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Abstract

Objectives To investigate whether a newly developed dental composite with quaternary ammonium silica dioxide (QASi)
nanoparticles incorporated with other fillers into the restorative material demonstrates antibacterial activity by reducing enamel
demineralization in an in situ gap model.

Materials and methods Twenty subjects wearing a lower removable partial denture (RPD) with acrylic flanges on both sides of
the mouth were recruited into the 4-week in situ study. The gap model consisted of an enamel slab placed next to a composite,
separated by a 38-pum space. In the split-mouth design on one side of the RPD, the composite was the Nobio Infinix composite
(Nobio Ltd., Kadima, Israel), and the contralateral side used a control composite. Each participant received enamel slabs from one
tooth. The gap model was recessed into the RPD buccal flange, allowing microbial plaque to accumulate within the gap. After 4
weeks of continuous wearing, decalcification (AZ mineral loss) of the enamel slabs adjacent to the gap was determined by cross-
sectional microhardness testing in the laboratory.

Results The AZ for the antibacterial composite test side was 235+354 (mean+standard deviation [SD]; data reported from 17
participants) and statistically significantly lower compared to AZ of the control side (774+556; mean+SD) (paired t-test,
P<0.0001; mean of test minus control —539 (SD=392), 95% confidence interval of difference: —741, —338).

Conclusions This in situ clinical study showed that composites with QASi antibacterial particles significantly reduced deminer-
alization in enamel adjacent to a 38-pum gap over a 4-week period in comparison to a conventional composite.

Clinical relevance Composites with QASi nanoparticle technology have the potential to reduce the occurrence of secondary caries.
Trial registration ClinicalTrials.gov #NCT04059250

Keywords Secondary caries - Enamel demineralization - Antibacterial composite - Quaternary ammonium silica dioxide
particles - In situ clinical trial - Gap model

Introduction

Secondary caries, also called recurrent caries, is considered as a
lesion that develops adjacent to a restoration [1, 2]. Up to two-
thirds of all restorative dentistry involves the replacement of
failed restorations [3—5]. Acid-producing cariogenic bacteria lo-
cated at the margin of the filling forming an outer caries lesion or
located inside a gap between the filling and enamel producing an
inner wall lesion are major reasons for recurrent caries. These gap
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formations at the interface between the tooth and composite may
occur due to shrinkage during polymerization of the composite
[3, 6, 7]. During the life of a restoration, an unstable bonding of
the composite to dentin may also be responsible for a gap for-
mation. These gaps were measured and found to be 15-20 um
[8]. Due to the clinical difficulty to control saliva, gingival fluid,
or blood entry at the approximal gingival margins during placing
a composite restoration, the gap may be even larger. Indeed,
bacterial penetration and secondary caries around composite res-
torations were demonstrated in vitro and in vivo with gap sizes of
20-50 um and higher [9].

To prevent secondary caries, the influence of dental mate-
rials to inhibit caries development has been tested. The caries
inhibition effect of glass ionomer cement [10—12] and the
effect of glutaraldehyde on secondary caries [13] have been
evaluated. Furthermore, fluoridated composites might reduce
or inhibit secondary caries [13].
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A recently developed sol-gel-derived bioactive glass ce-
ramic containing silver ions (Ag-BG) in the resin composite
induced remineralization and showed antibacterial properties
[14] without significantly reduced total bond strength [15]. In
addition, several groups are researching the possibility of
using composite restorative materials that incorporate other
antibacterial agents to overcome the described deficiencies
[15-20]. Consequently, composite resin hybrid layer degrada-
tion as major challenges encountered in long-term resin-dentin
bond stability might be reduced.

As a link between resin and dentin, adhesives that possess
both antimicrobial and anti-proteolytic activities can eliminate
bacteria-induced secondary caries and prevent hybrid layers
from degradation. Recently, a study reported that a new qua-
ternary ammonium methacryloxy silane (QAMS) prepared
from sol-gel chemistry was incorporated into experimental
adhesives to examine its antimicrobial effect and anti-
proteolytic potential [21].

The potential for caries activity due to bacteria around the
filling may be interrupted by quaternary ammonium silica diox-
ide (QAS:I) particles [22] incorporated in a composite at 1.2% (by
weight). These composites incorporate non-leaching antibacterial
agents [18, 16, 23] and may inhibit the development of new
active caries around freshly placed fillings. QASi particles are
synthesized to form a high concentration of antimicrobial groups
[23, 24] that are covalently bound onto a carrier core, such as
silica [22]. The resulting micro- or nano-size QASi particles are
mixed with other fillers of the dental composite material during
manufacturing and are evenly distributed throughout the com-
posite. Following in situ placement of the filling material and
light-initiated polymerization, QASi particles are permanently
retained in the final dental restoration. Laboratory studies have
shown that the quaternary ammonium silica particles are potent
antibacterial agents, do not leach out in contrast to other antimi-
crobials or caries-preventive active substances, inhibit the break-
down of the composite, and maintain antibacterial activity over
time [16-19, 23-25].

Consequently, composites featuring QASi nanoparticles
have the potential to significantly reduce the occurrence of
secondary caries [19]. The overall objective of this clinical
study was to investigate whether a composite with QASi
nanoparticles would reduce demineralization in enamel locat-
ed adjacent to an artificial gap in comparison to a non-
antibacterial control composite in a 4-week, split-mouth in situ
experimental study.

Materials and methods
Participants

This study was performed between February 2019 and
March 2020 at the University of California, San Francisco
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(UCSF) School of Dentistry. UCSF Institutional Review
Board (IRB) approval was obtained (IRB #18-26344), and
the study was registered with the US National Institute of
Health (ClinicalTrials.gov Identifier: NCT04059250).
Information about the study was provided to participants in
a standardized manner via an informational leaflet and
demonstration aids.

Prior to enrolling into the study, an independent den-
tal examiner, not otherwise involved in the study, con-
ducted a clinical exam to assess caries status and to
determine any treatment needs of the potential partici-
pant. Medical history and definitive dental history were
evaluated, and an intraoral examination and a review of
intraoral radiographs were performed.

Inclusion criteria for the study were a participant (a) aged
between 18 and 80 years, (b) having at least eight nat-
ural teeth remaining and having dental caries in the last
3 years, (c) wearing a lower partial denture (with re-
placed teeth on both sides of the mouth), (d) willing
to wear his or her RPD during day and night, (¢) who
had to be healthy and in good current oral health with
no active caries or periodontal disease (but with a his-
tory of caries leading to fillings or extractions of teeth
in the past), (f) who had saliva flow within the normal
range (stimulated saliva flow rate of greater than 0.7 ml/
minute), (g) with no antibiotic medications for the last 3
months, (h) who had resided in San Francisco or other
nearby local communities with water fluoridation, and
(1) who signed the “Authorization for Release of
Personal Health Information and Use of Personally
Unidentified Study Data for Research” form. There were
no gender restrictions.

Exclusion criteria included, but were not limited to, sub-
jects (a) suffering from systemic diseases, (b) with a signifi-
cant past or medical history with conditions that may affect
oral health (i.e., diabetes, HIV, heart conditions that require
antibiotic prophylaxis), (c) using medications that may affect
the oral flora or salivary flow (e.g., antibiotic use in the past 3
months, drugs associated with dry mouth/xerostomia), (d)
using a 5000 ppm fluoride toothpaste in the last 6 months,
(e) using chlorhexidine or any other antimicrobials
(cetylpyridinium) in the last 6 months, and (g) showing evi-
dence of extremely poor oral hygiene. Patients with extremely
poor oral hygiene, as evident by visible heavy plaque deposits
on all remaining teeth, were excluded due to an extreme
chance of a further raised caries risk.

From the UCSF School of Dentistry clinics, 115 potential
participants were screened between February 28, 2019 and
February 5, 2020, and 30 were eligible and were invited to
participate. Finally, a total of 25 agreed to participate and were
enrolled into the study (5 for the pilot study and 20 for the
main study). Participants who met the selection criteria pro-
vided written informed consent.
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Randomization

Participants had RPD buccal flange sides (right or left) random-
ly assigned to the test (antibacterial active composite) or control
(non-antibacterial composite) group. The randomization list
was created by a random number generator (QuickCalcs
Online Random Numbers by GraphPad Software, Inc., CA).
The randomization list was kept locked, and side assignments
were kept in separate, closed, opaque, sequentially numbered
envelopes. Only after a participant had been enrolled, the next-
in-line group assignment was revealed.

The participant was blinded to the active treatment/control
allocation side. The study investigator and the study coordi-
nator (BR) were not blinded to the group assignment. (For
blinding of the laboratory person doing the microhardness
testing, please see the below section “Blinding in the labora-
tory.”) The randomization list remained secured until the com-
pletion of all data collection in the main study.

Study procedure
The gap model

The gap model was prepared in the laboratory. The gap model
is a small acrylic “bathtub-shaped” concave form, which
carries the enamel slab, the composite, and the gap (Fig. 1).
The gap model was a representation of the conditions leading
to an inner surface caries lesion, a typical secondary caries
wall lesion. Two of those forms were integrated into the
flanges of an RPD (Fig. 2), on one side with the active anti-
bacterial test composite (Nobio Infinix, Nobio Ltd., Kadima,
Israel) and on the opposite side with the control composite
(Dentsply EsthetX HD, Dentsply Sirona Ltd., Milford DE).
Figure 1a shows a schematic with the enamel slab, the
composite, and the gap in-between. For each participant,
enamel slabs originated from one donor tooth only to reduce
variation in intra-participant conditions. The gap, which sim-
ulated a gap around a placed composite filling, was created by
inserting a matrix band (Tofflemire Matrix Band, No.1, thick-
ness 0.0015, Patterson Dental Supply, Saint Paul, MN) next to
the enamel as a divider, prior to placing the composite resin in
increments according to manufacturers’ instructions. To
achieve a uniform pressure against the matrix band, the incre-
ment height of the composite was chosen at roughly 1 mm
(manufacturer instructions allow for 2-mm increments). The
composite was light-cured for 15 s per increment (manufac-
turer instructions require a minimum of 10 s). The composites
were light-cured with a Satelec® Mini LED curing light
(Acteon North America, Mount Laurel, NJ). The light output
of the curing light was verified with a curing radiometer; the
Acteon Satelec Mini LED curing light gave consistently an
output of >1250 mW/cm? throughout the study. The matrix
band had a thickness of 38 um, confirmed by repeated

measurements, resulting in a consistent gap width throughout
the study. The produced gap was not measured after the com-
posites were cured. The matrix band did not touch the floor of
the “bathtub-shaped” concave form (Fig. 1a). This allowed a
small amount of composite to reach the enamel, which
prevented bending of the form. No changes in gap width oc-
curred during integration of the gap model into the RPD
flanges. The gap model with the enamel slabs and composites
was recessed into the flange (shown in Fig. 2), mounted with
light-cured acrylic composite resin, allowing microbial plaque
to accumulate in the gap.

Since the pilot part of the study showed that we achieved
sufficient caries wall lesions in a 4-week study period, we did
not request from our participants to use additional extraoral
sucrose dipping or rinsing to enhance the caries process.

Source of teeth

We used teeth that were previously extracted for clinical rea-
sons (not research purposes) in the dental clinics of the UCSF
School of Dentistry. Correct collecting, storing, and handling
of human teeth under biosafety aspects is covered under our
BUA approval (BUA 2308-BU-01-INC) and a UCSF IRB
exempt approval for collecting extracted teeth.

Test samples

Extracted teeth (molars) were stored in 0.1% thymol solution
in deionized water and sterilized with gamma irradiation (Cs
137) at a dose above 173 krad overnight. Following steriliza-
tion, the collection media was replaced with fresh deionized
water and thymol. The tooth roots were removed below the
cemento-enamel junction, and then, the remaining dental
crowns were cut in halves, with the cut going from mesial to
distal, leaving a buccal and a lingual half (Fig. 2).

At least 50 enamel samples from 25 extracted molars were
prepared from the buccal halves of the dental crowns. One
buccal half was cut into two pieces; those two pieces were
collected in the same vial to ensure that later on for each single
participant enamel slabs originated from one tooth. The test
surfaces were cleaned, and the surface was flattened by serial
polishing (240, 600, and 1200 grit polishing paper, sterilized).
The smear layer was removed by sonication. Two standard
slabs approximately 3 x 2.5 x 2.5 mm were cut from each
tooth crown. Before placing the enamel slabs into the gap
model, all surfaces but the gap side surface were covered with
acid-resistant nail varnish (Fig. 2). All gap models were ster-
ilized with gamma irradiation before use in the mouth.

Testing and analysis methods

The analysis method used was cross-sectional microhardness
testing by detailed “scatter pattern” of indentation. Figure 3

@ Springer



Clin Oral Invest

Fig. 1 The gap model. a
Schematic of the gap model with
the enamel slab on the left, the
composite on the right, and the
defined gap between the
composite and the enamel slab,
created by a 38-pm-thin matrix
band inserted during the compos-
ite placement, all prepared inside
an acrylic bathtub-like form; red
acid-resistant nail varnish cover-
ing the top of the enamel slab; “A
— arrow” pointing at the level in-
side the depth of the gap where
cross-sectional hardness testing in
the laboratory will occur after
wear time in the mouth; “W”
marking the wall lesion enamel
surface. b Enamel slab removed
from the acrylic form and ready
for embedding in epoxy resin. ¢
Enamel slab ground down 600 to
800 um from the top surface, ex-
posing flat surface showing cross-
sectional microhardness
indentations

Fig. 2 Schematics demonstrating
the process from cutting the tooth
up to integrating the gap models
in the RPD denture flanges, with
a cutting off the dental crown at
the cemento-enamel junction; b
cutting the buccal crown surface
into 2 identical slabs; ¢ example
of a gap model with the enamel
slab, the composite, and the de-
fined gap created by inserting a
38-pm-thin Tofflemire matrix
band next to the enamel slab dur-
ing the incremental placing of the
composite at the opposite side of
the enamel, in order to simulate a
gap “around” a composite filling;
d a gap model in front of the right
flange and acrylic removed from
the flange allowing the gap model
to fit inside the flange; e gap
model placed inside the flange,
firmly locked in the flange using a
composite; and f overview of the
lower partial denture with one gap
model integrated in the right den-
ture flange and the other in the left
flange (not visible in this picture)
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shows the Knoop hardness indent placement for the cross-
sectional microhardness testing in a schematic graph with typ-
ical positions of the indents in a scatter pattern. The indents are
placed at the cross-sectional surface, which is perpendicular to
the wall lesion (W) caused by the microbial plaque in the gap.
At the end of 4 weeks in situ, the treatment and the control
slabs were removed from the RPD flanges. The defects in the
buccal flanges were restored with self-curing acrylic resin.
Both slabs were embedded and used for microhardness testing
as described below.

Cross-sectional microhardness measurements: level
of cross-section related to depth inside the gap

After the 4-week wearing period, the enamel slabs were re-
moved from the acrylic form and were embedded in epoxy
resin (Allied High Tech Products, Compton, CA), leaving the
top flat section surface uncovered from the epoxy resin. This
is the surface facing the oral cavity in the gap model (covered
with red acid-resistant nail varnish (with respect to secondary
caries, this surface would have been the surface developing an
“outer caries lesion”) (Fig. la and 1b). In order to perform
cross-sectional microhardness testing related to caries induced
from bacteria in the gap, the samples were removed from the
acrylic form (Fig. 1b). Then, after embedding in epoxy resin,
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Fig. 3 Knoop hardness indent placement for cross-sectional microhard-
ness testing in a schematic graph with typical positions of the indents in a
scatter pattern, with “W” marking the wall lesion enamel surface; indents
occur on the cross-sectional surface (perpendicular to the wall lesion

the samples were ground down 600 to 800 wm from the top
surface (Fig. 1c), which had faced the oral cavity covered with
acid-resistant nail varnish, to the level marked with the arrow
“A” on the gap facing caries wall lesion “W.” Consequently,
the mineral loss was determined roughly at a level of 600 to
800 um depth inside the gap. After serial polishing (240 and
600 grit silicon carbide polishing paper followed by 6-, 3-, and
1-pm diamond polishing suspension), the exposed flat surface
was indented (25-g weight, 10-s indentation duration) to test
for microhardness cross-sectionally using a Buehler micro-
hardness tester (Buehler, Germany) and microscopic exami-
nation. The first indent was placed 15 pum from the resin
interface (Fig. 3). Subsequent indents were placed in 5-pm
increments to a depth of 50 um in the underlying enamel;
implementing a V-shaped pattern prevented interaction and
interference between the indents. Additional indents were
placed at 25-pm intervals into underlying sound enamel fol-
lowing a straight line perpendicular to the outer surface to a
depth of 300 um (Fig. 3). Figure 3 at the bottom shows a light
microscopical picture of typical microhardness indents placed
starting at 15 um under the enamel surface. The volume per-
cent mineral for each indent was normalized based on sound
underlying enamel (100-300 um) set at 85%. This is an inter-
nal calibration of the measurements that exists within the AZ
formula. It allows normalization of the microhardness data on

wall lesion enamel surface
at 200 — 400 pm
vertical depth into the gap

30pm W
50pm

25pum
45pm
- = = === - >
20pm
40pm
- - _——

caused by the microbial plaque in the gap); the light microscopical picture
shows typical microhardness indents placed, starting at an area 15 pm
under the enamel surface
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a per-tooth basis, such that tooth-to-tooth variability is elimi-
nated [11, 26]. All data were verified for reproducibility of the
measurement method and quality assurance by repeating any
outlier measurements. Measurement of indentation lengths
was performed with the aid of Image-Pro Plus 4.0 software
(Media Cybernetics, Inc., Rockville, MD), which was used for
capturing and measuring the image through a microscope
(Olympus BX50, Melville, NY) at 500x magnification.

The overall relative mineral loss (AZ) for each sample was
calculated by creating a hardness profile curve by plotting
normalized volume percent mineral against distance from
the outer enamel surface. The area under the curve that repre-
sents AZ (um x vol % mineral) was calculated using
Simpson’s integration rule. The individual AZ values for each
lesion in each group were combined to give a mean AZ and
standard deviation for each of the groups (test, control).

Blinding in the laboratory

The technician measuring the indentation lengths was blinded
to the group assignment for the test and control group. Enamel
slabs were delivered to the laboratory technician in number-
coded vials. The study coordinator had an appropriate list for
coding and decoding.

Wash-out phase, clinical

Participants started their study involvement with a 2-week
washout period using over-the-counter (OTC) 1100 ppm F-
toothpaste to brush their teeth (there was no professional tooth
cleaning at the start of the study in order to not interrupt bio-
film activities). The toothpaste (Crest Cavity Protection,
Procter & Gamble, Cincinnati, OH) and toothbrushes
(Colgate Plus soft, Colgate-Palmolive, Morristown, NJ) were
provided to each participant.

Pilot study

A pilot study was conducted, in which 5 participants (4 males,
1 female; average age 60.1 + 16.8 years; 1 Hispanic/Latinx, 3
non-Hispanic White, 1 African American) were selected after
a 2-week washout phase to wear their RPDs with gap models
with test and control composites for 4 weeks (for more details,
see “Main study phase,” below). Data were used to determine
whether a wearing period of 4 weeks was enough to achieve
sufficient demineralization of the enamel slab (see sample size
and power calculation below). The 4-week test period proved
to be sufficient. Consequently, the obtained data were used to
perform a sample size calculation for the main study, and the
same protocol was utilized for the main study.
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Main study

After the 2-week washout period, the gap models with slabs and
composites were mounted into the RPD flanges, and the partici-
pants wore their RPD for 4 weeks. The participants were instructed
to brush their teeth twice daily for 1 min with the provided OTC
1100 ppm fluoride toothpaste. The participants were asked to
remove the RPDs from the mouth before brushing their teeth.
They were asked to brush the inside of the RPD and the denture
teeth (without any toothpaste) but not the area with the slabs.
The study coordinator contacted by telephone the house-
holds approximately once a week to assist with compliance.
After 4 weeks, the gap models were removed, and the enamel
samples were prepared for the laboratory cross-sectional mi-
crohardness testing to determine the AZ mineral loss.

Outcome measures

The primary outcome measure was the reduction in enamel
mineral loss AZ in the antibacterial active test composite
group compared to the control group.

Power calculation

After having performed a pilot study with 5 participants, we
calculated the sample size for paired differences based on the
AZ mineral loss results obtained from these 5 participants. The
calculation took into account the mean difference between
pairs and the standard deviation of the differences. Based on
these data, we assumed that the study would require a sample
size of 17 (number of pairs — 17 participants, each wearing test
and control samples) to achieve a power of 80% and a level of
significance of 5% (two sided), for detecting a mean of the AZ
differences of 383 between pairs, assuming the standard devi-
ation of the differences to be AZ 507. To account for loss to
follow-up, we planned to recruit 20 participants into the study.

Statistical methods

The main outcome, reduction in enamel mineral loss AZ, was
compared between the intervention and control enamel slabs using
the two-tailed, paired t-test for significance at P<0.05.
Additionally, a mixed-effects linear regression model was fitted
for enamel mineral loss AZ with a random intercept for participant
and fixed effects for intervention (antibacterial active test compos-
ite vs. control), gender (female vs. male), denture age (newer RPD
vs. older RPD [with newer RPD defined as received in the last 4
weeks]), duration of wearing the gap model with the slabs in the
mouth (>28 days vs. 28 days or less), and RPD flange side with
test composite (left vs. right). Model coefficients were considered
statistically significant if 95% confidence intervals excluded the
null value (i.e., 0 difference in enamel mineral loss AZ). Analyses
were completed using Stata 16.1 (StataCorp, College Station, TX).
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Table 1 Characteristics of the

study population Enrolled Follow-up participants
(N=20) (N=17)
Baseline age, mean (SD) 64.6 (13.7) 63.8 (13.5)
Sex, n (%)
Female 7 (35) 5(29)
Male 13 (65) 12 (71)
Race/ethnicity, n (%)
African American 6 (30) 5(29)
Asian 2 (10) 2 (12)
Hispanic/Latinx 2 (10) 1 (6)
Non-Hispanic White 9 (45) 8 (47)
Others 1(5) 1(6)
Test material quadrant, n (%)
Right flange 13 (65) 11 (65)
Left flange 7 (35) 6 (35)
Days of wearing in situ gap model, mean (SD) 279 (1.3) 27.8 (1.2)
Results The average mineral loss AZ (vol% X pum) of an enamel

Mean participant age at baseline was 64.6 + 13.7 years (mean
+ standard deviation [SD]) (range: 33.7 to 80.98). From the
enrolled, 13 participants were male, and 7 were female. One
participant was Native American, 2 participant identified as
Hispanic/Latinx, 9 non-Hispanic White, 6 African American,
and 2 Asian (Table 1). Since all participants fulfilled the in-
clusion criteria for this study with experiencing dental caries
in the last 3 years, they were assessed as having a high caries
risk, according to the Caries Management by Risk Assessment
(CAMBRA) rules [27, 28].

Eleven participants provided older preexisting removable
partial dentures (RPDs), while 9 had just received a new re-
movable partial denture in the last 3 to 4 weeks in the dental
clinics. The random assignment of placing the test or control
composite into the right or left RPD flange resulted in 7 times
of allocation of the test composite into the left and 13 times
into the right RPD flange (Table 1). During the study period,
participants were wearing the in situ gap models for an aver-
age of 27.9 + 1.3 (mean + SD) days. The targeted 4-week in
situ wearing time was rather accurately achieved. No adverse
events or side effects were reported.

Overall average AZ mineral loss

The results include data from only 17 study participants
(Table 1). One study participant did not follow the instructions
to wear the RPD day and night and was wearing the RPD for
less than 12 h on multiple days. Data from this participant
were not included. Due to COVID-19 “Shelter-in-Place” or-
der, AZ values for two participants could not be evaluated.

slab on one side of an artificial gap facing the control com-
posite was 774 + 556 (mean + standard deviation [SD]). In
contrast, when the antibacterial test composite was located on
one side of the artificial gap, the gap opposing enamel slabs
showed in average a AZ of 235 + 354 (mean + SD), which was
significantly less mineral loss. This difference in average min-
eral loss between control and test sides was statistically sig-
nificant (paired t-test, P<0.0001; mean of test slabs minus
control slabs =539, SD 392, 95% CI. =741, —338).

Mixed-effects linear regression

In the mixed-effects regression model (Table 2), the interven-
tion test composite was similarly associated with decreased
enamel demineralization compared to the control (difference
in AZ: —535; 95% CI. =712, —357). Additional participants’
factors associated with greater demineralization were place-
ment of the gap model with the antibacterial active group in
the flange of a newer denture (difference in AZ: 386; 95% CI:
49, 724) and duration between baseline and assessment >28
days (difference in AZ: 394; 95% CI: 10, 779). Participant
gender and placement of the gap model with the antibacterial
active group in the right or left denture flange were not statis-
tically significantly associated with enamel mineral loss AZ.

AZ Mineral loss: individual and average difference

Figure 4 shows the AZ mineral loss for the control and for the
antibacterial active test composite side presented for all 17
study participants as individuals. For the test side, the AZ
mineral loss ranged from —268 to 862, while the values for
the controls were assessed between AZ 213 and 2081. The
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Table 2 Enamel demineralization
(AZ mineral loss): mixed-effects
regression model

Adjusted difference 95% confidence interval P-value
in mineral loss
(volume% x pm)
Treatment assignment:
Test composite (reference: control) —535 (=712, -357) <0.001
Gender:
Female (reference: male) 305 (=65, 675) 0.11
Denture age:
< 4 weeks (reference: >4 weeks) 386 (49, 724) 0.03
Time since baseline:
29-30 days (reference: 26-28 days) 394 (10, 779) 0.04
Placement on denture
Left flange (reference: right flange) 77 (—=100, 254) 0.40

Model includes 34 observations from 17 participants in a split-mouth design with a random intercept for partic-
ipant (chi-bar P-value: 0.01) and fixed-effects for the main terms

graph demonstrates that for all individual cases, the AZ min-
eral loss for the test side was lower than the mineral loss
observed for the control side.

Discussion

In research, the use of experimental intraoral models dealing
with caries prevention has increased over time. The most re-
alistic experimental model is the in vivo model that uses living
teeth followed by the in situ model using specimens with
natural surfaces held in the mouth during the experimental
period [29]. In situ models have the potential to study both
fundamental aspects of the caries process and more applied
research problems in caries prevention in human subjects
without actually causing caries in the natural dentition [30].
In situ models are able to produce statistically significant dif-
ferences to compare the use of different fluoride toothpastes
and controls [31-37], fluoride mouth rinses [38], antimicrobi-
al releasing agents [39], varnishes [40], and other fluoride
releasing products [41-44]. In situ studies have also evaluated
the effect of biomaterials and food on demineralization and
remineralization [45, 46].

Regarding study design, numerous in situ models have
been described [30]. Orthodontic brackets have been used as
a plaque trap on enamel [11, 47], as well as a carrier for slabs
[48]. Interproximal models [49] with partial dentures for test-
ing the effect of fluoride on enamel have also been used.
Recently, a systematic review about simulation of secondary
caries in in situ models reported that three main groups of in
situ models could be identified by sample placement [50].
Sixty-eight percent of these models placed samples palatally
in the upper jaw. The lower jaw model could be divided into
the buccal (26%) and approximal areas (6%). The average
lesion progression in enamel per day was calculated at 4.3 +
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2.8 um (range 1.1-8.8 um/day) [50]. Studies conducted with
palatal models showed caries progression rates 2—5 times
higher than the estimated clinical progression rates [50].
Fluoride-containing toothpastes were used in 48% of the stud-
ies, and 42% had their volunteers use fluoride-free toothpaste.
Studies showing a high caries progression rate in all palatal
models, using a mesh for plaque promotion above the sam-
ples, and experiment durations were only 2 weeks. It was also
observed that samples with a natural surface, not polished flat,
slowed down initial lesion formation [50].

Secondary caries is described to consist of an outer
and an inner lesion or wall lesion [51, 52]. The outer
lesion is caused by the primary caries attack on the
tooth surface and appears histologically as a primary
caries lesion. The wall lesion, however, is the conse-
quence of micro-leakage and subsequently intruding car-
iogenic bacteria [52]. Thus, the wall lesion is the result
of bacteria, fluids, and hydrogen ions diffusing into the
gap between restoration and cavity wall [53, 54].
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Fig. 4 Individual AZ mineral loss (vol% x pwm) for the control and for the
antibacterial composite side for 17 study participants (participants #1 to
#17); in all cases, the AZ mineral loss for the antibacterial composite side
was lower than for the control side
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The study here used an in situ caries model, aiming to
determine the extent of typical inner secondary caries lesions
detected at cavity walls of restorations. The development of
outer caries lesions was not evaluated. Actually, it was inten-
tionally inhibited by covering the outer tooth/enamel slab sur-
face of the test specimens with an acid-resistant nail varnish.

Secondary caries development has been evaluated by
others using in situ models, introducing various gap size di-
mensions from 25 to 1025 wm width [9, 55-58], with no
observed differences in mineral loss with different gap sizes
[56] or findings of wider caries lesions with wider gap sizes
[57, 58]. These studies mainly utilized dentin models. The gap
model used in this in situ study was fabricated in the labora-
tory in a bathtub-like acrylic mold with enamel as test site. The
enamel sample surfaces were polished, highly likely enhanc-
ing initial lesion formation [50]. A defined and consistent gap,
simulating a natural, potentially occurring gap between a fill-
ing and the restored enamel, was introduced using a thin ma-
trix band insertion between the enamel slab and the compos-
ite. The thickness of the matrix bands utilized did not vary. In
addition, incremental placing of the composite against the
matrix band allowed a consistent width of the artificial gap.
This allowed a comparison between the effect of the antimi-
crobial active test composite and the control composite on
enamel demineralization creating a wall lesion as a typical
secondary caries inner lesion due to the microbial plaque lo-
cated in the artificial gap.

Lower partial dentures were chosen as carriers for the test-
ing sites in this in situ study. While caries progression, as
described above, would have been faster using upper palatal
carriers, these palatal carriers could not be chosen, since the
placement of the newly designed gap model required relative-
ly thick acrylic flanges to recess them into the flanges and then
allow for collecting of microbial plaque. Palatal placement of
these thick gap models would have negatively changed the
denture wearing comfort. Buccal flanges of the lower RPD
as insertion areas did not negatively influence the wearing
experiences for the participants. Consequently, participants
were more compliant to the request of wearing the RPD day
and night, to prevent drying out of the microbial plaque.

In their systematic review related to in situ studies,
Hollanders and coworkers reported that to measure the lesion
development, microradiography techniques (TMR or trans-
versal wavelength-independent microradiography [TWIM])
were used in 36%, and in 48%, cross-sectional microhardness
testing was used [50]. In this present study, all samples were
prepared for cross-sectional microhardness testing to deter-
mine the mean relative mineral loss values delta Z
(AZ) among groups by using previously verified and
published techniques [59-61]. The cross-sectional mi-
crohardness testing revealed that the mineral loss on
the control side using a non-antibacterial active control
composite was significantly higher than the mineral loss

on the side where the antibacterial active composite
with the incorporated quaternary ammonium silica diox-
ide (QASi) particles was located. The mineral loss on
the control side was roughly three times higher than on
the test composite side (AZ 774.2 vs. AZ 234.9). In
addition, for each individual participant, the mineral loss
on the side harboring the new composite was lower
than on the control side. Obviously, the new composite
was able to show its antibacterial capacity.

To assure that differences between mineral loss on the test
composite side versus the control composite side were not
influenced by other factors, the composite itself, a mixed-
effects linear regression model, was fitted for enamel mineral
loss AZ. As expected, placement of the gap model with the
antibacterial active group in the right or left denture flange was
not associated with enamel mineral loss AZ. The gender of the
participant had no influence either. Unexpectedly, one addi-
tional participant factor associated with greater demineraliza-
tion was placement of the gap model with the antibacterial
active group in the flange of a newer RPD, with a newer
RPD defined as a partial denture delivered to the participant
in the last 3 to 4 weeks before inserting the gap model. Newer
denture base acrylic resins leach out substances like unreacted
residual monomer [62—64], which are cytotoxic and po-
tentially bactericidal. Consequently, the opposite behav-
ior as the mixed-effect model indicated could be hy-
pothesized, with lower demineralization of enamel slabs
placed in newer denture flanges due to a theoretically
additional bacteria killing by the released denture mono-
mer. This seemed not to have happened.

Wearing the in situ model for a longer duration (29 days to
30 days) than a shorter duration (26 to 28 days) was the second
factor associated with greater demineralization. This might
seem as more logical, but nevertheless, the differences in wear
time of at maximum 4 days appear very small. Overall, the
magnitude of the difference in enamel demineralization ob-
served for denture age and wearing time were much smaller
than the observed difference due to the treatment assignment,
control versus test material.

The anti-caries effect of resins modified by quaternary am-
monium monomers has been demonstrated [65, 66] but
leaching of monomers from acrylic resins is a common issue
[62—64, 67]; thus, these antibacterial effects may be dimin-
ished over time. By placing composite fillings with incorpo-
rated quaternary ammonium silica dioxide (QASi), which
does not leak out, the risk of mineral loss and thus recurrent
decay will be significantly reduced over time. These surface-
modified nanoparticles are like other nanoparticle fillers per-
manently integrated into the composite matrix [22]. After 6
months of accelerating aging, the antibacterial activity of com-
posites with QASi nanoparticles was not reduced [19].
Bacterial death after contact with these modified composites
has been observed [24, 18].
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With regard to safety and potential cytotoxicity of the new
composites, it can be stated that the Nobio Infinix composites
with QASi nanoparticles received U.S. FDA clearance in
2019, with additional clearance in 2020, allowing a manufac-
turer’s claim that the Nobio Infinix antibacterial composites
significantly reduce tooth demineralization. To achieve clear-
ance, materials have to undergo all biocompatibility tests re-
quired for a class Ila device (externally communicating
device) with permanent (>30 days) contact with tissue,
bone, and dentin, according to ISO 10993-1 and ISO
7405. Biocompatibility tests included in this case cyto-
toxicity, oral irritation, sensitization, pyrogenicity,
genotoxicity, and acute systemic toxicity.

In terms of cytotoxicity, Nobio Infinix composites were
tested for potential cytotoxic effects using an in vitro mamma-
lian cell culture test. The cytotoxicity test scale ranges from
scale 0 to 4, with 0 being no cytotoxic reactivity and 4 being
severe reactivity. The Nobio Infinix antibacterial composites
showed scale 0 cytotoxicity, with no evidence of caus-
ing cell lysis reduction of cell growth (NAMSA, 6750
Wales Road, Northwood, OH 43619, unpublished data).
Consequently, the Nobio Infinix composites met the
FDA requirements for clearance.

Biocompatibility of these nanoparticles has been proven
in vitro and in vivo [23]. Related to antimicrobial activities,
agar diffusion tests (ADTs) may determine bactericidal effects
of bactericidal components leaching out of materials [68].
Antibacterial in vitro tests for composites that do not contain
leaching out components like QASi nanoparticles use for test-
ing of bactericidal activity the methodology of direct contact
tests (DCTs) [69, 70]. They are routinely performed for qual-
ity assurance of such composites. The bactericidal efficiency
has been tested for Nobio Infinix composites on bacteria from
whole saliva, on Streptococcus mutans and on Enterococcus
faecalis. All direct contact in vitro tests showed an at least 6
times logarithmical reduction in bacterial viability. Actually,
Nobio Infinix composites demonstrated complete growth in-
hibition of bacteria, when the bacteria came in contact with
Nobio Infinix composites (unpublished data).

The physical properties of a composite seem not to be
diminished by adding these modified nanoparticles [16, 22].
Consequently, this type of antibacterial active composites
could be considered to be added to the Caries Management
by Risk Assessment (CAMBRA) armamentarium [27, 28].

Limitations of the study

While sufficiently powered, the results of this relatively
small study should be examined in additional popula-
tions. It is also unclear how the magnitude of differ-
ences in demineralization in this in situ model will
translate to the incidence of secondary caries in actual
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restorations. It would be of interest to learn how a dif-
ference in gap width might influence the results and at
what maximum gap width a reduction in demineraliza-
tion using this antibacterial active composite might still
occur. It is assumed that the gap width produced was
consistent throughout the study, but variations and con-
sequently slight differences in the demineralization ef-
fect due to gap sizes cannot completely be ruled out.
An additional limitation of the study is that we have not
evaluated the potential effects of the new composite on
reducing demineralization in the location prone for for-
mation of the outer caries lesion.

Conclusions and clinical relevance

The in situ clinical study showed that composites with
QASi antibacterial particles significantly reduced demin-
eralization in enamel adjacent to a 38-um artificial gap
in an in situ gap model in comparison to a conventional
composite, with mineral loss evaluated by cross-
sectional microhardness testing in the laboratory. In ad-
dition, in each single individual participant, the evaluat-
ed mineral loss in the enamel slabs was lower on the
side with the test composite when compared with the
side carrying the control composite. Consequently, com-
posites with QASi nanoparticle technology have the po-
tential to reduce the occurrence of secondary caries.
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