection. Seven different time points
were tested: 12 h, 24 h, 48 h, 7 d, 14 d, 21 d and 28 d. Supernatans were stored at −20 ◦C until testing.
Calcium and zinc concentrations were analyzed through an inductively coupled plasma (ICP) optical
emission spectrometer (ICP-OES Optima 8300, Perkin-Elmer, MA, USA) [23].

4. Bacteria: P. gingivalis 33,277, S. mutans 700,610, S. sobrinus 33,478, S. gordonii 10,558 and L. lactis
12,315 were obtained from ATCC (Bethesda, MD, USA). The anaerobic organism, Pg was grown
in Tryptic Soy broth (TSB) supplemented with yeast extract (5 g/L), Hemin (5 mg/L), Menadione
(1 mg/L), for 72 h. Strict anaerobic conditions were employed, Thermo Scientific Oxoid AnaeroGen
(Thermo Fisher Scientific, Waltham, MA, USA) was used in an anaerobic jar, which provides 7–15%
CO2 and <0.1% O2. The remaining test bacteria were grown in TSB for 24 h at 37 ◦C. The bacterial cells
were harvested by centrifugation and re-suspended in the same growth media. The number of bacteria
per mL was determined by measuring the optical density at 600 nm and adjusting it to a standard
bacterial suspension of 1 × 107 CFU/mL [46].

5. MTT assay: The NPs were suspended in PBS at three different concentrations (10 mg/mL,
1 mg/mL and 0.1 mg/mL). NPs were placed into Eppendorf tubes with bacterial broths
(1 × 107 CFU/mL for each 0.45 mL of NPs suspensions) and incubated for 3, 12 and 24 h at
37 ◦C. Sterile pipetting was used throughout the study. Susceptibility testing of P. gingivalis
was conducted in an anaerobic jar as described above. At the end of each incubation period,
the effect of the NPs on bacteria was evaluated by the ability of viable bacteria to cleave the
tetrazolium salt (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) (MTT) to a formazan
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dye (Sigma-Aldrich, Darmstadt, Germany). 96-well flat-bottom microtiter plates were used to place
the suspensions in. The plates were incubated for 4 h at 37 ◦C, after the MTT labeling agent addition
to each culture well. Then, the solubilizing agent that was provided by the manufacturer was added
and an overnight incubation at room temperature was performed. An enzyme-linked immunosorbent
assay (ELISA) reader (Spectrostar Nano, BMG Labtech, Cary, NC, USA) was employed, the purple
formazan color that was produced from the MTT by viable cells, was read (560 nm) [46]. Assays were
performed with three determinants, and experiments were performed in triplicate. Data expressed as
mean ± standard deviation were analyzed by one-way analysis of variance (ANOVA) and the post
hoc comparisons Scheffe’s F tests, at p < 0.05, using SPSS Statistic 20.
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Abstract: Resin matrix dental materials undergo contraction and expansion changes due to
polymerization and water absorption. Both phenomena deform resin-dentin bonding and influence
the stress state in restored tooth structure in two opposite directions. The study tested three composite
resin cements (Cement-It, NX3, Variolink Esthetic DC), three adhesive resin cements (Estecem,
Multilink Automix, Panavia 2.0), and seven self-adhesive resin cements (Breeze, Calibra Universal,
MaxCem Elite Chroma, Panavia SA Cement Plus, RelyX U200, SmartCem 2, and SpeedCEM Plus).
The stress generated at the restoration-tooth interface during water immersion was evaluated. The
shrinkage stress was measured immediately after curing and after 0.5 h, 24 h, 72 h, 96 h, 168 h, 240 h,
336 h, 504 h, 672 h, and 1344 h by means of photoelastic study. Water sorption and solubility were
also studied. All tested materials during polymerization generated shrinkage stress ranging from
4.8 MPa up to 15.1 MPa. The decrease in shrinkage strain (not less than 57%) was observed after
water storage (56 days). Self-adhesive cements, i.e., MaxCem Elite Chroma, SpeedCem Plus, Panavia
SA Plus, and Breeze exhibited high values of water expansion stress (from 0 up to almost 7 MPa).
Among other tested materials only composite resin cement Cement It and adhesive resin cement
Panavia 2.0 showed water expansion stress (1.6 and 4.8, respectively). The changes in stress value
(decrease in contraction stress or built up of hydroscopic expansion) in time were material-dependent.

Keywords: resin cements; shrinkage stress; water sorption; hydroscopic expansion;
photoelastic investigation

1. Introduction

Resin composite cements have been widely used with ceramic, resin, or metal alloy-based
prosthodontic restorations [1]. The cementation technique used in adhesive dentistry is one of the major
factors, which exerts influence on the clinical success of indirect restorative procedures. Cement is
used to bond tooth and restoration simultaneously creating a barrier against microbial leakage [2]. The
universal cement that can be applied in all indirect restorative procedures has not been introduced into
the market yet. Therefore, clinicians should understand the influence of applied material properties
and preparation design on the clinical performance of the restoration [3].

Materials 2018, 11, 973; doi:10.3390/ma11060973 www.mdpi.com/journal/materials158
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The composition of resin composite cements is almost the same as of resin composites [4]. Resin
cements mainly consist of various methacrylate resins and inorganic fillers which are often coated
with organic silanes to provide adhesion between the filler and the matrix. These materials often
include bonding agents to promote the adhesion between resin cement and tooth structure. Main
monomers are, i.e., hydroxyethyl methacrylate (HEMA), 4-methacryloyloxyethy trimellitate anhydride
(4-MET), carboxylic acid, and organophospate 10-methacryloxydecyl dihydrogen phosphate (10-MDP)
(Figure 1). The acidic group bonds calcium ions in the tooth structure [5,6].

Figure 1. Monomers used as bonding agents in resin cements.

Resin composite cements are used in combination with adhesive systems. This procedure
aims at creating micro-mechanical retention to both enamel and dentin. The material may also
form a strong adhesion to an adequately-treated surface of the composite, ceramic, and metallic
restorations [7]. Taking into account the surface preparation before the cementation process, resin
cements can be divided into: (1) composite resin cement (used with total-etch adhesive systems);
(2) adhesive resin cement (used with separate self-etching adhesive systems); and (3) self-adhesive
resin cement (containing a self-adhesive system) [1].

The application of resin matrix-based cements is time-consuming and susceptible to manipulation
errors [8]. The self-adhesive resin cements are proposed to simplify the restoration procedure. These
materials bond dentin in one step without any surface conditioning or pre-treatment (priming) [9,10].

All currently available resin-based materials exhibit polymerization shrinkage. Moreover, resin
cements are generally applied as a thin layer, particularly when used to lute posts, inlays, and crowns.
In the aforementioned clinical cases, the cavity design has a high C-factor (high number of bonded
surfaces and a low number of un-bonded surfaces) [11]. Additionally, low-viscosity composites
exhibit a relatively high shrinkage amounting up to 6% (comparable to resin cements) [12,13]. These
factors may generate sufficient stress resulting in debonding of the luting material, thereby increasing
microleakage [14]. Nevertheless, there is little data on the stress generated by these materials. The
sorption characteristic of resin-based dental cements has been extensively evaluated [15–17]. However,
the analysis of the influence of water sorption on the change in contraction stress is inadequate. The
purpose of this study was to evaluate the development of the stress state, i.e., the contraction stress
generated during photopolymerization and hydroscopic expansion within different types of resin
cements which undergo water ageing by means of photoelastic analysis.

2. Materials and Methods

The composition of investigated resin cements and bonding systems is presented in Tables 1
and 2.
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Table 2. The curing time of bonding systems.

Bonding system Manufacturer Curing Time (s) Bonding System Dedicated to

Bond-1 C&B
Primer/Adhesive

Jeneric Pentrton
(Wallingford, CT, USA) 10 Cement It, Breeze

Clearfil SE bond Kuraray (Osaka, Japan) 10 Panavia 2.0, Panavia SA
Cement Plus

Easy Bond 3M ESPE (St. Paul,
MN, USA) 10 RelyX U200

Estelink Tokuyam Dental
(Taitou, Japan) 10 Estecem

Monobond Plus Ivoclar Vivadent
(Ellwangen, Germany) 10 Variolink Esthetic DC, Multilink

Automix, SpeedCEM Plus

OptiBond XRT Kerr (Orange, CA, USA) 10 NX3, MaxCem Elite Chroma

Prime&Bond Elect
Universal

Dentsply Sirona (York,
PA, USA) 10 SmartCem 2, Calibra Universal

2.1. Absorbency Dynamic Study

Absorbency dynamic was determined by means of procedure as described by Bociong et al. [18].
The samples were prepared according to ISO 4049 [19]. Curing time was consistent with the
manufacturer’s instructions (Table 2).

In order to characterize absorbency dynamic, the cylindrical samples with dimensions of 15 mm
in diameter and of 1 mm in width were prepared. The tested materials were applied in one layer and
cured with LED light lamp (Mini L.E.D., Acteon, Mérignac Cedex, France) in nine zones partially
overlapping each other with direct contact of optical fiber with the material surface. Exposure time
was applied according to the manufacturer’s instructions (Table 1).

Five samples were prepared for each tested cement. The samples’ weight was determined
(RADWAG AS 160/C/2, Poland) immediately after preparation and then for 30 consecutive days,
and after 1344 h (56 days) and 2016 h (84 days). The absorbency was calculated according to the
Equation (1) [20]:

A =
mi − m0

m0
·100% (1)

where A is the absorbency of water, m0 is the mass of the sample in dry condition, and mi is the mass
of the sample after storage in water for a specified (i) period of time.

2.2. Water Sorption and Solubility

Water sorption and solubility were investigated according to ISO 4049 [19]. The detailed procedure
of tests has been described extensively in the previously published literature [18,21]. Curing time was
consistent with the manufacturer’s instructions (Table 1).

Water sorption and solubility were calculated according to following equations:

Wsp =
m2 − m3

V
(2)

Wsl =
m1 − m3

V
(3)

where: Wsp is the water sorption, Wsl is the water solubility, m1 is the initial constant mass (μg), m2 is
the mass after seven days of water immersion (μg), m3 is the final constant mass (μg), V is the specimen
volume (mm3).
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2.3. Photoelastic Study

Photoelastic analysis allows for quantitative measurement and visualization of stress
concentration that develops during photopolymerization or water sorption of resin composites [22,23].
The modified method enables analysis of the relationship between water sorption and the change of
stress state (contraction or expansion) of resin materials. This test was described extensively in our
previous articles [18,24]. Photoelastically-sensitive plates of epoxy resin (Epidian 53, Organika-Sarzyna
SA, Nowa Sarzyna, Poland) were used in this study. Calibrated orifices of 3 mm in diameter and of
4 mm in depth were prepared in resin plates in order to mimic an average tooth cavity. The generated
strains in the plates were visualized in circular transmission polariscope FL200 (Gunt, Barsbüttel,
Germany) and photoelastic strain calculations were based on the Timoshenko equation [25].

3. Results

3.1. Absorbency Dynamic Study

Water absorbency and contraction stress mean values were presented in Figures 2–14. The water
immersion resulted in an increase in weight of all tested materials. The water sorption (wt%) increased
for Breeze up to three times. The lowest value of absorbency after 2016 h (84 days) was observed for
Variolink Esthetic DC.

3.2. Water Sorption and Solubility

Mean values of water sorption and solubility were presented in Table 3. Maxcem Elite Chroma
and Breeze exhibited the highest, while Estecem showed the lowest values of water sorption.

Table 3. Stress state before and after 2016 h (84 days) of water immersion, contraction stress drop,
absorbency, and solubility of tested materials.

Material
Stress State (MPa) Contraction Stress

Drop (%)
Sorption
(μg/mm3)

Solubility
(μg/mm3)

0.5 h 2016 h

Cement It 10.9 ± 2.2 −1.6 ± 0.4 115 * 27.8 ± 0.8 1.9 ± 0.4
NX3 6.3 ± 0.1 1.6 ± 0.1 79 23.8 ± 0.6 3.7 ± 1.2

Variolink Esthetic 10.9 ± 0.4 4.7 ± 0.1 57 22.4 ± 0.8 10.0 ± 2.0

Estecem 6.8 ± 0.9 1.6 ± 0.2 76 12.5 ± 2.2 4.6 ± 1.9
Multilink Automix 12.5 ± 0.4 2.1 ± 0.9 83 25.3 ± 1.5 2.2 ± 0.8

Panavia 2.0 5.3 ± 1.8 −4.8 ± 0.4 191 * 33,9 ± 1.7 11.1 ± 1.0

Breeze 7.8 ± 1.6 −6.3 ± 1.6 180 * 47.7 ± 3.1 3.1 ± 0.5
Calibra Universal 11.1 ± 0.7 0.0 ± 0.8 100 30.9 ± 1.5 5.0 ± 2.6

MaxCem Elite Chroma 10.4 ± 0.9 −6.3 ± 0.3 160 * 50.4 ± 1.3 8.5 ± 1.3
Panavia SA Plus 4.8 ± 0.4 −1.6 ± 0.2 133 * 26.4 ± 1.3 1.7 ± 0.4

RelyX U200 13.5 ± 0.8 2.6 ± 0.9 81 29.6 ± 1.3 0.4 ± 0.2
SmartCem 2 15.1 ± 0.9 1.6 ± 0.9 89 33.0 ± 0.9 4.9 ± 1.2

SpeedCEM Plus 11.9 ± 1.1 −1.6 ± 0.4 113 * 28.2 ± 0.5 2.5 ± 0.4

* represents materials with over-compensated polymerization stress due to water expansion.

3.3. Photoelastic Study

All materials exhibited shrinkage and the associated contraction stress during hardening process.
The significant reduction in contraction stress was observed due to hygroscopic expansion of cements
(Figures 2–16). Water ageing of six cements resulted in additional stress characterized by the opposite
direction of forces. The investigated materials exhibited various contraction stress values.
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Figure 2. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Cement It.
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Figure 3. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of NX3.
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Figure 4. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Variolink Esthetic DC.
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Figure 5. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Estecem.
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Figure 6. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Multilink Automix.
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Figure 7. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Panavia 2.0.
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Figure 8. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Breeze.
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Figure 9. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Calibra Universal.

0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8

-8
-6
-4
-2
0
2
4
6
8

10
12

0 500 1000 1500 2000

ab
so

rb
en

cy
 [w

t. 
%

]

st
re

ss
 s

ta
te

 [M
Pa

]

time [h]
stress state

absorbency

Figure 10. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Maxcem Elite Chroma.
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Figure 11. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Panavia SA Plus.
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Figure 12. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of Rely U200.
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Figure 13. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of SmartCem 2.
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Figure 14. The influence of water sorption (2016 h water ageing) on the absorbency and contraction
stress generated during the photopolymerization of SpeedCEM Plus.
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Figure 15. Isochromes in an epoxy plate around Maxcem Elite Chroma restoration before and after
water storage; 0.5–2016 h.
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Figure 16. Isochromes in an epoxy plate around NX3 restoration before and after water storage;
0.5–2016 h.
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The lowest contraction stress from tested materials exhibited Panavia SA Plus. The contraction
stress decreased from 4.8 up to 0.0 MPa after 504 h (21 days) of water conditioning (Figure 11). Further
water ageing resulted in additional stress: after 2016 h (84 days) stress level increased up to −1.6 MPa
(Figure 11).

The highest contraction stress was observed for SmartCem 2 amounting up to 15.1 MPa. The
contraction stress of SmartCem 2 after 2016 h (84 days) of water storage reduced up to 1.6 MPa
(Figure 13).

4. Discussion

High configuration factor (C-factor) and the low viscosity of resin cements may generate relatively
high contraction stress. This stress may cause debonding of the luting material, thereby increasing
microleakage [14]. Our previous study (using an epoxy resin plate) [18,24], demonstrated that the
photoelastic method can be used to evaluate the effect of water sorption on stress reduction at the
tooth-restoration interface. This method shows that the contraction stress of dental resins may be
partially relieved by the water uptake [18]. However, the in-depth analysis of the shrinkage stress
values in various resin cement materials after water ageing is also highly demanded.

The overall results showed the development of the initial stress in the compressive direction
during photopolymerization. The composition of resin cements affected the sorption and solubility
processes which, in turn, exerted influence on the hygroscopic expansion and plasticization. Thus, the
compensatory effect was composition-dependent [26]. This study confirmed the lower water sorption
for composite resin cements as compared with self-adhesive resin cements that underwent water
ageing. The presence of hydroxyl, carboxyl, and phosphate groups in monomers made them more
hydrophilic and, supposedly, more prone to water sorption [27].

Variolink Esthetic DC and NX3 do not contain adhesive monomers. In the present study they
exhibited sorption similar to composite materials [18]. Variolink Esthetic DC showed a high solubility
value and the lowest decrease in contraction stress (of about 70%). The water immersion of resin
materials might result in dissolving and leaching of some components (unreacted monomers or fillers)
out of the material [28]. Variolink Esthetic DC contains a modified polymer matrix and nanofiller. The
lowest contraction stress might result from a small hydrolysis and plasticization effect of the modified
resin matrix.

Cement It is a composite resin cement which, in comparison with NX3 and Variolink Esthetic DC,
showed higher values of water sorption and its total value of stress changes was 12.5 MPa. This could
be explained by the composition of the polymer matrix containing bis-GMA and HDDMA. These
monomers showed comparable characteristics: high water sorption values [29,30], similar polymer
networks, and susceptibility to hydrolysis [31].

The four tested materials did not meet the requirements of ISO 4049, as they showed sorption
values above 40 μg/mm3 (Breeze and MaxCem Elite Chroma) or the solubility value above 7.5 μg/mm3

(Variolink Esthetic DC and Panavia 2.0). The differences in water absorption of the polymer network
depending on monomer type were reported. The highest water sorption was observed for MaxCem
Elite Chroma (Figure 15). This material consists of HEMA and GDM that have one of the highest
hydrophilicities among dental resins. HEMA was shown to induce water sorption, leading to the
expansion of the polymer matrix [32]. Resin-modified glass-ionomer cements (RMGICs) absorbed
more water due to hydroxyethyl methacrylate content, present in the hydrogel form in the polymerized
matrices [33]. HEMA might be present either as a separate component or a grafted component into
the structure of the polyacrylic acid backbone. The polymerized matrices of these materials were very
hydrophilic and might include an interpenetrating network of poly(HEMA), copolymers of grafted
HEMA, and polyacid salts that were more prone to water uptake [34]. Park et al. [35] showed that GDM
exhibited the highest water sorption in comparison to bis-GMA, HEMA, EGDM, DEGDM, TEGDMA,
GDM, and GTM. In the present study, the decrease in contraction stress after 2016 h (84 days) of water
immersion varied significantly between tested materials. Figures 2–16 showed that the expansion
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dynamics also differed substantially. All studied materials exhibited contraction stress relief during
water immersion. The value of stress decreased up to 0 MPa in different times depending on the
material and its composition.

To sum up, the phenomenon of hydroscopic expansion after compensation of contraction stress
should be emphasized more and evaluated. Such over-compensation could lead to internal expansion
stress [36]. Hygroscopic stress could result in micro-cracks or even cusp fractures in the restored
tooth [37], poorer mechanical properties [38,39], hydrolytic degradation of bonds particularly at the
resin–filler interface [40], polymer plasticization leading to hardness reduction and glass transition
temperature [40], and impaired wear resistance [41]. Excessive water sorption is not desired as it
causes an outward movement of residual monomers and ions due to material solubility. Furthermore,
water sorption might generate peeling stress in bonded layers of polymers that may cause serious
clinical consequences [42], which may occur especially when prosthetic restorations are adhesively
cemented [42].

The present study demonstrated that self-adhesive cements, i.e., Maxcem Elite Chroma, Speed
Cem Plus, Cement It, Panavia SA Plus, Breeze, and Panavia 2.0 exhibited high stress values due to water
expansion (from 0 up to almost 7 MPa). Water expansion stress of Maxcem Elite Chroma and Breeze
amounted to up to ~6–7 MPa which could be associated with their composition, particularly with acidic
monomer 4-MET in Breeze and HEMA, and GDM and tetramethylbutyl hydroperoxide in Maxcem
Elite Chroma. The monomers, mentioned above, were responsible for water uptake and stress built-up
associated with hydroscopic expansion [35]. According to the literature such high stress values were
not desirable. Huang et al. [33] found that a giomer material exhibited extensive hygroscopic expansion
(due to osmotic effect) enabling enclosing glass cylinders to crack after two weeks of immersion in
water. Cusp fracture in endodontically-treated teeth was attributed to hygroscopic expansion of a
temporary filling material [33], while cracks in all-ceramic crowns were associated with hygroscopic
expansion of compomer and resin-modified glassionomer materials used as core build-up and/or
luting cements [33]. Three-year clinical performance study also suggested hygroscopic expansion as a
possible cause of cusp fracture in 19% of teeth restored with an ion-releasing composite [43].

Thus, the positive influence of water sorption on contraction stress relief in the case of luting
cements, particularly self-adhesive materials, should be considered carefully. Shrinkage occurred
within seconds, but water sorption took days and weeks. The rate of hygroscopic shear stress relief
depended on the resin volume and its accessibility to water [11]. The contraction stress relief rates
observed in luting resin cements could be much lower than in composite resin restorative materials.
The composite restorations usually have a relatively large surface exposed to water in comparison to
the overall surface of the luting material. As far as luting cements are concerned, the surface exposed
to oral fluids is extremely small, while the pathway is extremely long. The consequences (slower
compensation of contraction stress) might be less severe if water sorption is also possible from the
dentin (dentin exposed to oral environment) [26].

The precise effect of water absorption depends on many factors including not only the material
characteristics, the rate and amount of water absorbed, but also the mechanism of absorption [44].
Absorption leads to dimensional changes and has potentially important clinical implications. The
positive effect of water absorption on composite restorative materials can be described as the
mechanism for the compensation of polymerization shrinkage and the relaxation of stress. In clinical
conditions, water absorption may help in the closure of contraction gaps around composite filling
materials. It is worth emphasizing that the absorption can, in some cases, result in significant
hydroscopic expansion and, thus, be damaging to the resin material and bonded tooth structure.

5. Conclusions

Among all studied resin cements, self-adhesive cements exhibited the highest water sorption due
to acid monomer content, which affected the formation of hydroscopic expansion stress. The presence
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of this type of stress might pose a threat to prosthetic restorations. Therefore, there is still a need for
research that would precisely illustrate the generated stress in clinical conditions.

Tested resin cements generated differentiated contraction stress during photopolymerization. The
dynamic of hydroscopic compensation (resulting from water sorption) or over-compensation of the
contraction stress is also material characteristic-dependent.
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Łukomska-Szymańska, M. Influence of water sorption on the shrinkage stresses of dental composites.
J. Stomatol. 2016, 69, 412–419.

25. Timoshenko, S.; Goodier, J.N. Theory of Elasticity, 2nd ed.; McGraw-Hill: New York, NY, USA, 1951.
26. Feilzer, A.J.; de Gee, A.J.; Davidson, C.L. Relaxation of polymerization contraction shear stress by hygroscopic

expansion. J. Dent. Res. 1990, 69, 36–39. [CrossRef] [PubMed]
27. Santerre, J.P.; Shajii, L.; Leung, B.W. Relation of dental composite formulations to their degradation and

the release of hydrolyzed polymeric-resin-derived products. Crit. Rev. Oral Biol. Med. 2001, 12, 136–151.
[CrossRef] [PubMed]

28. Mahajan, R.P.; Shenoy, V.U.; MV, S.; Walzade, P.S. Comparative Evaluation of Solubilities of Two Nanohybrid
Composite Resins in Saliva Substitute and Distilled Water: An in vitro Study. J. Contemp. Dent. 2017, 7,
82–85.

29. Siswomihardjo, W.; Sunarintyas, S.; Matinlinna, J.P. The influence of resin matrix on the water sorption of
fiber-reinforced composites for DENTAL use. J. Eng. Appl. Sci. 2016, 11, 2678–2682.

30. Sideridou, I.; Tserki, V.; Papanastasiou, G. Study of water sorption, solubility and modulus of elasticity of
light-cured dimethacrylate-based dental resins. Biomaterials 2003, 24, 655–665. [CrossRef]

31. Ling, L.; Xu, X.; Choi, G.Y.; Billodeaux, D.; Guo, G.; Diwan, R.M. Novel F-releasing composite with improved
mechanical properties. J. Dent. Res. 2009, 88, 83–88. [CrossRef] [PubMed]

32. Malacarne, J.; Carvalho, R.M.; de Goes, M.F.; Svizero, N.; Pashley, D.H.; Tay, F.R.; Yiu, C.K.; de Oliveira
Carrilho, M.R. Water sorption/solubility of dental adhesive resins. Dent. Mater. 2006, 22, 973–980. [CrossRef]
[PubMed]

33. Huang, C.; Kei, L.; Wei, S.H.Y.; Cheung, G.S.P.; Tay, F.R.; Pashley, D.H. The influence of hygroscopic expansion
of resin-based restorative materials on artificial gap reduction. J. Adhes. Dent. 2002, 4, 61–71. [PubMed]

34. Wilson, A.D. Resin-modified glass-ionomer cements. Int. J. Prosthodont. 1990, 3, 425–429. [PubMed]
35. Park, J.; Eslick, J.; Ye, Q.; Misra, A.; Spencer, P. The influence of chemical structure on the properties in

methacrylate-based dentin adhesives. Dent. Mater. 2013, 31, 1713–1723. [CrossRef] [PubMed]
36. Wei, Y.J.; Silikas, N.; Zhang, Z.T.; Watts, D.C. Diffusion and concurrent solubility of self-adhering and new

resin–matrix composites during water sorption/desorption cycles. Dent. Mater. 2011, 21, 97–205. [CrossRef]
[PubMed]

37. Rüttermann, S.; Krüger, S.; Raab, W.H.M.; Janda, R. Polymerization shrinkage and hygroscopic expansion
of contemporary posterior resin-based filling materials—A comparative study. J. Dent. 2007, 35, 806–813.
[CrossRef] [PubMed]

38. Musanje, L.; Shu, M.; Darvell, B.W. Water sorption and mechanical behaviour of cosmetic direct restorative
materials in artificial saliva. Dent. Mater. 2001, 17, 394–401. [CrossRef]

39. Bastioli, C.; Romano, G.; Migliaresi, C. Water sorption and mechanical properties of dental composites.
Biomaterials 1990, 11, 219–223. [CrossRef]

40. Ferracane, J.L. Hygroscopic and hydrolytic effects in dental polymer networks. Dent. Mater. 2006, 22,
211–222. [CrossRef] [PubMed]

171



Materials 2018, 11, 973

41. Göhring, T.N.; Besek, M.J.; Schmidlin, P.R. Attritional wear and abrasive surface alterations of composite
resin materials in vitro. J. Dent. 2002, 30, 119–127. [CrossRef]

42. Kalachandra, S.; Turner, D.T. Water sorption of polymethacrylate networks: Bis-GMA/TEGDM copolymers.
J. Biomed. Mater. Res. 1987, 21, 329–338. [CrossRef] [PubMed]

43. Versluis, A.; Tantbirojn, D.; Lee, M.S.; Tu, L.S.; Delong, R. Can hygroscopic expansion compensate
polymerization shrinkage? Part I. Deformation of restored teeth. Dent. Mater. 2011, 27, 126–133. [CrossRef]
[PubMed]

44. McCabe, J.F.; Rusby, S. Water absorption, dimensional change and radial pressure in resin matrix dental
restorative materials. Biomaterials 2004, 25, 4001–4007. [CrossRef] [PubMed]

© 2018 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 (http://creativecommons.org/licenses/by/4.0/).

172



materials

Article

Effects of Three Calcium Silicate Cements on
Inflammatory Response and Mineralization-Inducing
Potentials in a Dog Pulpotomy Model

Chung-Min Kang 1,2,†, Jiwon Hwang 1,†, Je Seon Song 1,3, Jae-Ho Lee 1,3, Hyung-Jun Choi 1,3 and

Yooseok Shin 3,4,*

1 Department of Pediatric Dentistry, College of Dentistry, Yonsei University, Seoul, 03722, Korea;
zezu7@yuhs.ac (C.-M.K.); kntdent@naver.com (J.H.); songjs@yuhs.ac (J.S.S.); leejh@yuhs.ac (J.-H.L.);
choihj88@yuhs.ac (H.-J.C.)

2 Department of Pharmacology, College of Medicine, Yonsei University, Seoul 03722, Korea
3 Oral Science Research Center, College of Dentistry, Yonsei University, Seoul 03722, Korea
4 Department of Conservative Dentistry, College of Dentistry, Yonsei University, 50-1 Yonseiro,

Seodaemun-Gu, Seoul 03722, Korea
* Correspondence: densys@yuhs.ac; Tel.: +82-2-2228-3149; Fax: +82-2-313-7575
† These authors contributed equally to this work.

Received: 27 April 2018; Accepted: 25 May 2018; Published: 27 May 2018

Abstract: This beagle pulpotomy study compared the inflammatory response and mineralization-
inducing potential of three calcium silicate cements: ProRoot mineral trioxide aggregate (MTA)
(Dentsply, Tulsa, OK, USA), OrthoMTA (BioMTA, Seoul, Korea), and Endocem MTA (Maruchi,
Wonju, Korea). Exposed pulp tissues were capped with ProRoot MTA, OrthoMTA, or Endocem MTA.
After 8 weeks, we extracted the teeth, then performed hematoxylin-eosin and immunohistochemical
staining with osteocalcin and dentin sialoprotein. Histological evaluation comprised a scoring system
with eight broad categories and analysis of calcific barrier areas. We evaluated 44 teeth capped with
ProRoot MTA (n = 15), OrthoMTA (n = 18), or Endocem MTA (n = 11). Most ProRoot MTA specimens
formed continuous calcific barriers; these pulps contained inflammation-free palisading patterns
in the odontoblastic layer. Areas of the newly formed calcific barrier were greater with ProRoot
MTA than with Endocem MTA (p = 0.006). Although dentin sialoprotein was highly expressed
in all three groups, the osteocalcin expression was reduced in the OrthoMTA and Endocem MTA
groups. ProRoot MTA was superior to OrthoMTA and Endocem MTA in all histological analyses.
ProRoot MTA and OrthoMTA resulted in reduced pulpal inflammation and more complete calcific
barrier formation, whereas Endocem MTA caused a lower level of calcific barrier continuity with
tunnel defects.

Keywords: calcium silicate cements; pulpal response; mineralization; calcific barrier; inflammation;
odontoblastic layer

1. Introduction

Vital pulp therapy consists of apexogenesis, pulpotomy, pulpal debridement, indirect pulp
capping, and direct pulp capping [1]. The aim of these treatments includes maintenance of vitality
and preservation of the remaining pulp to enable adequate healing of the pulp-dentin complex [2,3].
These procedures offer a more conservative approach to root canal therapy for traumatic and cariously
exposed pulps [4,5]. ProRoot mineral trioxide aggregate (PMTA) (Dentsply, Tulsa, OK, USA) has been
recognized as an appropriate material for vital pulp therapy, and has provided higher clinical success
rates in a long-term study [6].
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Although PMTA possesses bioactive and antibacterial activities with high sealing properties [7–10],
it has some drawbacks such as a prolonged setting time, discoloration potential, and difficult
handling properties [11]. Recently, calcium silicate cement development has helped to overcome
these disadvantages in the search for bioactive dental materials. These include OrthoMTA (OMTA;
BioMTA) and Endocem MTA (EMTA; Maruchi, Wonju, Korea).

OMTA contains lower concentrations of heavy metals for greater biocompatibility [12] and has a
low expansion rate and a good sealing ability [13]. According to the manufacturer, OMTA prevents
microleakage by forming a layer of hydroxyapatite that acts as an interface between the material and
the canal wall [14]. Moreover, it has been reported to create a favorable environment for bacterial
entombment through intratubular mineralization [15]. Clinical studies reported that both PMTA
and OMTA had high success rates in pulpotomy and partial pulpotomy when used in primary and
permanent teeth [16,17]. However, OMTA showed lower biocompatibility compared with PMTA in
an in vitro study [18]. EMTA has been introduced as an MTA-derived pozzolan cement. EMTA has
a short setting time (around 4 min) without the addition of a chemical accelerator because it uses a
pozzolanic reaction [19]. It is convenient to handle based on its adequate consistency and washout
resistance [20]. Indeed, EMTA demonstrated good biocompatibility, osteogenicity, and odontogenic
effects similar to PMTA in an in vitro study [19].

Despite the increased use of various calcium silicate cements in vital pulp therapy, their effects after
pulpotomy in an in vivo animal model have not yet been investigated. In addition, most studies have
had short durations of approximately 4 weeks. Accordingly, the present study aimed to evaluate and
compare levels of calcific barrier formation, inflammation reaction, and hard tissue barrier formation
histologically following the application of PMTA, OMTA, and EMTA for 8 weeks in a beagle pulpotomy
model. The null hypothesis is that there is no significant difference in inflammatory response and
mineralization-inducing potentials among the three materials; both OMTA and EMTA have similar
biologic effects to PMTA.

2. Materials and Methods

2.1. Animal Model

The present study used a beagle dog pulpotomy model. The inclusion criteria were non-damaged
dentition and healthy periodontium. The teeth of two dogs were numbered and randomly divided
into three groups with a table of random sampling numbers; the three calcium silicate material groups
are shown in Table 1. We performed animal selection, control, the surgical operation, and preparation
as per the procedures approved by the Yonsei University Health System’s Institutional Animal Care
and Use Committee (certification #2013-0317-4). These experiments were performed in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Table 1. The chemical compositions of the calcium silicate cements tested in this study.

Materials Composition Setting Time

PMTA

Tricalcium silicate

Initial setting time: 78 min (±5 min)
Final setting time: 261 min (±21 min)

Tricalcium aluminate
Dicalcium silicate

Tetracalcium aluminoferrite
Gypsum

Free calcium oxide
Bismuth oxide

OMTA

Tricalcium silicate

Initial setting time: 180 min
Final setting time: 360 min (±21 min)

Dicalcium silicate
Tricalcium aluminate

Tetracalcium aluminoferrite
Free calcium oxide

Bismuth oxide
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Table 1. Cont.

Materials Composition Setting Time

EMTA

Calcium oxide

Initial setting time: 2 min (±30 s)
Final setting time: 4 min (±30 s)

Silicon dioxide
Bismuth oxide

Aluminum oxide
H2O/CO2

Magnesium oxide
Sulfur trioxide
Ferrous oxide

Titanium dioxide

PMTA, ProRoot MTA® (Dentsply Tulsa, OK, USA); OMTA, Ortho MTA® (BioMTA, Seoul, Korea); EMTA, Endocem
MTA® (Maruchi, Wonju, Korea).

2.2. Surgical Procedure

We performed all operations in a clean, sterilized room. We administered intravascular
injections of tiletamine/zolazepam (Zoletile® 5 mg/kg; Virbac Korea, Seoul, Korea) and xylazine
(Rompun® 0.2 mg/kg; Bayer Korea, Seoul, Korea), and used the inhalational anesthetic isoflurane
(Gerolan®, Choongwae Pharmaceutical, Seoul, Korea) for general anesthesia induction. To prevent
infection, we injected enfloxacin (5 mg/kg) subcutaneously immediately before and after the operation.
We administered amoxicillin clavulanate (12.5 mg/kg) orally for 5 to 7 days after the operation.

2.3. Pulpotomy Procedure

We used lidocaine hydrochloride (2%) with 1:100,000 epinephrine (Kwangmyung Pharmaceutical,
Seoul, Korea) for local anesthesia. After forming a cavity on the occlusal surface using a high-speed
carbide bur #330 (H7 314 008, Brasseler, Lemgo, Germany), we mechanically exposed the pulp. We
removed the crown of the pulp at the level of the cementoenamel junction and stopped bleeding by
injecting sterile saline and applying slight pressure with sterile cotton pellets. We applied the MTA to
the top of the cut pulp as per the manufacturer’s guidelines in each group. When we applied the MTA
to the pulp area, we used cotton balls soaked in saline. We performed the final cavity restoration using
the self-curing glass ionomer cement Ketac-Molar (3M ESPE; St. Paul, MN, USA). Eight weeks after
the operation, we euthanized the dogs by over-sedation.

2.4. Histological Analysis

We extracted the teeth with forceps and removed one-third of the root using a high-speed bur.
We fixed the specimens in 10% neutral-buffered formalin (Sigma-Aldrich, St. Louis, MO, USA) for 48 h,
and demineralized them in ethylenediaminetetraacetic acid (EDTA; pH 7.4; Fisher Scientific, Houston,
TX, USA) for 6 weeks before embedding them in paraffin. For each specimen, we created 3-μm
continuous sections in the buccolingual direction and stained them subsequently with hematoxylin
and eosin (HE). We used InnerView 2.0 software (InnerView Co., Seongnam-si, Gyeonggi-do, Korea) for
image analysis. Five observers blinded to the group allocations examined the specimens. We evaluated
the specimens for calcific barrier formation, dental pulp inflammation, and odontoblastic cell layer
formation with a scoring system reported in a previous study [21–23] (Table 2). We adopted the score
agreed upon by at least three of the five observers who were blinded to specimen grouping. In addition,
we measured the area of the newly formed hard tissue using ImageJ version 1.48 (National Institute of
Health, Bethesda, MD, USA).

2.5. Immunohistochemistry

For immunohistochemistry (IHC), we deparaffinized 3-μm cross-sections with xylene, rehydrated
them, and rinsed them with distilled water. For antigen retrieval, we used protease K (Dako North
America Inc., Carpinteria, CA, USA) for osteocalcin (OC) and dentin sialoprotein (DSP) staining.
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To activate endogenous peroxidase, we added 3% hydrogen peroxide, while preventing non-specific
binding by incubating sections in 5% bovine serum albumin (Sigma-Aldrich). Subsequently, we incubated
sections overnight with the following primary antibodies: anti-OC antibody (rabbit polyclonal, Ab109112,
1:10,000; Abcam, Cambridge, UK) or anti-DSP antibody (rabbit polyclonal, sc-33586, 1:500; Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Subsequently, we applied EnVision + System-Horseradish
peroxidase (HRP)-Labeled Polymer anti-rabbit (K4003, Dako) for 20 min. After developing color using
the labeled streptavidin biotin kit (Dako) as per the manufacturer’s guidelines, we counterstained the
sections with Gill’s hematoxylin (Sigma-Aldrich).

Table 2. Scores used during the histological analysis of calcific barriers and dental pulp.

Scores Calcific Barrier Continuity

1 Complete calcific barrier formation

2
Partial/incomplete calcific barrier formation extending to more than one-half of the exposure site but

not completely closing the exposure site
3 Initial calcific barrier formation extending to no more than one-half of the exposure site
4 No calcific barrier formation

Scores Calcific barrier morphology
1 Dentin or dentin-associated with irregular hard tissue
2 Only irregular hard tissue deposition
3 Only a thin layer of hard tissue deposition
4 No hard tissue deposition

Scores Tubules in calcific barrier
1 No tubules present
2 Mild (tubules present in less than 30% of the calcific barrier)
3 Moderate to severe (tubules present in more than 30% of the calcific barrier)
4 No hard tissue deposition

Scores Inflammation intensity
1 Absent or very few inflammatory cells
2 Mild (an average of <10 inflammatory cells)
3 Moderate (an average of 10–25 inflammatory cells)
4 Severe (an average >25 inflammatory cells)

Scores Inflammation extensity
1 Absent
2 Mild (inflammatory cells next to the dentin bridge or area of pulp exposure only)
3 Moderate (inflammatory cells observed in one-third or more of the coronal pulp or in the mid pulp)
4 Severe (all of the coronal pulp is infiltrated or necrotic)

Scores Inflammation type
1 No inflammation
2 Chronic inflammation
3 Acute and chronic inflammation
4 Acute inflammation

Scores Dental pulp congestion
1 No congestion
2 Mild (enlarged blood vessels next to the dentin bridge or area of pulp exposure only)
3 Moderate (enlarged blood vessels observed in one-third or more of the coronal pulp or in the mid pulp)
4 Severe (all of the coronal pulp is infiltrated with blood cells)

Scores Odontoblastic cell layer
1 Complete palisading cell pattern
2 Partial/incomplete palisading cell pattern
3 Presence of odontoblast-like cells only
4 Absent

2.6. Statistical Analysis

We performed statistical analyses using SPSS version 23 software (SPSS, Chicago, IL, USA).
To analyze the area of the newly formed calcific barrier, we applied a one-way analysis of variance
(ANOVA) (significance at p < 0.05) and the post hoc Scheffé test (Bonferroni correction; p < 0.017).
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3. Results

The present study used two male beagle dogs aged 18–24 months that weighed approximately
12 kg. We selected 60 teeth from the two dogs. Among the 60 teeth, we excluded five teeth from the
PMTA group, two from the OMTA group, and nine from the EMTA group that failed during tooth
removal or specimen production; we evaluated only 44 specimens in the final analysis. Eventually,
we analyzed the PMTA (n = 15), OMTA (n = 18), and EMTA (n = 11) specimens histologically.

3.1. Calcific Barrier Formation

Most specimens in the PMTA group formed a complete calcific barrier, while some in the
OMTA and EMTA groups produced a partially discontinuous calcific barrier (Figure 1 and Table 3).
We observed no calcific barrier in only one specimen from the EMTA group (Figure 2B). In addition,
the PMTA group produced hard tissue most similar to the dentin, while we observed a partially
irregular or thinly formed calcific layer in the OMTA and EMTA groups. Although three groups
contained calcific barriers with low tubule formation (Figure 2D), moderate to severe tubule formation
in calcific barrier was found in an OMTA specimen (Figure 2C). We compared the areas of the formed
calcific barriers; the calcific barrier in the PMTA group was the widest, followed by those in the OMTA
and EMTA groups. There was a statistically significant difference between the PMTA and EMTA
groups (p = 0.006; Figure 3E). When the calcific barriers were standardized with coronal pulpal width
according to tooth type, PMTA also had a significantly higher area than EMTA (p = 0.0114; Figure 3F).

 

Figure 1. Hematoxylin-eosin staining for the evaluation of the histomorphologic characteristics of
the newly formed calcific barrier (CB) after 8 weeks. Most PMTA and OMTA specimens formed
continuous CBs and the pulps contained palisading patterns in the odontoblastic layer that were free
from inflammation. However, EMTA specimens showed less favorable odontoblastic layer formation
((A–C): scale bars = 250 μm, (D–F): scale bars = 50 μm).
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Table 3. Score percentages for calcific barriers.

Groups
Calcific Barrier Continuity (%)

1 2 3 4

PMTA 100 (15/15) * - - -
OMTA 66.67 (12/18) 16.67 (3/18) 16.67 (3/18) -
EMTA 45.45 (5/11) 18.18 (2/11) 27.27 (3/11) 9.09 (1/11)

Groups
Calcific Barrier Morphology (%)

1 2 3 4

PMTA 86.67 (13/15) 13.33 (2/15) - -
OMTA 38.89 (7/18) 27.78 (5/18) 33.33 (6/18) -
EMTA 45.45 (5/11) 18.18 (2/11) 27.27 (3/11) 9.09 (1/11)

Groups
Tubules in Calcific Barrier (%)

1 2 3 4

PMTA 60 (9/15) 33.33 (5/15) 6.67 (1/15) -
OMTA 61.11 (11/18) 27.78 (5/18) 11.11 (2/18) -
EMTA 63.64 (7/11) 18.18 (2/11) 9.09 (1/11) 9.09 (1/11)

PMTA, ProRoot MTA®; OMTA, Ortho MTA®; EMTA, Endocem MTA®. * (number of teeth receiving the score/total
number of teeth evaluated).

 

Figure 2. (A) An example of a pulpotomy procedure. The site of pulpotomy (yellow arrow) was
an upper part of the calcific barrier (red arrow). MTA was filled in the pulp exposure area, but the
material is not visible due to partial loss during specimen processing (blue arrow); (B) An EMTA
specimen without a calcific barrier (yellow arrow). This corresponds to score 4 in the calcific barrier
continuity category; (C) Moderate to severe tubule formation in calcific barrier of an OMTA specimen
(red arrow); (D) A PMTA specimen with complete calcific barrier formation and no tubule in barrier
(red arrow). It also has complete palisading cell pattern in odontoblastic cell layer (yellow arrow);
(E) An EMTA specimen with absent odontoblastic cell layer under calcific barrier. This corresponds to
score 4 in the odontoblastic cell layer category; (F–H) Inflammatory cells that are observed in coronal
and middle pulps.
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Figure 3. The area of the newly formed calcific barrier for each material after 8 weeks. (A) The
distributions of tooth types among the three test groups; (B) An example measuring coronal pulpal
width and calcific barrier thickness; Although the thickness of the calcific barriers did not vary according
to tooth type (C); the width of the coronal pulp differed by tooth type (p = 0.0126) (D). Thus, the area of
the calcific barrier was calculated by dividing by the horizontal width of the coronal pulp. The bars
represent the mean ± the standard deviation; (E) In the PMTA group, the calcific barrier is widest,
followed by those in the OMTA and EMTA groups. There is a statistically significant difference between
the PMTA and EMTA groups (p = 0.006); (F) When the calcific barriers were standardized by coronal
pulpal width, PMTA also had a significantly higher area than EMTA (p = 0.0114). We performed
statistical analyses with a one-way ANOVA and the post hoc Scheffé test. The number of specimens is
n = 15 in the PMTA group, n = 18 in the OMTA group, and n = 11 in the EMTA group.

3.2. Pulpal Reaction

We observed mononuclear inflammatory cells in 26.67% of the specimens from the PMTA group,
44.44% from the OMTA group, and 63.64% from the EMTA group (Table 4). When we compared the
extent of inflammation among the groups, inflammation was mild or almost absent in the PMTA and
OMTA groups. In 9% of the EMTA specimens, we observed inflammatory cells in one-third or more of
the coronal pulp or middle pulp. While there was almost no acute inflammation in any group, a few
cases demonstrated chronic inflammation exclusively. The pulpal congestion reaction was mild in
the PMTA group and most severe in the EMTA group. We observed no pulpal congestion above the
moderate level in any of the three groups.
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Table 4. Score percentages for inflammatory responses.

Groups
Inflammation Intensity (%)

1 2 3 4

PMTA 73.33 (11/15) * 26.67 (4/15) - -
OMTA 55.56 (10/18) 44.44 (8/18) - -
EMTA 36.36 (4/11) 63.64 (7/11) - -

Groups
Inflammation Extensity (%)

1 2 3 4

PMTA 73.33 (11/15) 26.67 (4/15) - -
OMTA 55.56 (10/18) 44.44 (8/18) - -
EMTA 36.36 (4/11) 54.55 (6/11) 9.09 (1/11) -

Groups
Inflammation Type (%)

1 2 3 4

PMTA 73.33 (11/15) 26.67 (4/15) - -
OMTA 55.56 (10/18) 44.44 (8/18) - -
EMTA 36.36 (4/11) 63.64 (7/11) - -

Groups
Dental Pulp Congestion (%)

1 2 3 4

PMTA 40 (6/15) 53.33 (8/15) 6.67 (1/15) -
OMTA 27.78 (5/18) 61.11 (11/18) 11.11 (2/18) -
EMTA 18.18 (2/11) 63.64 (7/11) 18.18 (2/11) -

* (number of teeth receiving the score/total number of teeth evaluated).

3.3. Odontoblastic Cell Layer

In the PMTA group, a complete palisading cell pattern was visible in 60% of the specimens, with
26.67% showing Partial/incomplete palisading cell pattern (Table 5). The OMTA and EMTA groups
showed less favorable results compared with the PMTA group: all OMTA specimens showed an
odontoblastic cell layer. In contrast, approximately 9.09% of the EMTA group specimens showed no
odontoblastic cell layer.

Table 5. Score percentages for the odontoblastic cell layer.

Groups
Odontoblastic Cell Layer (%)

1 2 3 4

PMTA 60 (9/15) * 26.67 (4/15) 13.33 (4/15) -
OMTA 33.33 (6/18) 50 (9/18) 16.67 (3/18) -
EMTA 45.45 (5/11) 18.18 (2/11) 27.27 (3/11) 9.09 (1/11)

* (number of teeth receiving the score/total number of teeth evaluated).

3.4. Immunohistochemistry

DSP and OC staining indicated hard tissue formation in all three groups. The DSP was highly
expressed in all three groups, which indicated odontogenic differential potential (Figure 4A–F).
Although OC was also expressed in all three groups, its expression was relatively less in the EMTA
group (Figure 4G–L).
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Figure 4. Immunohistochemical staining of dentin sialoprotein (DSP) and osteocalcin (OC). The DSP is
highly expressed in all three groups. Although OC is expressed most clearly in odontoblast-like cells in
the PMTA group, its expression was reduced in the EMTA group. Yellow arrows indicate cells with a
positive signal. ((A–C,G–I): scale bars = 150 μm; (D–F,J–L): scale bars = 50 μm).

4. Discussion

Many attempts have been made to improve the clinical application of MTA by modifying
chemical components or adding a setting accelerator; however, it is important to note that changes in
MTA components may cause adverse effects with respect to physical and biological properties [24].
We recommend that in vivo studies explore the pulpal response when using MTA for vital pulp
therapy. We recently reported the pulpal responses to pulpotomy with RetroMTA, TheraCal (Bisco Inc.,
Schamburg, IL, USA), and PMTA [22], and compared the biological efficacies of Endocem Zr (Maruchi,
Wonju, Korea) and PMTA at 4 weeks in an in vivo study [23]. We performed this study to compare
and evaluate the pulpal response associated with PMTA, OMTA, and EMTA over 8 weeks in a beagle
dog pulpotomy model. To our knowledge, this is the first study to examine the biological response
from OMTA compared with those from EMTA and PMTA simultaneously in an in vivo model.

Overall, both PMTA and OMTA showed favorable pulpal reactions and formed an almost
complete calcific barrier. EMTA induced a slightly greater inflammatory reaction than the other
two MTAs and had a lower amount of calcific barrier formation with tunnel defects. These results
suggested that EMTA had relatively less biocompatibility than PMTA or OMTA. In addition, PMTA
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and OMTA formed favorable palisading patterns in odontoblast cells, which demonstrate that these
materials had stronger odontogenic differentiation potential.

We suggest several reasons for the low biocompatibility of EMTA observed in this study.
A study reported that EMTA resulted in lower cell viability than PMTA immediately after mixing
because of its high pH and the heat from the cement surface [25]. This initial cytotoxic effect might
contribute to denaturation of adjacent cells [26]. EMTA was also known to express a lower level
of osteopontin, a specific bone mineralization marker, compared with other MTAs [27]. Reduced
osteopontin production could be a result of lower hard tissue formation. However, these results
were not in accordance with the results of a previous in vitro study, which reported that OMTA was
significantly more cytotoxic than PMTA and EMTA [27]. The difference may result from interactions
with living cells; chemical reactions in the dentin-MTA interfacial layer might have caused the
differences in results between the in vivo and in vitro study models. In addition, while PMTA and
OMTA exhibit similar components, EMTA contains different chemicals, such as small particles of
pozzolan. A pozzolan is a siliceous and aluminous material that reacts chemically with calcium
hydroxide to form calcium silicate hydrate in the presence of water [28]. Unlike the initially high
pH levels after mixing, EMTA showed a significantly lower pH value than PMTA and OMTA [29].
A previous study found that an acidic environment adversely affected the physical properties and
hydration behavior of MTA [30]. We recommend further study because EMTA had inferior cell viability
and a low pH level after setting, but was not significantly different from the other two MTAs.

Despite the small number of reports regarding OMTA and EMTA, various in vivo and clinical
studies have demonstrated successful formation of calcific barriers in vital pulp therapy with
PMTA [16,17,22,23,31,32]. It is still controversial whether calcific barrier formation at the interface
between the pulp and material indicates the success of the treatment. Therefore, to judge the efficacy
of different MTAs, it is important to analyze the presence or absence of inflammation (the type
and severity) and the continuity, structure, and tubule formation of the formed calcific barrier [33].
This study interpreted the calcific barrier as a sign of healing and a positive reaction to stimulation.
In the three MTA groups, the calcific barrier interfaces had columnar cells projecting into the bridge
with polarized nuclei, which indicates the formation of odontoblast cells and reparative dentin
synthesis. This study also confirmed odontogenic properties with IHC by using OC and DSP. OC is a
specific marker of the late odontoblastic development pathway and DSP is a marker of odontoblast
regulation in reparative dentin mineralization [34]. In regards to several molecular mechanisms,
in vitro studies with PMTA showed continuously increasing transcription of mRNA for DSP [35].
Further, upregulation of OC mRNA confirmed the odontoblastic pathway of cell differentiation,
indicating that cells enter a quiescent phase in another calcium silicate cement, Biodentine [36]. IHC
revealed that PMTA had the potential to induce greater odontoblastic differentiation than OMTA or
EMTA. In the analysis of the mean calcific barrier areas, the areas of newly formed calcific barrier were
significantly greater in the PMTA group than in the EMTA group. When comparing the area of newly
formed calcific barrier in this study statistically, the size of the pulp would be different according to
the type of tooth. Although we tried to distribute the tooth types evenly among the experimental
groups, we excluded some specimens during tooth removal and specimen production, especially in
the EMTA group. Further, the PMTA was regarded as a positive control, but there was no negative
control group in this experiment. We recommend further study with a larger sample and the inclusion
of a negative control.

In the present study, we evaluated the pulpal response in pulpotomy model for a period of
8 weeks. Other studies used the same time interval [37,38]. In one study, osteodentin matrix formation
occurred during the first 2 weeks; after 3 weeks, a complete layer of reparative dentin was formed
at the capping site [39]. Another study reported the presence of a calcified bridge in all specimens at
5 weeks after capping with MTA [34]. Notably, we designed the study to compare pulpal responses in
a previous study with a shorter time interval (4 weeks) to determine whether there was any difference
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in response, compared with an 8-week interval. At 8 weeks, hard tissue formation at the exposure site
was thicker with less inflammation than in our previous in vivo study at 4 weeks [22,23].

The results of the animal model may not correspond with those of human teeth. A complete
hard tissue barrier appeared 1 week after pulp capping in canine teeth [33], whereas the initiation of
hard tissue formation has been reported to start as early as 2 weeks after pulp capping in humans [40].
Most studies reported that it took 30 to 42 days to form a hard tissue barrier in humans [41,42].
In addition, we performed the evaluation of the pulpal response on healthy, intact teeth from dogs.
Therefore, these results do not necessarily reflect the effects of newly developed MTAs on inflamed
pulps. We advise clinicians to place a wet cotton pellet over the MTA in the first visit, followed by
replacement with a permanent restoration at the second visit. In this experiment under G/A, the long
setting time of PMTA and OMTA was a limitation. Accordingly, careful consideration is necessary
when adapting these results to clinical situations.

In conclusion, the results of the present in vivo study demonstrated that PMTA and OMTA had
favorable outcomes when used as pulpotomy materials. Both materials showed biocompatibility
and induced high-quality calcific barrier formation at the interface with the pulp tissue. However,
EMTA has appropriate characteristics and clinical advantages of a shorter setting time and no tooth
discoloration. Regarding the application of these results on pulpotomy in healthy canine pulps with
no inflammation, we recommend further clinical studies using human teeth for an evaluation of the
biological efficacy of these materials.
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Abstract: Photocatalysts have multiple applications in air purifiers, paints, and self-cleaning coatings
for medical devices such as catheters, as well as in the elimination of xenobiotics. In this study,
a coating of a UV-responsive photocatalyst, titanium dioxide (TiO2), was applied to an orthodontic
resin. The antibacterial activity on oral bacteria as well as hydrophilic properties and mechanical
properties of the TiO2-coated resin were investigated. ultraviolet A (UVA) (352 nm) light was used as
the light source. Antibacterial activity was examined with or without irradiation. Measurements of
early colonizers and cariogenic bacterial count, i.e., colony forming units (CFU), were performed after
irradiation for different time durations. Hydrophilic properties were evaluated by water contact angle
measurements. While, for the assessment of mechanical properties, flexural strength was measured
by the three-point bending test. In the coat(+)light(+) samples the CFU were markedly decreased
compared to the control samples. Water contact angle of the coat(+)light(+) samples was decreased
after irradiation. The flexural strength of the specimen irradiated for long time showed a higher
value than the required standard value, indicating that the effect of irradiation was weak. We suggest
that coating with the ultraviolet responsive photocatalyst TiO2 is useful for the development of
orthodontic resin with antimicrobial properties.

Keywords: orthodontic resin; photocatalyst TiO2; antibacterial; cariogenic; early colonizer; hydrophilic
properties; irradiation

1. Introduction

Maintenance of good oral hygiene after an active orthodontic treatment is one of the most
important procedures. In general, after an active orthodontic treatment, moved teeth and jawbone
are retained by acrylic resin based retainer [1]. The retainer is typically used for at least two years.
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The longer the retainer is used, the more unhygienic it becomes. Gradually, micro-organisms colonize
on the surfaces of retainers, just as on dentures, and they often cause stomatitis, dental caries,
periodontal disease, chronic atrophic or candidiasis [2–11]. Porosities on the outer and inner surfaces
of retainer also provide favorable conditions for microbial colonization [12]. Therefore, prevention of
micro-organism colonization is essential for the maintenance of good oral hygiene and prevention of
oral diseases.

Management of oral biofilm is important to maintain a good oral status. Common oral diseases,
dental caries and periodontitis, are caused by an imbalance between biofilms and host defenses [13].
The initial process in the oral biofilm formation starts with pellicle, covering the tooth surface within
a few minutes after mechanical cleaning. The pellicle plays a major role in the development and
maintenance of bacterial communities. Then, the complex bacterial communities develop on the
pellicle within a few days, and their components can be divided into two categories—early colonizers,
and late colonizers [14]. Early colonizers that directly adhere to the pellicles are predominantly
streptococci [15]. Streptococci constitute 60% to 90% of the bacteria that colonize on the teeth in the first
4 h after professional cleaning [16]. These species are mainly Gram-positive and have minor pathogenic
effects on periodontal tissue. Late colonizers, such as Fusobacterium nucleatum, Porphyromonas gingivalis,
Tannerella forsythia, Treponema denticola, and Aggregatibacter actinomycetemcomitans tend to be more
pathogenic than the early colonizers. The late colonizers alone cannot form a biofilm on the tooth
surface, but they form a biofilm by their parasitical adherence to the early colonizers [14].

In the formation of a biofilm it is inevitable that colonizing bacteria primarily adhere to the
surface of the retainer [17]. Therefore, it is critical to prevent the bacteria from adhering to the
retainers. As the orthodontic acrylic resin and denture base acrylic resin have similar requirements
for clinical use (ISO 20795), the results for the denture base resin are also applicable for orthodontic
acrylic resin. Various approaches have been employed for the prevention of microbial biofilms.
These include dental disinfection, denture cleaner, mixing resin with antibacterial agents, and coating
resin with antiseptic [6,18–32]. However, the biofilms are resistant to antibacterial and antifungals
agents [33,34]. Moreover, a long-term use of denture cleanser corrodes metals such as clasps [35,36].
Denture cleanser affects the color stability of the denture base acrylic resin [37]. Mechanical cleaning
with the adjunctive use of antimicrobial solutions is helpful in reducing biofilm growth or preventing
its formation. However, such approaches rely primarily on a patient’s compliance, and may be
compromised in pediatric, geriatric, and handicapped individuals. Silver nanoparticles impregnated
in acrylic resin make the appliance antibacterial, but releasing silver nanoparticles from the resin is
a limiting factor [24,25,27,31]. Incorporating fluorine and silver ions into resin elutes antimicrobials
but it is available only for the first few weeks [27]. Moreover, elution of antimicrobial agents may
result in deterioration of the mechanical properties of the retainer over time. This reduction renders
the appliance more susceptible to fracture, due to its low resistance to impact, low flexural strength,
or low fatigue strength [38]. Hence, novel and alternative methods to prevent the micro-organism
colonization are required.

Application of a photocatalyst is one of the effective and safe approaches to remove biofilm
from the dentures or retainer [39,40]. Photocatalyst reaction is defined as a photocatalyst promoted
reaction on a solid surface, usually a semiconductor [41]. Titanium dioxide (TiO2) is the most
studied photocatalyst [39,41–50]. TiO2 is biocompatible, nontoxic, and inexpensive. TiO2 generates
reactive oxygen species (ROSs) upon ultraviolet A (UVA) irradiation, and its strong oxidative power
decomposes micro-organisms and organic materials [33,42–44,46,50]. Further, the photocatalyst
reaction can obtain superhydrophilic properties by UV irradiation, and superhydrophilicity prevents
dirt accumulation on the device.

The purpose of the present study was to test the clinical applications TiO2 coated orthodontic
resin based retainer. To this end, we investigated the antibacterial effects as well as mechanical,
and hydrophilic properties of acrylic based orthodontic resin coated with the photocatalyst TiO2 after
irradiation with UVA. Thus, we determined its clinical suitability for use as an orthodontic retainer
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material. First, we examined the effect of the orthodontic resin coated with TiO2 on bacteria for
various irradiation durations. Further, we investigated the antimicrobial effect against early colonizers,
the bacteria which are first attached to the appliances. The effects on S. mutans and S. sobrinus, which
are the most well-known cariogenic bacteria, were investigated. Second, mechanical properties of the
orthodontic resin are evaluated by irradiating for about 2 years, which is the recommended usage
period of the orthodontic retainer. Third, the hydrophilic properties were investigated as one of the
photocatalytic effects. Acquiring hydrophilic properties by decreasing the contact angle could lead to
the prevention of bacterial adhesion and a self-cleaning function.

2. Materials and Methods

Autopolymerizable orthodontic acrylic resin (Ortho Crystal, Nissin Co., Tokyo, Japan), which consisted
of a liquid component and a powder component, was used for this study. In the following sections,
autopolymerizable orthodontic acrylic resin are referred to as ‘resin’.

2.1. Sample Preparation

According to the manufacturer’s instructions, a powder-to-liquid ratio of 10 g:4.5 mL was used.
Powder and liquid components were mixed under vibration for homogenization and removal of
the trapped air. The slurry was poured into an aluminum open mold and pressed using a pair
of glass plates to fabricate the specimens of different dimensions: 50 mm × 50 mm × 3.0 mm
(n = 60), 50 mm × 50 mm × 3.0 mm (n = 20), and 64 mm × 10 mm × 3.5 mm (n = 35) for
the antibacterial properties tests, photoinduced hydrophilic tests, and mechanical properties tests,
respectively. The slurry resin was immediately transferred in the polymerization equipment for a dental
technique at 40 ◦C (manufacturer’s recommendation: 30–40 ◦C), and 0.25 MPa for 30 min to enhance
curing (Fit Resin Multicure, Shofu Inc., Kyoto, Japan). Following preparation, each specimen was kept
at room temperature in water for 12 h to eliminate the residual monomer. All test specimens were
gradually grinded with waterproof polishing paper, having a grain size of approximately 30 μm (P500),
18 μm (P1000), and 15 μm (P1200). The specimens were then divided into four test groups for the
assessment of the antibacterial properties and water contact angle measurement of base resin coated
with thin film of photocatalytic TiO2. Uncoated resin and non-lighted resin were used as control
groups for their respective experimental group.

A spin-coating methods was used to apply ultraviolet-light-responsive photocatalytic titanium
dioxide (UV-TiO2) to the surface of the materials. The surface modification of the specimen with
commercialized photocatalytic TiO2 (NRC 350A and 360C, Nippon Soda Co., Ltd., Tokyo, Japan) was
carried out by a sol-gel thin film spin-coating method according to the manufacturer’s instructions.
NRC 350A was coated to the surface of the materials. After coating, they were dried in a desiccator
under 30 ◦C for 48 h. Then NRC 360Cwas coated, and dried in a desiccator in the same way.
After the coating, the surface conditions of the materials were observed by a scanning electron
microscope (SEM; JSM-5600LV, JEOL, Tokyo, Japan) at an accelerating voltage of 15 kV. Specimens were
sputter-coated with Au prior to the SEM observations.

We covered samples with a glass to prevent drying, and irradiation was carried out from above.
UVA from a black light source (wavelength: 352 nm, FL15BLB, Toshiba Co., Tokyo, Japan) was selected
as the light source for catalytic excitation. The irradiation was performed at a distance of 10 cm
(1.0 mW/cm2 under the glass).

2.2. Bacterial Strains

Streptococcus mutans ATCC 25175 (S. mutans), Streptococcus sobrinus ATCC33478 (S. sobrinus),
Streptococcus gordonii ATCC 10558 (S. gordonii), Streptococcus oralis ATCC 35037 (S. oralis ATCC),
Streptococcus oralis GTC 276 (S. oralis GTC), Streptococcus sanguinis ATCC 10556 (S. sanguinis),
and Streptococcus mitis MRS 08-31 (S. mitis) were used in this study. S. mutans and S. sobrinus
are cariogenic bacteria. S. gordonii, S. oralis ATCC, S. oralis GTC, S. sanguinis, and S. mitis are
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the early colonizers. These bacterial species were inoculated into 4 mL of Tryptic Soy (TS) broth
(Becton, Dickinson and Company, Sparks, MD, USA) and were cultured aerobically at 37 ◦C for 16 h.
They were harvested by centrifugation at 3000× rpm for 15 min and then suspended with phosphate
buffered saline (PBS) resulting in an optical density at 540 nm (OD540 equal to 1.0).

2.3. Antibacterial Test

A micro-organism suspension (500 μL) adjusted to OD540 = 1.0 was dropped directly on the surface
of the coated and non-coated specimen on ice, and UV irradiation was performed for 0, 15, 30, 60, 90, 120,
150, and 180 min. After irradiation, each bacterial cell pellet was suspended in 1 mL PBS and subjected to
serial 10-fold dilutions in PBS. The dilutions of each bacteria were inoculated on MS agar (Difico Mitis
Salivarius Agar (semi-selective medium for streptococci); BD Biosciences, Flanklin Lakes, NJ, USA) in
petri dishes with spiral plating equipment (Eddy Jet, IUL SA, Barcelona, Spain), and petri dishes were
incubated under anaerobic conditions in an AnaeroPack-Anaero box (AnaeroPack System, Mitsubishi Gas
Chemical Co., Inc., Tokyo, Japan) at 37 ◦C for 48 h. The number of colonies was counted in accordance
with the spiral plater instruction manual. Each measurement was repeated three times.

2.4. Bending Test

The rectangular plates (64 mm × 10 mm × 3.5 mm) were immersed in distilled water at 37 ◦C for 0,
200, 400, 600, 800, 1000, 1200 h under UVA irradiation from a distance of 10 cm. The three-point bending
test was conducted using a universal testing machine (EZ Test 500 N, Shimadzu Co., Kyoto, Japan) at
a crosshead speed of 5 mm/min and a span length of 50.0 mm (n = 5). Then, load-displacement curves
were plotted to measure bending strength, elastic modulus, and toughness. The test was conducted
according to ISO20795-2 standard.

2.5. Water Contact Angle Measurement

The rectangular plates (50 mm× 50 mm× 3.0 mm) were prepared as indicated above and spin-coated
with 125 μL of the experimental coating materials on each sample. The water contact angles were
measured using a contact angle device (FTA125, First Ten Ångstroms, Portsmouth, VA, USA) at 25 ◦C.
For surface analysis of the hydrophilic characteristics, 3.5 μL of deionized water (Milli-Q Plus system,
Japan Millipore, Tokyo, Japan) was dropped on the surface, and video images were taken. Video images
were automatically inputted to an attached computer in which the contact angles were measured using
an image analysis program (FTA32 video, First Ten Ångstroms). Water contact angles were measured
every 30 min for a period of 20 s at 25 ◦C.

2.6. Statistical Analysis

Antibacterial effects were analyzed by three factors: TiO2 coating, presence of UVA, and irradiated
time (n = 3). The significance of differences in the antibacterial effects was examined using three-way
ANOVA or two-way ANOVA. Mechanical properties were examined using one-way ANOVA,
with irradiated time included as a factor (n = 5). Tukey’s HSD test was then used to determine
the positions of significance. All statistical analyses were performed using IBM SPSS Statistics version
22.0 (IBM, Tokyo, Japan). A significance level of p < 0.05 was used.

3. Results

Antibacterial Test

The antimicrobial activity of the resin coated with TiO2 was examined by bacterial count of the early
colonizers and cariogenic bacteria under UV irradiation. Figure 1 shows the antibacterial activity of the
TiO2-coated resin surfaces against S. gordonii ATCC 10558, and S. oralis ATCC 35037 after irradiation.
The coat(−)light(−) group was used as control group. The coat(+)light(−) group showed no significant
differences compared with the control group. Hence, there was no effect with the coat alone. We also
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examined the activity with UV alone. Coat(−)light(+) induced a significant reduction in the number
of colony. The number of S. gordonii was reduced from 1.6 × 107 colony-forming units/mL (CFU/mL)
to 1.6 × 106 CFU/mL (after 120 min of UV irradiation), and that of S. oralis ATCC was reduced from
6.5 × 105 CFU/mL to 3.1 × 104 CFU/mL (after 90 min of UV irradiation). Consequently, about 90%,
95% colonies of S. gordonii and S. oralis ATCC were not formed on the coated plates upon irradiation
(Figure 1A,B). On the other hand, coat(+)light(+) group showed a significant reduction in the CFU.
The number of S. gordonii was reduced from 1.6 × 107 CFU/mL to 2.7 × 104 CFU/mL (after 120 min of
UV irradiation) and that of S. oralis ATCC from 6.5 × 105 CFU/mL to 5.2 × 103 CFU/mL (after 90 min of
UV irradiation). Thus, about 99.9% or more colonies of both S. gordonii and S. oralis ATCC were not formed
on the coated plates upon irradiation (Figure 1A,B). Hence, coat(+)light(+) group showed a hundred times
higher antibacterial effect, when compared with coat(−)light(+).

  
(A) (B) 

Figure 1. Antibacterial effects of TiO2 photocatalysis against (A) Streptococcus gordonii; (B) Streptococcus
oralis ATCC. coat(+)light(+): experiment group containing powdered TiO2 with irradiation.

coat(−)light(−): control group without both TiO2 and irradiation. coat(+)light(−): experiment
group in the presence of powdered TiO2 without irradiation. coat(−)light(−): experiment group
without TiO2, but with irradiation.

Compared with the TiO2-noncoated samples, TiO2-coated samples showed a rapid decrease in
the level of CFU of Streptococcus gordonii, particularly in the early stages (90 min and 120 min) of
irradiation. Therefore, other strains were also examined at 90 and 120 min (Figure 2A,B). The cell
viability on each sample before UV irradiation was set as 100%. The coat(+)light(+) clearly showed
a great reduction in the cell viability. Cell viability was reduced to 0.2% for S. sobrinus, 0.9% for S. oralis
GTC, 5.4% for S. mutans, and 9.9% for S. sanguinis. Clearly, the coat(+)light(+) samples exhibited
the best antimicrobial performance in all microbes after 90 min UV irradiation. Similar results were
observed even after 120 min of irradiation.
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(A) 

 

 
(B) 

Figure 2. Antibacterial effects on various specimens of Streptococcus sobrinus, Streptococcus oralis GTC,
Streptococcus mutans, and Streptococcus sanguinis at (A) 90 min, and (B) 120 min of ultraviolet A
(UVA) irradiation.

Table 1 shows explanatory variables related to bacterial counts by three way ANOVA.
The coefficients of bacterial counts in light(+) and interaction of light(+) and coat(+) were all negative.
The coefficients of light(+) for S. oralis and S. sobrinus were higher than those by interaction of light(+)
and coat(+). In contrast, the coefficients of light(+) of S. gordonii, S. mutans, and S. sanguinis were higher
than those by interaction of light(+) and coat(+). The coefficient of both light(+) and interaction of
light(+) and coat(+) of S. mutans was the highest in all the bacteria. The coefficient for irradiation time of
120 min were significantly different in all bacterial species. In all the bacteria, the coefficient of coat(+)
was almost 0. On the other hand, the coefficient of light(+) and interaction of light(+) and coat(+) were
statistically significant. These results indicated that the antibacterial effect of the photocatalyst was
exerted by UVA irradiation. It also showed differences in susceptibility of oral bacteria to UVA.
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SEM was used to observe the cross section of coating; cross sectional photographs are shown in
Figure 3.

Figure 3. Scanning electron microscopy of cross sectional photographs of the TiO2 coating.

The Flexural strength (Fs) and flexural modulus (Fm) of resin plates after UV irradiation are
shown in Figure 4A,B, respectively. There was no difference between the irradiated test pieces, and all
irradiated specimens fulfilled the requirements of the ISO 20795-2:2010 standard for Fs testing after
1200 h of UV irradiation (>65 MPa) (Figure 4A).

In the same way, all irradiated TiO2-coated specimens fulfilled the requirements of the ISO
20795-2:2010 standard for Fm testing after 1200 h of UV irradiation (>2000 MPa) (Figure 4B).

  
(A) (b) 

Figure 4. Flexural strength (A) and Flexural modulus (B) of the TiO2-coated resin plates upon
UV irradiation.

Figure 5A shows the water contact angle for TiO2-noncoated groups and TiO2-coated groups.
Figure 5B shows the images illustrating the wettability of water on TiO2-coated specimens or
TiO2-noncoated specimens after 120 min of UV irradiation.

The water contact angle of TiO2-coated specimen was very small from the start of experiment,
compared to that of TiO2-noncoated and it gradually decreased with time.
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(A) 

  
(B) 

Figure 5. (A) Water contact angle of the resin plates with TiO2-coating upon UV irradiation for 0, 30, 60,
and 120 min. (B) Image shows contact angle of a water droplet on non-coated (left) and TiO2-coated
resin plate (right) after 120 min of UV irradiation.

4. Discussion

This study demonstrates the antibacterial effects of TiO2-coating on S. mutans, S. sobrinus, and early
colonizers upon UVA irradiation. When TiO2-coating and UVA were used together, a significant
reduction in the microbial count was observed. In a previous study, TiO2 coated orthodontic arch
wires showed the photocatalytic antibacterial effects on S. mutans, and its reduction rate was more
than 99.99% by bacterial count after 1 h irradiation [51]. Also, a tissue conditioner containing a TiO2

photocatalyst decreased bacterial counts for Escherichia coli (about 90%), Staphylococcus aureus (>99.99%),
and S. mutans (about 90%) after 2 h of irradiation [52]. Moreover, the photocatalytic antibacterial
effects of metal specimens coated with two crystalline forms of TiO2 by thermal and anodic oxidation
decreased bacterial counts for S. mutans (about 90%) after 60 min irradiation [43]. Furthermore,
titanium disks coated with anatase-rich titanium dioxide (TiO2) reduced amount of viable cells of
S. oralis by 40% after 24 h UVA exposure [53]. Interestingly, anodized titanium (AO) decreased survival
ratio of S. sanguinis (70%) upon 2 h of UV irradiation [50]. Also, after 20 min of UV exposure to TiO2

surfaces, viabilities of S. mutans were reduced by 65% [54]. There were a few reports on S. gordonii and
S. sobrinus. Finally, our results showed the bacterial count reduction rate of S. gordonii (>90%) (Figure 1),
S. mutans (87%), S. sobrinus (>99%), S. oralis (98%), S. sanguinis (90%), and S. mitis (>99%) (Figure 2)
after 90 min irradiation. The reduction rates of S. oralis, and S. sanguinis were better than those of past
study [50,53]. The reduction rate of S. mutans was similar as previous studies [43,52–54]. However,
a greater reduction rates of bacteria than those in our study were reported [51]. Although factors that
contribute to the difference in the reduction rate are unknown, this may be due to the difference in the
components of the photocatalyst used. This may also be due to the difference in the surface properties
of the coating. Similar to the previous reports, the photocatalytic reaction induced a relatively mild
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decrease in the bacterial counts after the first 20 min of irradiation and showed a rapid decrease upon
subsequent irradiation (Figure 1A) [55]. There is a difference in reaction by bacteria, but only upon
irradiation for at least 90 min. Also, compared to conventional cleaning methods, cleaning is facilitated
by coating TiO2. This may lead to improvement in patient’s compliance, reduced cost for equipment
cleaning, and prevention of unpleasant odors.

UVA irradiation alone showed a decrease in bacterial counts. Furthermore, the photocatalytic
activities of TiO2 coating decreased significantly in bacterial counts of S. gordonii, S. oralis ATCC 35037
(Figure 1), S. sobrinus, S. mutans, S. oralis GTC, S. sanguinis, and S. mitis (Figure 2). When uncoated
resins were irradiated with UVA light, all the bacteria reduced in counts. These reductions in the
light(+)coat(−) groups were expected outcomes and followed a similar trend as a previous study,
which reported that the viability of S. mutans decreased significantly after 60 min of UVA irradiation
as compared to the control which was not irradiated [43]. The decrease may be associated with the
cell-damaging effect of UVA. Coat(+)light(+) group showed a higher antibacterial effect, as compared
to the coat(−)light(+) group. The difference of antibacterial effect between these group was explained
in the Table 1.

The primary step in photocatalytic decomposition consists of hydroxyl radical attack on the
bacterial cell wall [48]. This leads to increased permeability which allows radicals to reach and damage
the cytoplasmic membrane causing lipid peroxidation and thereby causing membrane disorder [48].
The antibacterial effect of TiO2 is associated to this disorder of cytoplasmic membrane [48,56].
We propose that the observed bacterial type-dependent variation in the antimicrobial effects may be
due to differential effects of hydroxyl radicals on distinct bacterium species [57,58]. The antibacterial
effect of the TiO2 coating for various organisms is determined primarily by the complexity and density
of the cell walls, as well as by the types of micro-organisms [59].

In this study, we observed that UVA irradiation has antibacterial effect. In cariogenic bacteria,
S. mutans was more resistant to UVA than S. sobrinus. This may be because of the higher GC content of
S. sobrinus than S. mutans. It has been proposed that species with genomes exhibiting a high GC content
are more susceptible to UV-induced mutagenesis [60]. Also, our results showed that the coefficients
for S. sanguinis and S. gordonii in light(+) treatment were low. Consistently, it has been demonstrated
that S. sanguinis and S. gordonii have higher resistance to H2O2 [61].

In all bacteria, S. mutans was the most resistant to UVA. Conversely, S. sobrinus and S. oralis were
highly susceptible to UVA. Several factors may contribute to the cause of these variable responses to
UVA among species. For instance, the production of various ROSs involved in inducing UV damage
may vary among species. In addition, the method of defending and repairing DNA damage differs
among bacteria [61–63]. Also, the oxidative damage to biomolecules and counteracting protective
mechanisms underlie the variability in UVA sensitivity among different bacterial species [64]. However,
the reason of higher sensitivity of S. oralis and S. sobrinus to UV irradiation is unknown (Table 1).
Further experiments are needed to understand the mechanistic basis for the variable susceptibility of
oral bacteria to UVA.

In general, orthodontic patients are young, and oral care is a major problem for these patients.
S. mutans and S. sobrinus are the most harmful cariogenic bacteria and TiO2 coating have shown to be
effective against them.

Bacteria form biofilms on the surface of the device. During biofilm formation, adherent bacteria
produce a polymer matrix in which the community becomes embedded and biofilm bacteria are
notoriously resistant to antimicrobial substances [65]. Once they are established on the exposed
surface of a dental device, removal of biofilms can be extremely difficult. Effective methodology
for cleaning of dental device is not well established. Application of photocatalyst is considered
one of the potential strategy to overcome these problems. Therefore, further study is necessary for
understanding the effects of TiO2 on various organisms not only in vitro conditions but also in vivo
and intraoral conditions.
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With regard to flexural strength, there was no significant difference in bending strength even
after irradiation for a long time. UV irradiated specimens fulfilled the requirements of the ISO 20795-2
standard for Fs testing (Figure 4A). Similarly, regarding strength modulus, there was no difference in
bending strength even after irradiation for a long time (Figure 4B). These data imply that the resin can
withstand irradiation for a long time to ensure a long-term clinical use of orthodontics. Even when
irradiating for about 2 years, which is the recommended use period of the retainer, the durability was
satisfactory. It was shown that clinical application is achievable.

Moreover, TiO2-coating improved the hydrophilic properties of the surface of the denture base
acrylic resin (Figure 5A,B). A previous study reported that the water contact angle of surfaces in
TiO2-coated resin was 68.1 ± 3.4 degrees [66]. However, TiO2-coating makes the resin surface more
hydrophilic, with a water contact angle of 25.4 ± 2.1 degrees (Figure 5). It has been reported that TiO2

coating applied to acrylic resin inhibits the adhesion of S. sanguinis and C. albicans organisms [67,68].
In this study, enhancement in the hydrophilic properties of acrylic resin based orthodontic resin surface
suppresses the adhesion of early colonizer, the subsequent adhesion of other microbes, which could
reduce the total number of microbes adhering to orthodontic resin. Suppression of early colonizer
could reduce further bacterial adhesion thereby reducing the risk of systemic disease. Moreover,
improvement in the hydrophilic properties of orthodontic resin surface can suppress adhesion of other
dirt such as food debris. Even without irradiation, the coat(+) group showed higher hydrophilicity
making it easier to remove dirt.

We would like to establish the novel home care method for orthodontic retainer, with use of
TiO2-coating and UV irradiation. As one of the clinical applications, patients place the retainer
under the UV lamp and they can also easily clean it at home. This cleaning methods is very simple.
In addition, cleaning up the device can be carried out by a professional at the time of visit to the
clinic. Our method can be applied not only to a retainer but also to other orthodontic appliances
(expansion plate, functional orthodontic appliance), as well as to denture base and occlusal splint.

One of the important aspect of our method is biocompatibility. It has been reported that in
animals the TiO2-coated resin has no irritation to the oral mucosa, nor does it cause skin sensitization.
Any elution of components from the coating has no deleterious effects on the tissues [69].

Overall, we demonstrate that the TiO2-coated resin exposed to UVA irradiation shows great
reduction of microbial counts when compared with uncoated and coated without UVA-exposed
samples. In addition, the durability of the specimen showed a higher value than the required
standard value, indicating that the effect of irradiation was small. In conclusion, the results of
this preliminary study suggest that the antibacterial effect of TiO2-coated resin can be beneficial in
long-lasting orthodontic treatments.

5. Conclusions

The antimicrobial activity of the resin coated with TiO2 was examined by bacterial count of the
early colonizers and cariogenic bacteria under UV irradiation. The results of present study suggest
that coating with the ultraviolet responsive photocatalyst TiO2 is useful for antimicrobial properties of
removable orthodontic resin based retainer.
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In the published article, “Properties of Experimental Dental Composites Containing Antibacterial
Silver-Releasing Filler” [1], we found two editing errors. The Vickers hardness was calculated according
to equation 7 of reference [1], but HV should be in the place of E in reference [1]:

HV =
1.8544 × F

d2 (7)

Moreover, F was the load in kgf, not in N, as it was previously described in reference [1].
We also found an editing error in Figure 6 of reference [1]. The axis should be described as

“Vickers microhardness, kgf/mm2”, not “Vickers microhardness, MPa”.

 
Figure 6. Mean Vickers microhardness values with standard deviations; different lowercase letters
show significantly different results at the p < 0.05 level.
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The changes do not affect the results. The values were correct. We apologize for the inconvenience
this has caused and we would like to thank the editorial office for publishing the correction.
The manuscript will be updated and the original will remain online on the article webpage, with a
reference to this Correction.
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