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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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