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Abstract: Controlling the oral microbial flora is putatively thought to prevent not only oral diseases,
but also systemic diseases caused by oral diseases. This study establishes the antibacterial effect of the
novel bioactive substance “S-PRG filler” on oral bacteria. We examined the state of oxidative stress
caused by the six types of ions released in eluate from the S-PRG filler in oral bacterial cells. Moreover,
we investigated the effects of these ions on the growth and pathogenicity of Gram-positive and Gram-
negative bacteria. We found that the released ions affected SOD amount and hydrogen peroxide in
bacterial cells insinuating oxidative stress occurrence. In bacterial culture, growth inhibition was
observed depending on the ion concentration in the medium. Additionally, released ions suppressed
Streptococcus mutans adhesion to hydroxyapatite, S. oralis neuraminidase activity, and Porphyromonas
gingivalis hemagglutination and gingipain activity in a concentration-dependent manner. From these
results, it was suggested that the ions released from the S-PRG filler may suppress the growth and
pathogenicity of the oral bacterial flora. This bioactive material is potentially useful to prevent the
onset of diseases inside and outside of the oral cavity, which in turn may have possible applications
for oral care and QOL improvement.

Keywords: oral bacteria; S-PRG filler; oxidative stress; pathogenicity

1. Introduction

There are many interacting microorganisms in the oral cavity that form the oral
microbiota while resisting the host’s immune system [1]. However, once this balance is lost
for some reason, it leads to the onset of oral diseases, such as dental caries and periodontal
disease [2,3]. In recent years, diseases that develop in the oral cavity are considered to
contribute not only to the oral cavity, but also to the development of various systemic
diseases [4–6], such as diabetes [7] cardiovascular diseases [8], respiratory diseases [9], and
Alzheimer’s disease [10]. From this background, control of the oral microbiota (which is
also the source of the onset of oral diseases) leads not only to the prevention of oral diseases
but also to general health.

The main causes of oral disease development are the formation of bacterial masses
attached to the oral tissue, especially the surface of the teeth (called dental plaque or dental
biofilm) [11], and the subsequent changes in the bacterial plexus and increased bacterial
counts associated to it [12–14]. It is most important to suppress plaque formation and
maturation in order to prevent onset. Tooth brushing is the most effective way to remove
plaque, however it cannot be completely removed by brushing alone. In order to enhance
the plaque removal effect, drugs that show various auxiliary effects are used. Nevertheless,
as chemotherapeutic agents and disinfectants are often used as the components, there
are concerns about the development of resistant bacteria and damage to various tissues
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in the oral cavity due to long-term use [15,16]. Therefore, there are many reports of
new ingredients being used, such as natural antibacterial ingredients, which have been
reported as ingredients that cause less damage to the host and can be used for a long time
period [17–20].

Surface pre-reacted glass ionomer (S-PRG) is a new material that releases six types of
ions (BO3

3−, Na+, Al3+, SiO3
2−, Sr2+, and F−) and is a new bioactive material that can be

used repeatedly by charging the ions again, even after the release of ions is completed [21].
The effects of this ingredient are: (1) strengthening tooth structure, (2) suppressing tooth
demineralization, (3) buffering capacity against oral acid, (4) suppressing plaque adhesion
to resin surface, and (5) beneficial effects on living cells, which have been confirmed [22–24].
Currently, S-PRG fillers have already been tested for clinical use by being incorporated into
adhesive systems, temporary cements, and orthodontic resins [25–27]. Surprisingly, there
are few reports that comprehensively examine the antibacterial action against oral bacteria.

In this study, we report on the oxidative stress, stunting, and virulence factor inhibitory
effect of the ionic components released from this material on oral bacteria. From these
results, the effect of S-PRG as a bioactive substance on oral care was highlighted, and the
possibility of preventing not only oral diseases, but also systemic diseases related to oral
diseases, was examined.

2. Results
2.1. SPE Induces Oxidative Stress

To measure SPE filler eluate (ionized water released from S-PRG filler; SPE)-related
oxidative stress induction, we measured the amount of superoxide dismutase (SOD) and
hydrogen peroxide; both are indicators of intracellular oxidative stress [28]. Levels in
Streptococcus mutans, S. oralis, and Porphyromonas gingivalis. S. mutans ATCC25175 and
S. oralis ATCC6249 were used as representatives of Gram-positive and facultative anaerobe
bacteria, whereas, P. gingivalis ATCC33277 was used as representative of Gram-negative
and obligate anaerobe bacterium. These bacteria are indigenous to the oral cavity. S. mutans
is a lactic acid-producing bacterium that is more involved in the onset of dental caries and
S. oralis is fast colonizers on oral tissues and a lactic acid-producing bacteria. P. gingivalis is
the most famous type of periodontal pathogen.

The amount of intracellular SOD increased in both S. mutans and S. oralis, depending
on the concentration of SPE added (Figure 1a,b). There was no significant difference in
the SOD level of P. gingivalis, however, it increased in a concentration-dependent manner
(Figure 1c). In contrast, S. mutans hydrogen peroxide levels decreased depending on the
concentration of SPE added, and it was considered that the damage of pro-oxidant was
small as the amount of hydrogen peroxide decreased. However, the extreme reduction in
hydrogen peroxide, which can likewise act as a classical intracellular signaling molecule
regulating kinase-driven pathways [29–31], has been speculated to possibly cause some
metabolic disorder. Both S. oralis and P. gingivalis hydrogen peroxide level increased
according to the added SPE concentration. (Figure 1d–f). Unlike S. mutan, S. oralis (α-
hemolytic bacterial species) has been reported to produce hydrogen peroxide [32,33], and
it could be speculated that it is resistant to hydrogen peroxide. In P. gingivalis, there was
no effect on SOD, only the pro-oxidant effect. This is considered potentially to indicate an
increase in intracellular oxidative stress without stimulating the anti-oxidant effect.

These results suggest that the induction of oxidative stress on each test bacterium is
different when the SPE dilution concentration is changed.
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Figure 1. SPE induces oxidative stress. SOD levels in tested bacteria is shown in (a–c) ((a): S. mutans ATCC25175, (b): S. oralis
ATCC6249, and (c): P. gingivalis ATCC33277) compared to test strains with control. Amount of hydrogen peroxide is shown
in (d–f) ((d): S. mutans ATCC25175, (e): S. oralis ATCC6249, and (f): P. gingivalis ATCC33277) compared to test strains
with control. Each sample (n = 6) indicated the statistical significance of differences between control and treated samples,
determined using one-way ANOVA with Scheffe’s test (* p < 0.05).

2.2. Bacterial Growth Evaluation

To determine SPE effect on bacterial growth, we measured optical density after incu-
bation of the test strain in SPE containing media. Figure 2 shows post incubation turbidity
in media containing various SPE concentrations after 24-h incubation. When the growth
inhibitory effect on the test bacteria was evaluated by the turbidity method, growth in-
hibition was observed in all the strains tested in a manner dependent on the added SPE
concentration. Figure 2a–d show the Gram-positive
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Figure 2. SPE inhibits bacterial growth. Test two strains of each bacteria growth measured at OD600 are indicated. The
figure of each alphabet shows the following two strains of bacteria; (a): S. mutans, (b): S. oralis, (c): S. gordonii, (d): A.
naeslundii, (e): P. gingivalis, (f): F. nucleatum, and (g): A. actinomycetemcomitans. The strain number is shown in the upper right
of each figure. Result is shown as a ratio to that with 100% control. Each sample (n = 6) indicated the statistical significance
of difference between control and treated samples, determined using one-way ANOVA with Scheffe’s test (* p < 0.05).
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Comparison among the strains (S. mutans, S. oralis, and S. gordonii) showed that
each strain had the same tendency on SPE concentration. For Actinomyces naeslundii, the
graph shows three types on each three strains, and the difference was seen at the highest
concentration of 50%.

The Gram-negative bacterial group had a higher antibacterial effect than the Gram-
positive bacterial group, and almost no growth was observed at a concentration of 12.5%.
P. gingivalis was at a 50% concentration, which was almost the same suppression rate,
however there was a difference in the tendency up to that point. For Fusobacterium nucleatum
and Aggregatibacter actinomyccetemcomitans, the strains tested showed the same tendency.

Furthermore, experiments conducted by the turbidity method, and the colony forming
unit for the antibacterial effect near the SPE concentration of 50% inhibitory effect, and
the SPE concentration of MIC50 were calculated and compared (Table 1). Although the
concentration was the same, in Gram-positive strains, the colony forming method exerted
a growth inhibitory effect at a lower concentration than the turbidity method. In particular,
a difference was observed in S. mutans; it could be presumed to potentially depend on the
medium shape between the liquid and the agar plate [34,35].

Table 1. Minimum inhibitory concentration (MIC) 50 SPE concentration in culture medium. MIC50
calculated from the results of the turbidity method and colony forming method of each strain
is shown.

Turbidity Method Colony Forming Unit Method

Gram Positives
S. mutans ATCC25175 22.9 9.1

S. oralis ATCC6249 30.9 20.8
S. gondorii Charlis 21.0 14.5

A. naeslundii ATCC12104 30.6 25.5
Gram Negatives

P. ginigivalis ATCC33277 2.1 3.1
F. nuckeatum ATCC25586 5.0 3.8

A. actinomycetemcomitans Y4 2.7 4.5
Minimum inhibitory

concentration 50 SPE concentration (%)

2.3. Effects on Adhesion and Pathogenic Factors of Test Strains

We investigated not only the growth of oral bacteria, but also the effect on virulence
factors on our host.

Adhesion is a phenomenon found in the first stage of the onset of all diseases. Adhe-
sion of S. mutans ATCC25175 and OMZ175 to hydroxyapatite (HA) pieces was seen from
6.25%, and was clearly reduced at 25% (Figure 3a). It was speculated that the attachment
of these bacteria to the living body was inhibited by SPE.

S. oralis ATCC6249 and ATCC10557 neuraminidase activity was suppressed in a
concentration-dependent manner and a significant decrease was observed from low concen-
tration, especially in ATCC6249 (Figure 3b). This enzyme is involved in the decomposition
of tissue components and the exposure of various bacterial adhesive sites [36]. In this
regard, it was confirmed that SPE inhibits enzyme production in addition to suppress-
ing growth.



Antibiotics 2021, 10, 816 5 of 12Antibiotics 2021, 10, x FOR PEER REVIEW 5 of 12 
 

 

Figure 3. SPE is detrimental to adhesion and neuraminidase activity. (a): S. mutans ATCC25175 and S. mutans OMZ175 

adhesion to HA pieces in SPE solution is shown. Colony number with regard to SPE dilution ratio are shown. (b): SPE 

inhibited S. oralis ATCC6249 and ATCC10557 neuraminidase activity is shown. Activity is suppressed in a concentration-

dependent manner (result is shown as a ratio to that with 100% control). Each sample (n = 6) indicated the statistical 

significance of difference between control and treated samples, determined using one-way ANOVA with Scheffe’s test (* 

p < 0.05). 

S. oralis ATCC6249 and ATCC10557 neuraminidase activity was suppressed in a con-

centration-dependent manner and a significant decrease was observed from low concen-

tration, especially in ATCC6249 (Figure 3b). This enzyme is involved in the decomposition 

of tissue components and the exposure of various bacterial adhesive sites [36]. In this re-

gard, it was confirmed that SPE inhibits enzyme production in addition to suppressing 

growth. 

P. gingivalis hemagglutination capacity, which is deeply involved in adhesion and 

colonization to the host, was inhibited by SPE (Figure 4a). Hemagglutination inhibition 

started at 6.25%, and was completely inhibited at 3.13%, indicating that SPE suppressed 

P. gingivalis hemagglutination ability. The most famous P. gingivalis protease is gingipain, 

known as Arginine-gingipain (Rgp) and Lysine-gingipain (Kgp) [37]. Both Rgp and Kgp 

activities produced by P. gingivalis were suppressed, depending on the SPE concentration 

to which both the supernatant and cells were added (Figure 4b,c). In particular, it was 

confirmed that the addition of a low concentration of 1.56% already significantly sup-

pressed the most important virulence factor of this bacterium. 

 

Figure 4. SPE is detrimental to hemagglutination and gingipain activities of P. gingivalis. (a): Effect of SPE on P. gingivalis 

hemagglutination. The arrow indicates the concentration at which hemagglutination inhibition occurs. (b): Rgp gingipain 

activity in culture supernatant or cells is shown as a ratio to that with 100% control. (c): Kgp gingipain activity in culture 

Figure 3. SPE is detrimental to adhesion and neuraminidase activity. (a): S. mutans ATCC25175 and S. mutans OMZ175
adhesion to HA pieces in SPE solution is shown. Colony number with regard to SPE dilution ratio are shown. (b): SPE
inhibited S. oralis ATCC6249 and ATCC10557 neuraminidase activity is shown. Activity is suppressed in a concentration-
dependent manner (result is shown as a ratio to that with 100% control). Each sample (n = 6) indicated the statistical
significance of difference between control and treated samples, determined using one-way ANOVA with Scheffe’s test
(* p < 0.05).

P. gingivalis hemagglutination capacity, which is deeply involved in adhesion and
colonization to the host, was inhibited by SPE (Figure 4a). Hemagglutination inhibition
started at 6.25%, and was completely inhibited at 3.13%, indicating that SPE suppressed
P. gingivalis hemagglutination ability. The most famous P. gingivalis protease is gingipain,
known as Arginine-gingipain (Rgp) and Lysine-gingipain (Kgp) [37]. Both Rgp and Kgp
activities produced by P. gingivalis were suppressed, depending on the SPE concentration
to which both the supernatant and cells were added (Figure 4b,c). In particular, it was
confirmed that the addition of a low concentration of 1.56% already significantly suppressed
the most important virulence factor of this bacterium.
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Figure 4. SPE is detrimental to hemagglutination and gingipain activities of P. gingivalis. (a): Effect of SPE on P. gingivalis
hemagglutination. The arrow indicates the concentration at which hemagglutination inhibition occurs. (b): Rgp gingipain
activity in culture supernatant or cells is shown as a ratio to that with 100% control. (c): Kgp gingipain activity in culture
supernatant or cells. Each sample (n = 6) indicated the statistical significance of difference between control and treated
samples, determined using one-way ANOVA with Scheffe’s test (* p < 0.05).

3. Discussion

Oral care is important as both the transition of the oral microbiota and the increase in
the number of bacteria are involved in the induction of both oral and systemic diseases [4–6].
Tooth brushing is the most important for cleaning the oral cavity, that is, removing plaque.
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Toothpaste with various antibacterial components has been developed as an aid with
certain chemicals. However, some use drugs and disinfectants, and long-term use of such
drugs can lead to sudden emergence of drug-resistant strains and damage to the host oral
tissue [15,16]. From this study, there are increasing reports of using antibacterial natural
plant ingredients and ions instead of harmful ingredients. However, the antibacterial effect
of ions on oral microorganisms is not well known, and detailed examination is required.
In this regard, this study demonstrates that the ionized water released from the S-PRG
filler (SPE) induces oxidative stress on oral bacteria and, likewise, further showed that SPE
affects bacterial adhesion activity and pathogenicity.

Oxidative stress has various adverse effects on animals, including human and plant
cells, as well as microorganisms [28,38–41]. Ions are components that give oxidative stress,
and it has been reported that each ions (BO3

3−, Al3+, SiO3
2−, Sr2+, and F−) released

from the S-PRG filler also causes oxidative stress on animals and plants [42–48]. We
have already reported that the ions released from the S-PRG filler exert oxidative stress
on the Candida albicans, predominant pathogenic fungi in the oral cavity, and suppress
its pathogenicity [49]. In this regard, we hypothesized that SPE treatment might cause
oxidative stress in bacterial cells, and measured the amounts of antioxidant SOD and
antioxidant hydrogen peroxide in bacterial cells after SPE treatment. As the amount of SOD
increased significantly in both S. mutans and S. oralis, it was considered that active oxygen
was produced inside the cells, and there was a difference in the amount of hydrogen
peroxide thereafter. This difference is presumed to be due to resistance to hydrogen
peroxide [32,33]. However, this difference may require further analysis. The amount
of SOD in P. gingivalis showed a non-significant increase, however, this bacterium is an
obligate anaerobic bacterium, it is considered that the tendency of increasing intracellular
SOD amount and the remarkable increase in hydrogen peroxide amount cause considerable
damage. Our results of testing typical oral Gram-positive and Gram-negative bacteria
suggest that the induction of oxidative stress was thought to be related to the antibacterial
mechanism, although there were differences depending on the bacterial species. In this
respect, we speculate that this oxidative stress produced by SPE acts to suppress bacterial
growth and virulence factors, especially bacterial adhesion and protease production.

SPE exerts oxidative stress on oral bacteria, therefore it could be predicted that SPE is
an antibacterial ingredient. The main purpose of antibacterial ingredients is to inhibit the
growth of bacteria. Some of the SPE components, especially boron and fluorine, are known
to have antibacterial activity [50], which means that SPE can be used directly to inhibit
bacterial growth. Throughout the study, we employed seven species and 14 strains of oral
bacteria. We found that S. gordonii’s character is the same as S. oralis, while A. neaslundii is
related to the accumulation of mature dental plaque, given its high coaggregation activi-
ties [51]. F. nuctearum is Gram-negative and obligate anaerobe bacterium and related to the
accumulation of mature dental plaque same as A. naeslundii [52]. A. actinomycetemcomitans
is a periodontal pathogen and related to aggressive periodontitis. From the experimental
results from humidity methods, growth inhibition was observed in all of the tested bacteria
in a concentration-dependent manner related to SPE, and there was no difference in the
pattern depending on the strain in most of the bacterial species. In particular, SPE could be
useful for the control of dental plaque accumulation and protection against dental caries
and periodontal disease. Interestingly, the Gram-positive group did not grow at relatively
high concentrations, and the Gram-negative group did not grow at concentrations above
12.5%. We postulate that one of the reasons for this is that the obligate anaerobic group
is more vulnerable to the oxidative stress produced by SPE than the facultative anaerobic
group [28,39]. As some bacteria treated with SPE did not have zero turbidity, MIC50 was
measured as one of the antibacterial evaluations. When MIC50 was investigated by the
turbidity method and the colony forming method for one strain of each bacterial species,
a difference was observed between the two methods and, especially for Gram-positive
bacteria, MIC50 concentration by the colony method was lower. This seems to be related
to the shape of the medium and the amount of oxygen in the environment. This result
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suggests that the effect of SPE could differ depending on the growth environment [34,35].
On the other hand, as this material is expected to be added to dental materials and gels as
a method of clinical use, it might be considered that the result of solid culture is closer to
the clinical effect than the result of liquid culture in consideration of the oral environment.

Bacterial growth is an immediate concern for oral infections, but in the long run,
virulence factors should be targeted as well to maintain the health of the host.

S. mutans is a bacterial species that is deeply involved in the onset of dental caries [53].
SPE has been reported to suppress the adhesion of S. mutans to test tube walls and dentin
disc [22,54,55]. In addition, S. mutans has been involved since the early stage of dental caries
onset, in this case, it must first adhere to the enamel, which is the surface of healthy tooth.
S. mutans has a glycosyltransferase (GTF) enzyme for producing extracellular polysaccha-
rides, such as dextran and mutan, and there are two types of attachment mechanism of this
bacterium: GTF-dependent and GTF-independent for tooth surface. Therefore, when an
adhesion experiment was conducted using HA pieces (which are the main components of
enamel) the number of adherent bacteria ATCC25175 and OMZ175 was reduced and SPE
effectively suppressed S. mutans adhesion, which is not dependent on GTF. SPE has been
reported to suppress GTF production [56], the main enzyme produced by S. mutans, both
at the genetic and protein level.

Furthermore, we focused on neuraminidase produced by several streptococcal groups
as an enzyme that has a detrimental effect. This enzyme cleaves sialic acid at the end of the
surface layer component of oral tissues, exposing the sugar receptor, such as a galactose,
that is the attachment site of oral bacteria [36]. When experiments were carried out with
two strains of S. oralis, which have high neuraminidase activity, activity inhibition was
observed in a concentration-dependent manner. This indicates that SPE may reduce the
exposure of oral bacteria to glycosyl, such as galactose, acceptors by neuraminidase and
suppress bacterial adhesion.

P. gingivalis is the most noticeable periodontal pathogen and has various virulence fac-
tors. The hemagglutination ability test is an important pathogenic factor for coaggregation
of erythrocytes to obtain a nutrient source, especially iron component, without examining
the ability of this bacterium to adhere to the biological surface [37]. In this study, sufficient
hemagglutination ability was suppressed at a concentration of 3.13%. Furthermore, the
effect of this bacterium on the activity of gingipain (a well-known virulence factor) was
investigated. Gingipain is a major cysteine protease produced only by P. gingivalis, and
there are Arg-gingipain (Rgp) and Lys-gingipain (Kgp) with different peptide cleavage site
specificities [37]. This enzyme causes the breakdown of biological proteins, damages host
cells, and produces various pathological conditions related to periodontal disease. While
inducing cell death of gingival fibroblasts and vascular endothelial cells, it is also involved
in the survival, proliferation, attachment, and nutrient supply of bacteria. Suppression of
hemagglutination and virulence activity proves to suppress the virulence factors of this
bacterium and, more importantly, SPE seems to be able to help prevent periodontal disease.

From the above results, it was confirmed that SPE could be useful for suppressing the
pathogenicity of oral bacteria regardless of Gram stainability or oxygen requirement.

Additionally, the effect of SPE on suppressing the virulence factors of oral pathogens
tested this study may be significant for other phenomena. In particular, it may be very
useful to examine the effect of suppressing viral infections such as influenza and COVID-19
in the oral cavity, which is currently a popular topic. Neuraminidase is well known to play
a very important role to be released extracellularly after virus replicating inside the host
cell in influenza infections [57]. Based on reports that neuraminidase produced by oral
bacteria suppresses the effects of neuraminidase inhibitory anti-influenza drugs [58,59],
SPE could be predicted to contribute significantly to the treatment of influenza from above
results. On the other hand, it is also well known that the pathogenic mechanism (invasion)
of protease-dependent viruses is observed when the virus infects the host cell in the first
stage [60,61]. At the time of virus infection, after binding to the receptor on the surface
of the host cell, the binding site is cleaved with a protease derived from the host or the
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bacterial flora and the virus invade into the cell. As gingipain of P. gingivalis cleaves
arginine- or lysine-site of protein, it is speculated that it may be involved in the intracellular
invasion of various viruses, including influenza virus. The inhibitory effect of this enzyme
may help control the various viruses that infect the above-mentioned infectious systems.
There are still many unclear points regarding COVID-19, however, it might be expected
that S-PRG filler shows some inhibitory effect. It was speculated that SPE may prevent not
only oral diseases, but also systemic diseases, therefore further investigation is needed in
the future.

In summary, SPE induced oxidative stress in oral bacteria and showed SPE-related
inhibition of several bacterial virulence factors. In this regard, these results indicate that
the ions released from the S-PRG filler effectively inhibit both oral bacterial growth and
virulence factors. More importantly, it might have potential clinical applications, especially
in the prevention of intraoral diseases not only by bacteria, but also by oral viral and
extraoral diseases caused by oral microbes. Therefore, S-PRG fillers may be useful in oral
care applications, prevention of various oral and oral-related diseases, and improvement of
quality of life. In future study, it seems that more detailed examination of other antibacterial
mechanism and conditions of use should be conducted assuming clinical application.

4. Materials and Methods
4.1. Bacterial Cells and Materials

Strains tested this study were S. mutans ATCC25175 and OMZ175, S. oralis ATCC6249
and ATCC10557, S. gordonii Challis and ST202, A. naeslundii ATCC12104 and B74, P. gin-
givalis ATCC33277 and FDC381, F. nucleatum ATCC25586 and JCM11023, and A. actino-
mycetemcomitans Y4 and ATCC33348.

S-PRG filler, produced according to a previously published method [21] was obtained
from SHOFU Inc. (Kyoto, Japan). Briefly, S-PRG filler was mixed with an equal amount of
distilled water under constant stirring for 24 h. Subsequently, we centrifuged and used
filtered supernatant. Recovered filtrate (S-PRG eluate; SPE) served as the test sample used
throughout this study.

4.2. Superoxide Dismutase (SOD) and Hydrogen Peroxide Measurement

S. mutans ATCC25175, S. oralis ATCC6249, and P. gingivalis ATCC33277, which are
indigenous to the oral cavity, were inoculated with the same broth containing SPE at
various dilutions. Briefly, inoculated samples were incubated aerobically or anaerobically
at 37 ◦C for 24 h. Bacterial cells were harvested through centrifugation at 5000× g for 10 min
under 4 ◦C chamber conditions and washed twice with Phosphate buffered saline (PBS).
Cells (approximately 1.0 × 108) were suspended in 150 µL solution containing 50 mM
Tris-HCl buffer (pH 7.6), 1 mM EDTA, and 0.5% triton-X 100. Subsequently, the suspension
was placed in ZircoPrep Mini (Nippon Genetics Co. Ltd., Tokyo, Japan) and agitated for
10 min in a Cell disruptor (µT-12, TAITEC, Tokyo, Japan). After sample centrifugation,
supernatant was used.

Superoxide Dismutase Assay Kit (Cayman Chemical Company Inc., Ann Arbor, MI,
USA) was used to establish SOD amounts in tested bacterial cells, whereas Red Hydrogen
Peroxide Assay Kit (Enzo Life Sciences Inc., Farmingdale, NY, USA) was used to establish
bacterial hydrogen peroxide amounts following our earlier work [49]. Both kits were
performed according to the manufacturer’s recommendation.

4.3. Bacterial Growth Evaluation

SPE at the same varying dilutions previously described above was mixed with SG
broth. Each mixture was added in a 96-well plate, test strains were inoculated (pre-
incubated with Brain heart infusion (BHI; BD, MD, US) broth or GAM (Nissui, Toyo, Japan)
broth at 37 ◦C for 24 h) to a final OD600 = 0.01, and either aerobically or anaerobically
incubated at 37 ◦C for 24 h. Turbidity was measured at OD600 nm using a colorimeter
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(TriStar LB 941, Berthold Technologies, BadWildbad, Germany) to compare bacterial growth
among the test media.

On the other hand, BHI or GAM agar medium, adjusted for each SPE concentration,
was prepared and the test bacteria (one strain of each species) were smeared. Afterwards,
the medium was cultured under the same conditions as above, the number of colonies
formed was counted, and the minimum inhibitory concentration (MIC) of 50 was calculated
from the results obtained together with the above turbidity method.

4.4. Effects on Adhesion, Hemagglutination, and Pathogenic Factors of Test Strains

To determine the effect on adhesion activity, hydroxyapatite (HA) pieces (3 mm
diameter × 2 mm thickness; Cellyard, Pentax, Tokyo, Japan) were used to assess S. mutans
ATCC25175 and OMZ175 bacterial adhesion. Resin pieces were placed in a 24-well plate
while whole saliva was filtered and treated at 56 ◦C for 1 h and added to each well (1 mL
each). Each HA piece was incubated at 37 ◦C for 1 h to allow saliva film envelopment.
Subsequently, HA pieces were washed with PBS, combined with a test bacterial suspension
(1.0 × 109 cells/1 mL) containing SPE dissolved at each PBS concentration, and incubated
at 37 ◦C for 1 h. Bacteria non-adhering to the HA pieces were removed by PBS washing
and, afterwards, the HA pieces were exposed to ultrasound in 2 mL PBS (20 W, 90 s on ice;
Handy Sonic UR-21P, Tomy Seiko Co., Ltd., Tokyo, Japan) in order to release and harvest
the adherent bacterial cells. Additionally, suspensions were then diluted, applied to HA
agar medium, incubated, and CFU counting was performed [49].

To evaluate the effect on neuraminidase activity, S. oralis ATCC6249 and ATCC10557
were employed. After incubating the test bacteria in BHI broth with SPE added at var-
ious concentrations at 37 ◦C for 24 h, supernatant was obtained by centrifugation and
filtration. Using the EnzyChrom neuraminidase assay kit (BioAssay Systemes, Hayward,
CA, USA), neuraminidase activity was measured by reading 570 nm as recommended by
the manufacturer.

To determine the effect on hemagglutination activity, hemagglutination defibrous
sheep erythrocytes and P. gingivalis ATCC33277 suspended in agglutination buffer were
used [62]. Both suspended cells were mixed by changing the SPE concentration, and the
agglutination state was visually confirmed after 30 min. To evaluate the effect on gingipain
activity, major pathogenic factors of P. gingivalis ATCC33277 were tested. The test strain was
incubated in GAM broth containing each SPE concentration. Subsequently, we centrifuged
and distinguished the supernatant and pellet. Afterwards, supernatant was filtered, and the
pellet was crushed as described above. For gingipain activity in supernatant and crushed
cell component, Nα-Benzoyl-L-arginine p-nitroanilide hydrochloride (BAPNA; Sigma,
Ronkonkoma, NY, USA) was used as a substrate for arginine-gingipain (Rgp) activity [63]
and L-Lysine p-nitroanilide dihydrobromide (LyPNA; Sigma, Ronkonkoma, NY, USA) was
used for lysine-gingipain (Kgp) activity [64]. After mixing both the sample and substrate,
and, likewise, incubating at 37 ◦C for 20 min, chromaticity was measured at OD405 nm
using a colorimeter (TriStar LB 941, Berthold Technologies, BadWildbad, Germany) to
compare each degradation activity.

4.5. Statistical Analyses

Statistical significance of differences between samples was determined by one-way
ANOVA with Scheffe’s test. A significance level of 95% (p < 0.05) was considered statisti-
cally significant.



Antibiotics 2021, 10, 816 10 of 12

Author Contributions: Y.K., M.T. (Muneaki Tamuta), M.T. (Mario Tonogi), and K.I. designed the
experiment. Y.K., M.T. (Muneaki Tamura), and M.E.C. performed the experiment. Y.K. and M.T.
(Muneaki Tamura) wrote the manuscript, and all the authors made significant contributions and
revised the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by funding from the Satoh Research Fund, a grant
from the Dental Research Center of Nihon University School of Dentistry, KAKENHI (Japan Society
for the Promotion of Science, C: 15K11456, 18K09892 and 21K10219, Japan).

Data Availability Statement: The data underlying this article will be shared on reasonable request
to the corresponding author.

Acknowledgments: We thank to Toshiyuki Nakatsuka (Shofu Inc., Kyoto, Japan) for providing the
S-PRG filler.

Conflicts of Interest: All authors declare that they have no conflict of interests.

References
1. Aas, J.A.; Paster, B.J.; Stokes, L.N.; Olsen, I.; Dewhirst, F.E. Defining the normal bacteria flora of the oral cavity. J. Clin. Microbiol.

2005, 43, 5721–5732. [CrossRef]
2. Selwitz, R.H.; Ismail, A.I.; Pitts, N.B. Dental caries. Lancet 2007, 369, 51–59. [CrossRef]
3. William, R.C. Periodontal disease. N. Engl. J. Med. 1990, 32, 373–382. [CrossRef] [PubMed]
4. Li, X.; Kolltveit, R.M.; Traonstad, L.; Olsen, I. Systemic diseases caused by oral infection. Clin. Microbiol. Rev. 2000, 13, 547–558.

[CrossRef] [PubMed]
5. Seymour, G.J.; Ford, P.J.; Cullinan, M.P.; Leishman, S.; Yamazaki, K. Relationship between periodontal infections and systemic

disease. Clin. Microbiol. Infect. 2007, 13, 3–10. [CrossRef] [PubMed]
6. Slots, J.; Kamma, J.J. General health risk of periodontal disease. Int. Dent. J. 2001, 51, 417–427. [CrossRef] [PubMed]
7. D’Aiuto, F.; Gable, D.; Syed, D.; Allen, Y.; Wanyonyi, K.L.; White, S.; Gallagher, J.E. Evidence summary: The relationship between

oral diseases and diabetes. Br. Dent. J. 2017, 222, 944–948. [CrossRef]
8. Dietrich, T.; Webb, I.; Stenhouse, L.; Pattni, A.; Ready, D.; Wanyonyi, K.L.; White, S.; Gallagher, J.E. Evidence summary: The

relationship between oral and cardiovascular disease. Br. Dent. J. 2017, 222, 381–385. [CrossRef]
9. Gomes-Filho, I.S.; Passos, J.S.; de Cruz, S.S. Respiratory disease and the role of oral bacteria. J. Oral Microbiol. 2010, 2, 5811.

[CrossRef]
10. Stein, P.S.; Scheff, S.; Dawson, D.R., III. Alzheimer’s disease and periodontal disease: Mechanisms underlying a potential

bi-directional relationship. Grand Round Oral Syst. Med. 2006, 1, 14–24.
11. Kolenbrander, P.E.; London, J. Adhere today, here tomorrow, oral bacterial adherence. J. Bacteriol. 1993, 175, 3247–3252. [CrossRef]
12. Coulthwaite, L.; Verran, J. Potentioal pathogenic aspects of denture plaque. Br. J. Biomed. Sci. 2007, 64, 180–189. [CrossRef]
13. Larsen, T.; Fiehn, N.E. Dental biofilm infections—An update. Apmis 2017, 123, 376–384. [CrossRef]
14. Murakami, S.; Mealey, B.L.; Mariotti, A.; Chapple, I.L.C. Dental plaque–induced gingival conditions. J. Clin. Periodontol. 2018, 45,

S17–S27. [CrossRef] [PubMed]
15. Bin-Shuwaish, M.S. Effects and effectiveness of cavity disinfectants in operative dentistry: A literature review. J. Contemp. Dent.

Pract. 2016, 17, 867–879. [CrossRef] [PubMed]
16. Van Buul, L.W.; van ser Steen, J.T.; Veenhuizen, R.B.; Achterberg, W.P.; Schellevis, F.G.; Pharm, T.G.M.E.; van Benthem, B.H.B.;

Pharm, S.N.; Hertogh, C.M.P.M. Antibiotic use and resistance in long term care facilities. J. Am. Med. Dir. Assoc. 2012, 13,
568.e1–568.e13. [CrossRef] [PubMed]

17. Othman, L.; Sleiman, A.; Abdel-Massih, R.M. Antimicrobial activity of polyphenols and alkaloids in middle eastern plants. Front.
Microbiol. 2019, 10, 911. [CrossRef] [PubMed]

18. Panpaliya, N.P.; Dahake, P.T.; Kale, Y.J.; Dadpe, M.V.; Kendre, S.B.; Siddiqi, A.G.; Maggavi, U.R. In vitro evaluation of antimicrobial
property of silver nanoparticles and chlorhexidine against five different oral pathogenic bacteria. Saudi Dent. J. 2019, 31, 76–83.
[CrossRef] [PubMed]

19. Sarb, L.G.; Bahrin, L.G.; Babii, C.; Stefan, M.; Birsa, M.L. Synthetic flavonoids with antimicrobial activity: A review. J. Appl.
Microbiol. 2019, 127, 1282–1290. [CrossRef]

20. Tamura, M.; Saito, H.; Kikuchi, K.; Ishigami, T.; Toyama, Y.; Takami, M.; Ochiai, K. Antimicrobial activity of gel-entrapped
catechins toward oral microorganisms. Biol. Pharm. Bull. 2011, 34, 638–643. [CrossRef]

21. Fujimoto, Y.; Iwasa, M.; Murayama, R.; Miyazaki, M.; Nagafuji, A.; Nakatsuka, T. Detection of ions released from S-PRG fillers
and their modulation effect. Dent. Mater. J. 2010, 29, 392–397. [CrossRef]

22. Hotta, M.; Morikawa, T.; Tamura, D.; Kusakabem, S. Adherence of Streptococcus sanguinis and Streptococcus mutans to
saliva-coated S-PRG resin blocks. Dent. Mater. J. 2014, 33, 261–267. [CrossRef] [PubMed]

23. Kaga, M.; Kakuda, S.; Ida, Y.; Toshima, H.; Hashimoto, M.; Endo, K.; Sano, H. Inhibition of enamel demineralization by buffering
effect of S-PRG filler-containing dental sealant. Eur. J. Oral Sci. 2014, 122, 78–83. [CrossRef] [PubMed]

http://doi.org/10.1128/JCM.43.11.5721-5732.2005
http://doi.org/10.1016/S0140-6736(07)60031-2
http://doi.org/10.1056/NEJM199002083220606
http://www.ncbi.nlm.nih.gov/pubmed/2405268
http://doi.org/10.1128/CMR.13.4.547
http://www.ncbi.nlm.nih.gov/pubmed/11023956
http://doi.org/10.1111/j.1469-0691.2007.01798.x
http://www.ncbi.nlm.nih.gov/pubmed/17716290
http://doi.org/10.1002/j.1875-595X.2001.tb00854.x
http://www.ncbi.nlm.nih.gov/pubmed/11789708
http://doi.org/10.1038/sj.bdj.2017.544
http://doi.org/10.1038/sj.bdj.2017.224
http://doi.org/10.3402/jom.v2i0.5811
http://doi.org/10.1128/jb.175.11.3247-3252.1993
http://doi.org/10.1080/09674845.2007.11732784
http://doi.org/10.1111/apm.12688
http://doi.org/10.1111/jcpe.12937
http://www.ncbi.nlm.nih.gov/pubmed/29926503
http://doi.org/10.5005/jp-journals-10024-1946
http://www.ncbi.nlm.nih.gov/pubmed/27794161
http://doi.org/10.1016/j.jamda.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22575772
http://doi.org/10.3389/fmicb.2019.00911
http://www.ncbi.nlm.nih.gov/pubmed/31156565
http://doi.org/10.1016/j.sdentj.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30723364
http://doi.org/10.1111/jam.14271
http://doi.org/10.1248/bpb.34.638
http://doi.org/10.4012/dmj.2010-015
http://doi.org/10.4012/dmj.2013-242
http://www.ncbi.nlm.nih.gov/pubmed/24615002
http://doi.org/10.1111/eos.12107
http://www.ncbi.nlm.nih.gov/pubmed/24372898


Antibiotics 2021, 10, 816 11 of 12

24. Kotaku, M.; Murayama, R.; Shimamura, Y.; Takahashi, F.; Suzuki, T.; Kurokawa, H.; Miyazaki, M. Evaluation of the effects of
fluoride-releasing varnish on dentin demineralization using optical coherence tomography. Dent. Mater. J. 2014, 33, 648–655.
[CrossRef] [PubMed]

25. Nakamura, N.; Yamada, A.; Iwamoto, T.; Arakaki, M.; Tanaka, K.; Aizawa, S.; Nonaka, K.; Fukumoto, S. Two-year clinical
evaluation of flowable composite resin containing pre-reacted glass-ionomer. Pediatr. Dent. J. 2009, 19, 89–97. [CrossRef]

26. Shimizubata, M.; Inokoshi, M.; Wada, T.; Takahashi, R.; Uo, M.; Minakuchi, S. Basic properties of novel S-PRG filler-containing
cement. Dent. Mater. J. 2020, 39, 963–969. [CrossRef]

27. Takahashi, Y.; Okamoto, M.; Komichi, S.; Imazato, S.; Nakatsuka, T.; Sakamoto, S.; Kimoto, K.; Hayashi, M. Application of a direct
pulp capping cement containing S-PRG filler. Clin. Oral Investig. 2019, 23, 1723–1731. [CrossRef]

28. Storz, G.; Imlayt, J.A. Oxidative stress. Curr. Opin. Microbiol. 1999, 2, 188–194. [CrossRef]
29. Da Silva, D.A.; Patterson, M.J.; Smith, D.A.; Maccallum, D.M.; Erwig, L.P.; Morgan, B.A.; Quinn, J. Thioredoxin regulates multiple

hydrogen peroxide- induced signaling pathways in Candida albicans. Mol. Cell Biol. 2010, 30, 4550–4563. [CrossRef]
30. Groeger, G.; Quiney, C.; Fotter, T.G. Hydrogen peroxide as a cell-survival signaling molecule. Antioxid. Redox Signal. 2009, 11,

2655–2671. [CrossRef]
31. Pensinger, D.A.; Schaenzer, A.J.; Sauer, J.-D. Do shoot the messenger: PASTA kinases as virulence determinants and antibiotic

targets. Trends Microbiol. 2018, 26, 56–69. [CrossRef] [PubMed]
32. Cheng, X.; Redanz, S.; Treerat, P.; Qin, H.; Choi, D.; Zhou, X.; Xu, X.; Merritt, J.; Kreth, J. Magnesium-Dependent Promotion

of H2O2 Production Increases Ecological Competitiveness of Oral Commensal Streptococci. J. Dent. Res. 2020, 90, 847–854.
[CrossRef]

33. Tamura, M.; Ochiai, K. Exploring the possible application of catechin (gel) for oral care of the elderly and disabled individuals.
Jpn. Dent. Sci. Rev. 2012, 48, 126–134. [CrossRef]

34. Fortuin, S.; Nel, A.J.M.; Blackburn, J.M.; Soares, N.C. Comparison between the proteome of Escherichia coli single colony and
during liquid culture. J. Proteom. 2020, 228, 103929. [CrossRef]

35. Tabaraie, B.; Ghasemian, E.; Tabaraie, T.; Parvizi, E.; Rezazarandi, M. Comparative evalution of cephalosporin-C production in
solid state fermentation and sunmerged liquid culture. J. Microbiol. Biotech. Food Sci. 2012, 2, 83–94.

36. Singh, A.K.; Woodiga, S.A.; Grau, M.A.; King, S.J. Streptococcus oralis neuraminidase modulates adherence to multiple
carbohydrates on platelets. Infect. Immun. 2017, 85, e00774-16. [CrossRef]

37. Holt, S.C.; Kesavalu, L.; Walker, S.; Genco, C.A. Virulence factors of Porphyromonas gingivalis. Periodontal 2000 1999, 20, 168–238.
[CrossRef]

38. Aroma, A.; Sairam, R.K.; Srivastava, G.C. Oxidative stress and antioxidative system in plants. Curr. Sci. 2002, 82, 1227–1238.
39. Puppel, K.; Kapusta, A.; Kuczyriska, B. The etiology of oxidative stress in the various species of animals, a review. J. Sci. Food

Agric. 2014, 95, 2179–2184. [CrossRef] [PubMed]
40. Sies, H.; Berndt, C.; Jones, D.P. Oxidative stress. Ann. Rev. Biochem. 2017, 86, 715–748. [CrossRef]
41. Sigler, K.; Chaloupka, J.; Brozmanova, J.; Stadler, N.; Höfer, M. Oxidative stress in microorganisms-I. Folia Microbiol. 1999, 44,

587–624. [CrossRef] [PubMed]
42. Chlubek, D. Fluoride and oxidative stress. Fluoride 2003, 36, 217–228.
43. Jebahi, S.; Oudadesse, H.; el Feki, H.; Rebai, T.; Keskes, H.; Pellen, P.; el Feki, A. Antioxidative/oxidative effects of strontium-doped

bioactive glass as bone graft. In vivo assays in ovariectomised rats. J. Appl. Biomed. 2012, 10, 195–209. [CrossRef]
44. Kim, Y.-H.; Khan, A.L.; Waqas, M.; Lee, I.-J. Silicon regulates antioxidant activities of crop plants under abiotic-induced oxidative

stress: A review. Front. Plant Sci. 2017, 8, 510. [CrossRef]
45. Lu, Y.; Luo, Q.; Cui, H.; Deng, H.; Kuang, P.; Liu, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; et al. Sodium fluoride causes oxidative

stress and apoptosis in the mouse liver. Aging 2017, 9, 1623–1639. [CrossRef]
46. Praticò, D.; Uryu, K.; Sung, S.; Tang, S.; Trojanowski, J.Q.; Lee, V.M.-Y. Aluminum modulates brain amyloidosis through oxidative

stress in APP transgenic mice. FASEB J. 2002, 16, 1138–1140. [CrossRef]
47. Song, B.; Hao, X.; Wang, X.; Yang, S.; Dong, Y.; Ding, Y.; Wang, Q.; Wang, X.; Zhou, J. Boron stress inhibits beet (Beta vulgaris

L.) growth through influencing endogenous hormones and oxidative stress response. Soil Sci. Plant Nutr. 2019, 65, 346–352.
[CrossRef]

48. Yalin, S.; Sagir, O.; Comelekoglu, U.; Berköz, M.; Eroglu, P. Strontium ranelate treatment improves oxidative damage in
osteoporotic rat model. Pharm. Rep. 2012, 64, 396–402. [CrossRef]

49. Tamura, M.; Cueno, M.E.; Abe, K.; Kamio, N.; Imai, K.; Ochiai, K. Ions released from a S-PRG filler induces oxidative stress in
Candida albicans inhibiting its growth and pathogenicity. Cell Stress Chaperones 2018, 23, 1137–1143. [CrossRef]

50. Miki, S.; Kitagawa, H.; Kitagawa, R.; Kiba, W.; Hayashi, M.; Imazato, S. Antibacterial activity of resin composites containing
surface pre-reacted glass-ionomer (S-PRG) filler. Dent. Mater. 2016, 32, 1095–1102. [CrossRef]

51. Kitada, K.; Ino, T. Effect of saliva viscosity on the co-aggregation between oral streptococci and Actinomyces naeslundii.
Gerodontolgy 2012, 29, e981–e987. [CrossRef]

52. Liu, P.-F.; Shi, W.; Zhu, W.; Smith, J.W.; Hsieh, S.-L.; Gallo, R.L.; Huang, C.-M. Vaccination targeting surface FomA of Fusobac-
terium nucleatum against bacterial co-aggregation: Implication for treatment of periodontal infection and halitosis. Vaccine 2010,
28, 3496–3505. [CrossRef]

53. Banas, J.A. Virulence properties of Streptococcus mutans. Front. Biosci. 2004, 9, 1267–1277. [CrossRef]

http://doi.org/10.4012/dmj.2014-072
http://www.ncbi.nlm.nih.gov/pubmed/25273044
http://doi.org/10.1016/S0917-2394(09)70158-2
http://doi.org/10.4012/dmj.2019-317
http://doi.org/10.1007/s00784-018-2596-6
http://doi.org/10.1016/S1369-5274(99)80033-2
http://doi.org/10.1128/MCB.00313-10
http://doi.org/10.1089/ars.2009.2728
http://doi.org/10.1016/j.tim.2017.06.010
http://www.ncbi.nlm.nih.gov/pubmed/28734616
http://doi.org/10.1177/0022034520912181
http://doi.org/10.1016/j.jdsr.2012.02.004
http://doi.org/10.1016/j.jprot.2020.103929
http://doi.org/10.1128/IAI.00774-16
http://doi.org/10.1111/j.1600-0757.1999.tb00162.x
http://doi.org/10.1002/jsfa.7015
http://www.ncbi.nlm.nih.gov/pubmed/25418967
http://doi.org/10.1146/annurev-biochem-061516-045037
http://doi.org/10.1007/BF02825650
http://www.ncbi.nlm.nih.gov/pubmed/11097021
http://doi.org/10.2478/v10136-012-0009-8
http://doi.org/10.3389/fpls.2017.00510
http://doi.org/10.18632/aging.101257
http://doi.org/10.1096/fj.02-0012fje
http://doi.org/10.1080/00380768.2019.1617641
http://doi.org/10.1016/S1734-1140(12)70780-6
http://doi.org/10.1007/s12192-018-0922-1
http://doi.org/10.1016/j.dental.2016.06.018
http://doi.org/10.1111/j.1741-2358.2011.00595.x
http://doi.org/10.1016/j.vaccine.2010.02.047
http://doi.org/10.2741/1305


Antibiotics 2021, 10, 816 12 of 12

54. Hotta, M.; Tamura, D.; Kotake, H.; Kusakabe, S.; Gen, T.; Oike, K. Adherence of Streptococcus mutans and adsorption of salivary
protein to resin composites containing S-PRG fillers. Open J. Stomatol. 2017, 7, 158–168. [CrossRef]

55. Nomura, R.; Morita, Y.; Matayoshi, S.; Nakano, N. Inhibitory effect of surface pre-reacted glass-ionomer (S-PRG) eluate against
adhesion and colonization by Streptococcus mutans. Sci. Rep. 2018, 8, 5056. [CrossRef]

56. Kitagawa, H.; Kimi-Oka, S.; Mayanagi, G.; Abiko, Y.; Takahashi, N.; Imazato, S. Inhibitory effect of resin composite containing
S-PRG filler on Streptococcus mutans glucose metabolism. J. Dent. 2018, 70, 92–96. [CrossRef]

57. Colman, P.M. Influenza virus neuraminidase: Structure, antibodies, and inhibitors. Protein Sci. 1994, 3, 1687–1696. [CrossRef]
58. Kamio, N.; Imai, K.; Shimizu, K.; Cueno, M.E.; Tamura, M.; Saito, Y.; Ochiai, K. Neuraminidase-producing oral mitis group

streptococci potentially contribute to influenza viral infection and reduction in antiviral efficacy of zanamivir. Cell Mol. Life Sci.
2015, 72, 357–366. [CrossRef]

59. Nishikawa, T.; Shimizu, K.; Tanaka, T.; Kuroda, K.; Takayama, T.; Yamamoto, T.; Hanada, N.; Hamada, Y. Bacterial neuraminidase
rescues influenza virus replication from inhibition by a neuraminidase inhibitor. PLoS ONE 2012, 7, e45371. [CrossRef]

60. Seth, S.; Batra, J.; Srinivasan, S. COVID-19: Targeting proteases in viral invasion and host immune response. Front. Mol. Biosci.
2020, 7, 215. [CrossRef]

61. Sun, X.; Tse, L.V.; Ferguson, A.D.; Whittaker, G.R. Modifications to the hemagglutinin cleavage site control the virulence of a
neurotropic H1N1 Influenza virus. J. Virol. 2010, 84, 8683–8690. [CrossRef] [PubMed]

62. Kolenbrander, P.E. Coaggregationsamong oral bacteria. Methods Enzymol. 1995, 253, 385–387.
63. Eick, S.; Reissmann, A.; Rodel, J.; Schmidt, K.H.; Pfister, W. Porphyromonas gingivalis survives within KB cells and modulates

inflammatory response. Oral Microbiol. Immunol. 2006, 21, 231–237. [CrossRef]
64. Lewis, J.P.; Dawson, J.A.; Hannis, J.C.; Muddiman, D.; Macrina, F.L. Hemoglobinase activity of lysine gingipain protease (Kgp) of

Porphyromonas gingivalis W83. J. Bacteriol. 1999, 181, 4905–4913. [CrossRef] [PubMed]

http://doi.org/10.4236/ojst.2017.73011
http://doi.org/10.1038/s41598-018-23354-x
http://doi.org/10.1016/j.jdent.2017.12.017
http://doi.org/10.1002/pro.5560031007
http://doi.org/10.1007/s00018-014-1669-1
http://doi.org/10.1371/journal.pone.0045371
http://doi.org/10.3389/fmolb.2020.00215
http://doi.org/10.1128/JVI.00797-10
http://www.ncbi.nlm.nih.gov/pubmed/20554779
http://doi.org/10.1111/j.1399-302X.2006.00282.x
http://doi.org/10.1128/JB.181.16.4905-4913.1999
http://www.ncbi.nlm.nih.gov/pubmed/10438761

	Introduction 
	Results 
	SPE Induces Oxidative Stress 
	Bacterial Growth Evaluation 
	Effects on Adhesion and Pathogenic Factors of Test Strains 

	Discussion 
	Materials and Methods 
	Bacterial Cells and Materials 
	Superoxide Dismutase (SOD) and Hydrogen Peroxide Measurement 
	Bacterial Growth Evaluation 
	Effects on Adhesion, Hemagglutination, and Pathogenic Factors of Test Strains 
	Statistical Analyses 

	References

