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Resin composites are the material of choice for dental restorative treatment in oral health
care. However, the inherent composition of this class of material commonly results in
microbial adherence and colonization, which carries the potential risk of recurrent carious
lesions around dental restorations. The high risk of resin composites failure complicates
the treatment of root caries, defined as the onset of tooth decay over the prone root surface
of a tooth. The restorative treatment of root caries among high caries risk individuals,
especially for senior patients, is a challenging, painful, and costly. The dysbiotic microbiota
colonizes the composite’s surfaces and forms polymicrobial biofilms that are difficult to be
dislodged by regular tooth brushing. This study assesses the antibiofilm performance of a
surface contact killing antibacterial dental resin composites on the growth of microcosm
biofilms using dental plaque sampled from patients with active root carious lesions as an
inoculum. The designed formulations contain dimethylaminohexadecyl methacrylate
(DMAHDM), a tailored quaternary ammonium monomer with an alkyl chain length of
16, at 3-5 wt.% in a base resin with and without 20 wt.% nanoparticles of amorphous
calcium phosphate (NACP). Biofilms were grown on the tested resin composites using a
48 h plaque-derived microcosm biofilm model. Dental plaque collected from active root
carious lesions was used as an inoculum to emulate the microbiota present in those
lesions. The biofilm growth was assessed via the colony-forming unit (CFU) counts in four
culture media, metabolic behavior, lactic acid production, and confocal microscopy. The
percentage of reacted double bonds of the formulations was also investigated. The dental
resin composites formulated with 3-5 wt.% DMAHDM and 20 wt.% NACP were effective
at eradicating surface-attached biofilms from the total microbial load and each relevant
cariogenic group: total streptococci, mutans streptococci, and lactobacilli. The metabolic
activities and lactic acid production of the plague-derived microcosm biofilms were
reduced by 80-95%, respectively. Fewer viable microorganisms were observed over
resin composites containing DMAHDM and NACP. Besides, all the experimental
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formulations demonstrated an acceptable degree of conversion values. This new strategy
fits with ongoing dental caries preventive and minimally invasive approaches by preventing
biofilm growth over-restored carious root lesions and improving the lifespan of dental

restorations.

Keywords: amorphous calcium phosphate, antibacterial agents, dental caries, polymerization, quaternary
ammonium compounds, Amorphous calcium, Biomaterials, Antibacterial

INTRODUCTION

Dysbiotic biofilm-triggered mineral loss causes tooth cavitation,
and it is the primary reason for the loss of tooth structure
(Takahashi and Nyvad, 2016; Damé-Teixeira et al., 2017).
When it is located at the root of a tooth, noted as “root
caries,” the onset of carious lesions could be accelerated due to
multiple risk factors (Takahashi and Nyvad, 2016; Damé-Teixeira
etal., 2017). Root caries is a preventable dental disease that affects
a growing number of adults. The annual incidence of root caries
ranged from 10.1 to 40.6%, with the highest-burden observed
among elderly patients (Hayes et al., 2017a).

Root surfaces are at higher risk of biofilm-triggered mineral
loss compared to enamel, as the cement and dentin, constituents
of the root, hold lower mineral contents compared to the enamel.
As a result, microorganisms involved in root caries are less
dependent on carbohydrates, and less amount of pH drop is
required to induce demineralization (Takahashi and Nyvad,
2016; Damé-Teixeira et al., 2017). Moreover, the location of
the root surface close to the gingival margin and
cementoenamel junction is considered a plaque-stagnation
area, making it more difficult to be cleaned by brushing
(Vandana and Haneet, 2014). As the present demographic
shifts, the population of the United States over the age of
65 years is projected to increase from 13.5 to 20% in 2030
(The United States census bureau, 2019). Therefore, there is a
demographic and oral health imperative to understand how to
better care for senior dental patients who are at high risk of root
caries (Gati and Vieira, 2011; Tonetti et al., 2017).

Currently, the standard of care on the management of root
caries cavitation relies on restorative treatment by placing a
circumferential “dental filling” to replace the missing root
structure (Tan et al., 2017). Resin composite restorations can
perform better in restoring root surfaces compared to glass
ionomer and resin-modified glass ionomer restorations
(Meyer-Lueckel et al, 2019). However, the survival rate of
resin composite restorations in replacing the root surface is
poor, as the annual failure rates reach 15% (Meyer-Lueckel
et al., 2019).

One of the main reasons for restoration failure is secondary
caries, especially around resin composite surfaces, which are
more susceptible to plaque accumulation (Bourbia and Finer,
2018). Biofilms have specialized physiology where cells aggregate
together and become encased in a self-produced polysaccharide
and protein matrix that protects the cells from several oral
environmental conditions (Khatoon et al, 2018). Resin
composite restorations have no bioactivity and undergo several
degradative effects caused by bacterial acids as well as salivary

esterase (Delaviz et al., 2014). It is no longer sufficient for dental
restorations to simply repair esthetics and function without
providing protection against microorganisms and their
associated biofilms. In this sense, dentists and dental material
researchers worldwide have been perseveringly searching for
restorative approaches that can contribute to the longevity of
root caries restorative treatment (Gavriilidou and Belibasakis,
2019).

There is currently no approved dental composite that can
effectively contribute to the protection of restorations against
biofilm accumulation. However, several investigations were
conducted to design a bioactive resin composite with
antibacterial or ion-releasing properties (Cheng et al., 2012).
The use of quaternary ammonium methacrylate, such as 12-
methacryloyloxydodecylpyridinium bromide (MDPB) or bis(2-
methacryloyloxyethyl) dimethylammonium bromide (QADM)
was associated with slightly reduced growth of total
microorganisms and caries-related pathogens (Melo et al,
2018). This class of monomers has a positive-charge surface
that can interact with the negatively charged bacterial
membrane causing cell wall disturbance and lysis (Zubris
et al., 2017).

Importantly, these antibacterial monomers can copolymerize
with other dental monomers to provide a long-lasting effect with
no leaching adverse effects (Yuan et al, 2013). Holding the
contact killing property based on bacterial membrane
interactions, the recently developed antibacterial monomer,
DMAHDM, had its synthesis tailored with a 16-alkyl chain to
allow robust antibacterial action against cariogenic biofilms
(Ibrahim et al., 2019); covalent bond with the commonly used
Bis-GMA/TEGDMA dental resin system (Liang et al., 2014) and
high surface charge density (Balhaddad et al., 2020).

In the course of investigating anti-caries approaches via dental
materials, the understanding of caries as a dynamic process that
shifts toward de- or remineralization has encouraged the
incorporation of a potential resource for ion-depleted tooth
surfaces around dental restorations (Melo et al., 2017). Nano-
sized amorphous calcium phosphate (NACP) fillers may provide
the release of calcium and phosphate ions under acidic pH as ion-
enriched source incorporated in the dental material resulting in
buffering capacity and remineralization effect (Weir et al., 2012).

Clinically, patients with active root carious lesions are assessed
at a severely high risk of caries (Hayes et al., 2017b). They very
often present several risk-indicators, such as hyposalivation,
gingival recession, high cariogenic diet intake, and low fluoride
exposure (Ritter et al., 2010). In view of the intended use for root
restorations, the developed bioactive resin composite must
present maximum anti-biofilm performance to confront high
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FIGURE 1 | Clinical appearance of the carious root lesions showing a massive plaque build-up over exposed root surfaces. The lesions are presented as
discoloration and loss of surface continuity or cavitation below the cementoenamel junction (A). Root carious lesions are mainly located on the root surface of a tooth,
usually close to or below the gingival margin (B). The activity of such lesion can be determined based on the texture (smooth, rough), appearance (shiny or matte), and

location in a plague-stagnation area (C).

plaque build-up inside the mouth. Considering the bacterial
diversity within the biofilms, it would be conceivably
preferable to wuse natural inoculum to facilitate the
development of in vitro biofilms to more broadly resemble the
in vivo community for testing new antibiofilm biomaterials
(Signori et al.,, 2016). Plaque-derived inoculum can represent
the environmental diversity related to the root surface in a site-
dependent and niche-dependent manner, making the inoculum
more clinically relevant for in vitro models testing new
antibacterial compounds (Marsh, 2006; Fontana et al., 2009)
In this study, we examined for the first time the antibiofilm
performance of a surface contact killing antibacterial dental resin
composites on the growth of microcosm biofilms using dental
plaque sampled from patients with active root carious lesions as an
inoculum. It was hypothesized that: 1) The DMAHDM -NACP
composites would substantially reduce biofilm activities, including
colony-forming units (CFU), metabolic activity, and acid
production, and 2) Adding DMAHDM and NACP into
composite would not compromise the degree of conversion (DC).

MATERIAL AND METHODS

Participants Selection and Plaque
Collection

Ethical Considerations

The participants were ongoing patients who visited university
dental clinics for regular dental treatment. All participants
consented to donate samples of dental plaque after getting

comprehensive information about the study. The study
protocol and written informed consent from all participants
were approved by The University of Maryland Baltimore
Institutional Review Board (HP-00083485).

Participants
Each participant had at least one exposed root with a primary

active root carious lesion in order to collect the plaque. The
average years of age of the participants were 56.8 + 22.6 (N = 10;
40% female; 60% male). Ten adult volunteers presenting active
root carious lesions at clinical oral examination, as shown in
Figure 1, were recruited for the plaque collection. The lesions are
presented as discoloration and loss of surface continuity or
cavitation below the cement-enamel junction (Figures 1A).
They were located on the root surface of a tooth, usually close
to or below the gingival margin (Figures 1B). The activity of root
caries was determined based on the texture (smooth, rough),
appearance (shiny or glossy, matte or non-glossy), and location in
a plaque-stagnation area (Figures 1C). The inclusion and
exclusion criteria of the participants are described in Table 1.
Plaque sampling from patients with active root carious lesions.
The plaque sampling was undertaken at carious root sites. To
assure proper sampling, the teeth presenting the lesions were
isolated with cotton rolls and slightly air-dried. The dental plaque
(supragingival biofilm) was removed using a sterile ultrafine
micro-brush applicator (head size: 0.5mm; MUT400;
Microbrush international, Grafton, WI, United States) with a
circular motion parallel to the gingival margin, as illustrated in
Figure 2 by the sequential images (2A-C). The samples were
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TABLE 1 | The inclusion and exclusion criteria for the participant’s selection for this study.

Inclusion Criteria

Adult patients over the age of 30

Patients should have active root carious lesions

No history of antibiotics in the last 6 months

No active periodontal treatment in the last 6 months

No systematic disease that may affect the oral environment

Patients should not be pregnant/lactating, or tobacco user

Exclusion Criteria

Patients under the age of 30

Patient with no or inactive root carious lesions

Patients with a history of antibiotics in the last 6 months
Patients with active periodontal treatment in the last 6 months
Patients with a systematic disease known to affect the oral
environment

Tobacco users and pregnant/lactating patients

FIGURE 2 | (A) Clinical photographic images illustrating how the plaque was scraped and collected from the carious root lesions; (B) The dental plaque
(supragingival biofilm) was removed using a sterile ultrafine micro-brush applicator; and (C) with a circular motion parallel to the gingival margin.

placed inside a liquid dental transport medium composed of a
buffered mineral salt-based liquid medium with reducing agents
(Anaerobe System, Morgan Hill, CA, United States) and
transferred to the laboratory settings.

The collected plaque samples were mixed, stored in a solution
of brain heart infusion, and glycerol at the ratio of 7:3, and stored
at —80°C for further plaque-derived microcosm biofilm assays.
The addition of glycerol stabilizes the frozen bacteria, preventing
damage to the cell membranes and keeping the cells alive
(Fontana et al., 2009).

Experimental Design

An in vitro study was conducted using a validated plaque-
derived microcosm assay model (Melo et al., 2013). For the
purpose of studying the antibacterial activity and DC of the
designed formulations, a flowchart of the experimental process
was intended, as shown in Figure 3. The factors under study
were the DMAHDM concentration at three levels (0, 3, and
5%) and incorporation of NACP at two levels [absence and
presence of 20% NACP], generating six groups as described in
Table 2. For microbiological analyses derived from in vitro
biofilms, four independent experiments were carried out, and
the data were statistically analyzed according to the design of
this study, considering the biofilm grown over the composite
disk as a statistical unit (n = 4 x 3 replicates). The dependent
variables were: 1) CFUs counting for total microorganisms, 2)
total streptococci, 3) mutans streptococci, and 4) total
lactobacilli, 5) metabolic activity, 6) and lactic acid
production. For DC, the statistical unit was the cured
composite samples (n = 5).

Synthesizing the Dimethylaminohexadecyl
Methacrylate Monomer and Nano-Sized
Amorphous Calcium Phosphate Fillers

A modified Menschutkin reaction was performed to synthesize
DMAHDM following previous studies (Zhou et al., 2013). Briefly,
10 mmol of 2-(dimethylamino)ethyl methacrylate (DMAEMA;
Sigma-Aldrich, St. Louis, MO, United States), 10 mmol of 1-
bromohexadecane (BHD, TCI America, Portland, OR, United
States), and 3 g of ethanol were placed in a 20 ml-scintillation vial
and mixed very well and stirred at 70°C for 24 h. Then, the solvent
was evaporated, and DMAHDM was obtained.

The NACP fillers were synthesized by a spray-drying
technique, as reported previously (Xu et al., 2011). The final
molar ratio of Ca/P was 1.5, the same as that for ACP
[Ca3(PO,),]. The full characterization of the NACP particles,
including transmission electron microscopy and X-ray diffraction
patterns, was described by previous study (Xu et al., 2011).

Resin Composite Formulations

At a mass ratio of 1:1, bisphenol glycidyl dimethacrylate
(BisGMA; Esstech, Essington, PA, United States) and
TEGDMA (Esstech, Essington, PA, United States) were
mixed (referred to as “BT resin”). 0.2 wt.% camphorquinone,
and 08wt.% ethyl 4-N, N- dimethylaminobenzoate
photoinitiators were added as photoinitiators. In the base
formulation, the resin matrix mass to the fillers was designed
at the ratio of 35:65 with BT as a resin matrix, and barium
boroaluminosilicate glass particles with a median size of 1.4 ym
(Caulk/Dentsply; Milford, DE, United States) silanized with
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Resin Composite Formulation:
BisGMA: TEGDMA
Photoinitiators (CQ+4E)

: = 3% 5%
Commercial Experimental 3% 5%
DMAHDM = =4 DMAHDM -
Control Control DMAHDM 20% NACP DMAHDM 20% NACP

Degree of conversion

w8 CFU/mL
analysis
Total Total
microorganisms Streptococci

Antibacterial activity

Human plaque collection from
active root carious lesions

48 h-microcosm biofilm model

Lactic acid confocal
production microscopy
Mutans Total
Streptococci Lactobacilli

FIGURE 3| Schematic drawing showing the design of the study. Antibacterial resin composite formulations were optimized containing the different mass fraction of
DMAHDM with and without NACP. Microbiological analysis and the degree of conversion of the designed formulations were assessed.

TABLE 2 | Description of the components used to design the resin composite
formulations.

Group Manufacturer/Experimental formulation

Commercial control Heliomolar, ivoclar vivadent, schaan, Liechtenstein

Experimental control 35% BT + 65% glass

3% DMAHDM 32% BT + 3% DMAHDM +65% glass

3% DMAHDM + 20% NACP  32% BT + 3% DMAHDM +20% NACP +45% glass
5%DMAHDM 30% BT + 5% DMAHDM +65% glass
5%DMAHDM-20%NACP 30% BT + 5% DMAHDM +20% NACP +45% glass

4wt.% three- methacryloxypropyltrimethoxysilane as fillers. For
the experimental formulations, DMAHDM was introduced to
achieve the final mass fractions of 3wt.% and 5wt.% in the
dental composite with and without 20 wt.% of NACP. All the
investigated formulations are described in Table 2.

Plaque-Derived Microcosm Biofilm Assays
Sample Preparation

Circular molds with a diameter of 8 mm and a thickness of 1 mm
were used to fabricate resin composite discs. The samples were
cured (60 s; 1,000 mW/cm? VALO Cordless, Ultradent Products,

South Jordan, UT, United States) and kept in a dry incubator for
24 h at 37°C followed by 1 h stirring in distilled water at 100 rpm
to remove uncured monomers. Ethylene oxide (AnproleneAN
74i; Andersen, Haw River, NC, United States) gas was used to
sterilize the samples, followed by seven days of de-gassing to
assure the release of entrapped ethylene oxide (Farrugia et al.,
2015).

Preparation of the Plaque-Derived
Microcosm Assay

A McBain artificial saliva growth medium was prepared as the
following: mucin (Type II, porcine, gastric), 2.5g/L;
bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast
extract, 1.0 g/L; NaCl, 0.35 g/L, KCl, 0.2 g/L; CaCl,, 0.2 g/L;
50 mM pipes, 15 g/L; hemin, 0.001 g/L; vitamin K, 0.0002 g/L,
atpH 7. 0.2% sucrose was added to this medium (McBain et al.,
2003). The plaque-brain heart infusion-glycerol solution
containing the dispersed bacteria was added into the
McBain artificial ~saliva growth medium to have
approximately 1.5 x 10° cells/ml in each well of the 24-well
plate (Fontana et al., 2009) containing the resin composite
samples.
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The plates containing the samples were incubated at 37°C
supplemented with 5% CO,. Fresh McBain medium
supplemented with 0.2% of sucrose was added after 8 and 24 h
of the incubation. At a total of 48 h incubation, the samples were
transferred to conduct the CFUs count, metabolic activity assay,
lactic acid measurement, or confocal laser scanning microscopy.

Biofilm Disruption Procedure
To quantify bacterial viability in biofilms grown over the

composite, each specimen (n = 12) containing 2-day-old
microcosm biofilms was washed and transferred to a vial
containing 1ml of cysteine peptone water. The sessile cells
were harvested from the composites by sonication (Branson
3510, Branson Ultrasonics Corp., Danbury, CT) (5min; 1x)
followed by two rounds of 30s vortexing (900 rpm, Vortex-
Genie 2, Scientific Inc., Bohemia, NY). The volume of each
disrupted biofilm was ten-fold serially diluted using buffered
peptone water.

CFU counts of biofilms on resin composites.

The suspensions of the bacterial biofilms (10 pl) were plated in
triplicate onto each agar plate using the drop-counting technique.
The agar plates were incubated at 37°C in 5% CO, for 48 h, except
for rogosa plates, which were incubated for 96 h. The number of
CFU per ml of disrupted biofilm over each disk was determined
by counting the colonies grown in the media. The colonies on
plates were enumerated using a colony counter (Quebec
Darkfield 3328; American Optical Corp, New York, United
States). The detection limit with the methods used was
100 CFU/ml of disrupted biofilm. Four solid culture media,
including non-selective and selective agar growth media, were
used for selective isolation of the cariogenic bacteria (Wan et al.,
2002):

(1) Tryptic soy blood agar (TSA) plates to estimate the biofilm
growth of the total microorganisms.

(2) Mitis salivarius agar plates containing 15% sucrose to
estimate the biofilm growth of total streptococci. Potassium
tellurite at 1% was added to the agar to inhibit most gram-
negative bacilli and most gram-positive bacteria.

(3) Mitis salivarius agar culture plates with the addition of
0.2 units of bacitracin per ml (MSB) were used to estimate
the biofilm growth mutans streptococci.

(4) Rogosa agar culture plates to determine the growth of
lactobacilli. Sodium acetate and ammonium citrate at a
low pH were added at a high level to allow only the total
lactobacilli to grow.

The number of CFU/specimen was calculated and converted
to log;o for the statistical analysis.

MTT Assay for Quantification of Metabolic
Activity of Biofilms

A colorimetric assay was performed to evaluate the enzymatic
reduction of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) as previously described (Melo
et al., 2013). Briefly, resin composite samples (n = 4 x 3

Bioactive Composite for Root Caries

replicates) subjected to the 48-h plaque-derived biofilm were
washed with phosphate-buffered saline (PBS) and immersed with
1 ml of tetrazolium dye. The plate was incubated at 37°C in 5%
CO, for 1 h. Then, the samples were soaked with 1 ml of dimethyl
sulfoxide in the dark for 20 min. The absorbance of the dimethyl
sulfoxide at 540 nm was measured using a microplate reader
(SpectraMax MS5; Molecular Devices, Sunnyvale, CA, United
States).

Lactic Acid Production by Biofilms
The lactic acid production was determined via an enzymatic

(lactate dehydrogenase) method following a previous study
(Balhaddad et al, 2020). Resin composite discs (n = 4 x 3
replicates) subjected to 48h biofilms were washed with
cysteine peptone water solution, immersed with 1.5ml of
buffered-peptone water plus 0.2% sucrose, and incubated for
3 h to allow the biofilms to produce acid. 1 M of glycine and 0.8 M
of hydrazine sulfate were mixed at a ratio of 1:1. 170 ul of this mix
was placed inside the wells of a 96-well plate followed by 20 pl of
26 mM of 8-nicotinamide adenine dinucleotide and 10 ul of each
sample. The microplate reader (SpectraMax MS5; Molecular
Devices, Sunnyvale, CA, United States) was used to measure
the absorbance of the buffered-peptone water solution of each
well at 340 nm (optical density OD3yy) before and after the
addition of 10yl of L-lactic dehydrogenase bovine heart (1,000
units/ml; Sigma-Aldrich, St. Louis, MO, United States). The
standard curve was created using a lactic acid standard
(Sigma-Aldrich, St. Louis, MO, United States).

Confocal Laser Scanning Microscopy
Confocal laser scanning microscopy was used to visualize the

biofilm organization using BacLight live/dead kit (Molecular
Probes, Eugene, OR, United States), and the images were
three-dimensional reconstructed as previously described
(Ibrahim et al., 2020c). Three random areas were selected and
scanned using a x20 air objective. To obtain the Z-series, vertical
optical sectioning with a thickness of 1um was utilized. The
images were processed using ZEN Black 2.3 SP1 (Bitplane,
Ziirich, Switzerland).

Degree of Conversion
Fourier-transform infrared spectroscopy with attenuated total

reflectance device (FTIR-ATR) was used to investigate the DC of
the resin composite formulations, as previously described
(Collares et al, 2013; Monteiro et al, 2020). Briefly, resin
composites (n = 5) were placed inside a mold of
polyvinylsiloxane mold over the ATR crystal (Nicolet 6700;
Thermo Fisher Scientific, Waltham, MA, United States) to
standardize the thickness of each sample (thickness = 1 mm).
A polyester strip was used to cover the resin composites. Then, a
light-curing tip (VALO Cordless; Ultradent Products, South
Jordan, UT, United States) was placed as close as possible to
the sample to achieve photoactivation of 20s with a radiant
emittance of 1,000 mW/cm®.

The spectra of each sample were captured before and after the
light-curing procedure. OMNIC Series Software (Thermo Fisher
Scientific), from 4,000 to 400 cm™ !, with 32 scans and 4 cm™
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FIGURE 4 | Colony-forming unit (CFU) counts for biofilms grown over the resin composite discs. (A) The plaque samples isolated from active root carious lesions
were used to initiate plaque-derived microcosm biofims in vitro. (B) The percentage of the bacterial groups after biofilm inhibition, compared to total microorganisms,
quantified over the same resin composite disk. the experimental control. (C) Total microorganisms, (D) total streptococci, (E) mutans streptococci, and (F) total
lactobacilli. Values indicated by different letters are statistically different from each other (o < 0.05).
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resolution, was used to evaluate the recorded data. The intensity
of the aliphatic carbon-carbon double bond (1,638 cm ™) and the
aromatic carbon-carbon double bond (1,608 cm™) from the resin
composite samples were studied before and after the curing to
estimate the DC percentage using the equation:

DC (%) = 100
y peak height of cured aliphatic C = C/peak height of cured aromatic C = C
peak height of uncured aliphatic C = C/peak height of uncured aromatic C = C

Statistical Analysis

Data normality and distribution were evaluated via the Shapiro-
Wilk test. Data were analyzed using one-way ANOVA and
Tukey’s post hoc test. All tests were conducted using the
statistical software package Sigma Plot 12.0 (SYSTAT,
Chicago, IL, United States), and the statistical significance was
set at p < 0.05.

RESULTS

Colony-forming Unit Counts of the

Plaque-Derived Microcosm Assay

Figure 4 summarizes the CFU results for the plaque-derived
microcosm assays. Overall, all the experimental resin composites
resulted in a significant bacterial reduction. Figures 4A illustrates
the dental plaque-derived microcosm biofilm model and the
respective agar media used in the study. Figures 4B displays
the percentage of the cariogenic bacterial groups (in Log;,) in
relation to the total microorganisms grown over the same surface
containing DMAHDM and NACP. Compared to the
experimental control, incorporating DMAHDM and NACP in
the resin composite formulation reduced the prevalence of
cariogenic species involved in root caries.

In Figures 4C, the growth of total microorganisms was
significantly different among the tested groups (p < 0.001;
power of analysis = 100%). The massive amount of reduction
was observed with the DMAHDM-NACP resin composites
where the CFU counts were reduced by around five and 6.5-
log in the 3% DMAHDM-20% NACP and 5% DMAHDM-20%
NACP resin composites, respectively, compared to the controls
(p < 0.001). For the total streptococci biofilms (Figures 4D), the
combinatorial addition of 3 and 5 wt.% of DMAHDM and 20%
NACP reduced the growth by approximately 5 to 6-log (p < 0.001;
power of analysis = 100%).

Figures 4E displays the counts for mutans streptococci in a
selective agar medium. Adding 3 wt.% and 5 wt.% of DMAHDM
to the resin composite formulations reduced the growth of
mutans streptococci by around 1 and 2-log, respectively. The
NACP-DMAHDM resin composites significantly reduced the
mutans streptococci biofilms by 5-log compared to the control
groups (p < 0.001; power of analysis = 100%). Resin composite
with 3 wt.% of DMAHDM inhibited the CFU growth of the total
lactobacilli by around 2.5-log, and by increasing the
concentration to 5 wt.%, 3.5-log reduction was observed (p <
0.05). The NACP-DMAHDM resin composites significantly
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FIGURE 5 | (A) Metabolic activities absorbance values, higher

absorbance values are associated with higher metabolic activities. Values
indicated by different letters are statistically different from each other (p <
0.05). (B) Several resin composite discs showing high adherence of
tetrazolium dye to the control groups indicate highly metabolic
microorganisms. Resin composite with DMAHDM and NACP were
associated with low adherence indicating a lower quantity of highly metabolic
microorganisms.

inhibited the lactobacilli biofilm growth (p < 0.001; power of
analysis = 100%), resulting in 5-log reduction compared to the
commercial and experimental controls (Figures 4F).

Metabolic Activities
Resin composites containing 3wt.% DMAHDM did not

significantly reduce the metabolic activities of the biofilms
compared to the commercial (0.43 + 0.14) and experimental
(0.31 + 0.08) control samples (p > 0.05; power of analysis = 100).
However, incorporating 5wt.% DMAHDM into the base
formulation resulted in significant inhibition (0.16 + 0.06)
(Figures 5A). Formulations containing 20 wt.% NACP with
3wt.% or 5wt% of DMAHDM significantly reduced the
metabolic activities compared to the control groups (p < 0.001).
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letters are statistically different from each other (o < 0.05). (B) The percentages
of lactic acid reduction among the experimental groups compared to the
experimental control.

In Figures 5B, commercial and experimental control discs are
associated with the most substantial stains indicating a noticeable
bond between the tetrazolium dye and a considerable amount of
highly metabolic microorganisms. The addition of 3 wt.% and
5wt.% of DMAHDM resulted in reduced staining. The least
amount of staining can be observed among the NACP-
DMAHDM resin composites as the surfaces look shiny with a
small extent of the stain.

Lactic Acid Production

The concentration of lactic acid production in (mmol/L) was
calculated among resin composite samples (Figures 6A). The
incorporation of 3 wt.% and 5 wt.% of DMAHDM into the resin
composite formulations did not significantly reduce the lactic
acid production compared to the controls (p > 0.05). However,
the addition of NACP to DMAHDM resulted in a significant
reduction (p < 0.001; power of analysis = 100%). In this assay, a
commercially obtained lactic acid standard was used to validate
the L-lactic dehydrogenase solution and create the standard curve
using different lactic acid concentrations. As shown in Figures 5,
6, DMAHDM alone prevented lactic acid production by
36.5-58.5%. However, the combination of NACP and
DMAHDM in the resin composite formulations reduced the

Bioactive Composite for Root Caries

production by more than 90% compared to the experimental
control.

Confocal Laser Scanning Microscopy
Representative live/dead images using a confocal microscope are

shown in Figures 7A-C. A high visualization of viable
microorganisms with thick biofilm was observed over the
commercial control resin composite. The incorporation of
3wt.% and 5wt.% of DMAHDM resulted in less viable
microorganisms. In the 3% DMAHDM-20% NACP samples, a
reduced quantification of viable microorganisms and a
considerable amount of dead colonies were observed (Figures
7D-F). Almost no viable microorganisms were observed over the
5% DMAHDM-20% NACP resin composites (Figures 7G-I).

Degree of Conversion

Figure 8 exhibits the results for the monomer conversion of the
formulations. Figures 8A illustrates the chemical composition of
the monomers and photoinitiators used in the tested
formulations. Figures 8B illustrates the representative image of
the FTIR spectra of monomer and polymer during the DC
analysis. The DC was determined by the variation of peaks
corresponding to aliphatic (1,638 cm™) and aromatic
(1,608 cm™!) C=C bonds of the monomer and polymer. All
the experimental formulations demonstrated a higher DC
compared to the commercial control (p < 0.001; power of
analysis = 100%).

In Figures 8C, the radial chart displays the percentage of
monomer conversion for each formulation. The addition of 3%
wt.% and 5% wt.% of DMAHDM led to values of 59.9 + (1.3) %
and 60.5 + (1.2) %. Likewise, the addition of 20% wt.% of NACP
to the formulation did not compromise the DC (p= >0.05), as the
values were 60.2 + (1.0)% and 62.3 = (2.6)% in the 3%
DMAHDM-20%NACP and 5%DMAHDM-20%NACP resin
composites, respectively.

DISCUSSION

There is currently a great need to develop effective antibacterial
dental restorative material that can be used in the clinical setting.
Since root caries is a significant and growing oral health concern.
It is anticipated that root caries increases in prevalence and
severity with the increased rate of aging globally. In this study,
we tested the ability of a resin composite formulated with an
antibacterial monomer and remineralizing fillers to modulate
bacterial pathogens isolated from carious root lesions.

Often, secondary caries around root caries restorations is a
burden for patients and a source of frustration for dentists in
routine dental practice (Askar et al., 2020). In geriatric patients,
the survival rate of composites due to secondary caries is at a low
level (Meyer-Lueckel et al., 2019). Patients with prevailing risk
factors such as hyposalivation, mental and physical disabilities,
and areas of root surface exposure are at a high risk of developing
the disease. Considering that the dentin located at the root is
more susceptible to caries progression than enamel, managing
these lesions at the root surfaces is even more complicated. As a
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result, the newly developed bioactive resin composites discussed,
if successfully translated to the dental clinics, could assist the
survival rate of root caries restorations.

In the current work, we assessed for the first time the new dental
material using biofilm models that most closely resemble in vivo
microbial communities by applying inoculum harvested from root
lesions with whole ecosystem diversity. Previous studies have
investigated the potential antibiofilm performance using in vitro

biofilm models inoculated only with saliva from healthy patients
(Balhaddad et al., 2020). Here, we carefully screened patients who
presented active carious root lesions to improve microbial
representativity of intraoral challenges faced by the restorative
material applied on root carious lesions. It is well established that
under planktonic growth, individual bacterium behavior
dramatically differs from its behavior within complex or multi-
species oral biofilms (Fernandez et al., 2017).
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FIGURE 8 | Representative live/dead staining images of biofilms using confocal microscopy; (A—C) commercial control, (D-F) 3%DMAHDM-20%NACP%, (G-1)
5%DMAHDM-20%NACP%. Live bacteria were stained green, and compromised bacteria were stained red.

The assessment of the new bioactive materials may reveal
different antibacterial performance, depending on the
susceptibilities of the bacteria/biofilm target used for the
evaluation (Ibrahim et al., 2020b). The survival mechanisms of
clinically relevant microorganisms grown in biofilm inside the
mouth are known to be highly resistant to antibacterial therapy
delivered by dental products (Sharma et al, 2019). Besides,
bacterial species isolated from plaque are quantitatively
different from saliva (Georgios et al., 2015; Ruparell et al.,
2020). Also, the location where the dental plaque has grown
matters. A highly diverse microbial species can be isolated from
plaque grown over the lesions compared to other oral niches
found inside the mouth (Ruparell et al., 2020). More aciduric and
cariogenic species can also be isolated from caries-active
individuals than their caries-free counterparts (Georgios et al.,
2015; Johansson et al., 2016; Zhou et al., 2016). Highly cariogenic
species are often associated with a thicker exopolysaccharide
matrix and increased lactic acid production (Wu et al., 2018).

In this study, we have demonstrated the ability of DMAHDM-
NACP resin composites to inhibit the growth and activities of
plaque-derived microcosm biofilms. The clinically accepted
standard of bacterial reduction by an antimicrobial agent is at
least a 3-log reduction in cell numbers (Pankey and Sabath, 2004).

However, there is no evidence that a somewhat more or less
stringent number might not be equally useful in predicting
clinical use. Here, the DMAHDM-NACP resin composite
reduced the CFUs of highly cariogenic plaque-derived biofilms
by around 4-6-log (Figure 4), two to three times higher than what
have has reported previously against non-cariogenic inoculum.
The DMAHDM-NACP significantly decreased the metabolic
activities and lactic acid production compared to DMAHDM
solely and control groups (Figures 5, 6).

Additionally, the confocal microscope revealed less and
thinner biofilms growing over the DMAHDM-NACP resin
composite (Figure 7). The great antibacterial action of our
formulations could be attributed to the increased DMAHDM
concentration and the use of NACP to convey a multifunctional
approach to target dental pathogens. When the DMAHDM
concentration was increased up to 5%, an additional reduction
was achieved, indicating the ability of DMAHDM to kill
pathogens in a dose-dependent manner.

Increasing the DMAHDM concentration up to 5% reveals
significant challenges as increasing the concentration may
compromise structural stability and low mechanical properties.
Our previous report demonstrated the capability of designing and
optimizing a resin composite formulation containing 5%
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DMAHDM and 20% NACP with acceptable mechanical
properties, high surface-charge density, and clinically
acceptable surface roughness (Balhaddad et al., 2020).

The dimethylaminohexadecyl methacrylate is an antibacterial
monomer with a contact-killing mechanism. The positively-
charged quaternary ammonium embedded within its structure
can interact with microorganisms composed of negatively
charged-membrane (Ibrahim et al, 2020c). Short-chain
quaternary ammonium induces antibacterial killing solely
through the quaternary ammonium by disrupting the bacterial
membrane and compromising the balance of some essential ions
such as K*, Na*, Ca**, and Mg”** (Cheng et al., 2017). Therefore,
the antibacterial properties of the synthesized antibacterial
monomers are indeed influenced by their alkyl chain length,
as suggested by published literature (Li et al., 2013; Ibrahim et al.,
2019)

While several other additives were found to impart bioactivity
to resin composite formulations, some additives had a
disappointing long-term performance for promoting limited or
lack of action after depleting ion release (Young, 2010).
Opposingly, the use of quaternary ammonium monomers
affords a long-lasting effect without leaching or release (Zhang
et al., 2018).

In developing bioactive dental materials, the combinatorial
approach aims to incorporate agents to target multiple risk
factors for disease development. Many researchers, including
our group, have sequentially investigated the addition of
calcium/fluoride-ions source fillers into an antibacterial
resin blend to combine remineralizing and antibacterial
actions in one formulation. Several reports support the
ability of NACP fillers in resin-based materials to release
calcium and phosphate ions under low pH acidic challenge
(Melo et al., 2017; Ibrahim et al., 2020a). With a combinatorial
approach of antibacterial and bioactivity responses, the resin
composite intended to restore root caries lesions could afford
different functionality against acidic biofilm attack. The
DMAHDM-NACP resin composites could be a promising
strategy to assist in preventing secondary caries around root
restorations.

Even though we are facing here exciting results, more studies
are needed to understand better what signals trigger biofilm
development over the dental materials in vivo and to learn how
to extrapolate these signals to the in vitro environment (Velsko
and Shaddox, 2018). As limitations, many of the influencing
factors for the robust growth of patient’s isolates derived
biofilms are difficult to control in the laboratory setting
(Papadimitriou et al., 2016; Catto and Cappitelli, 2019). As
we have done here, researchers often characterize dental plaque-
derived microcosm biofilms and make the assumption that they
are representative of the entire microbiome of the root caries. It
should also be noted that quantitation of in vitro biofilms suffers
from inherent flaws since methodological steps such as
sonication that only removes a proportion of bound cells
from the composite disk or the sucrose concentration and
frequency used in the models can lead to an inadequate
translation of microbial profiling (Luo et al., 2015; Williams
et al., 2019).

Bioactive Composite for Root Caries

Other expressive findings in this study were the achievement
of a suitable percentage of conversion of C=C to C-C in the
aliphatic chains during the polymerization reaction for the
tested formulations. Studies found that resin composite
materials usually accept a DC from 40 to 80% (Noronha
Filho et al., 2010). Materials with a low DC are expected to
have poor mechanical properties with subsequent high
susceptibility to degradation and release of residual
unreacted monomers, that may induce toxic reaction to the
surrounding tissues and stimulate the biofilm growth
(Drummond, 2008; Collares et al., 2013; Maktabi et al.,
2018; Fujioka-Kobayashi et al., 2019). Therefore, it is
essential when designing a new formulation to assess this
chemical property once the monomer conversion can
control several properties of the cured material, including
mechanical strength, polymerization shrinkage,
behavior and monomer release (Fujioka-Kobayashi et al.,
2019).

In our work, the degrees of conversion for the designed
bioactive formulations were comparable to commercially
available resin composites. Neither the addition of NACP nor
DMAHDM had negatively affected this property. The lack of high
rates of uncured monomers may indicate that these formulations
are biocompatible and can achieve the required amount of
polymerization, enhancing the long-term performance of these
restorations. Future studies may involve long-term evaluation of
the mechanical and antibacterial properties of the DMAHDM-
NACP resin composites. Moreover, investigations on the
DMAHDM-NACP composites using a translational model of
dental caries can provide evidence of efficacy and the bases for
clinical trials.

wear

CONCLUSION

In summary, we demonstrated, for the first time, a pronounced
anti-biofilm performance of DMAHDM-NACP resin composites
against plaque-derived microcosm biofilms from carious root
lesions. An antibacterial action was imparted in the newly
designed bioactive formulations without adversely affecting the
monomer conversion. This study presents a practicable strategy
to assist in the preventive measures against the onset of secondary
caries at the tooth-restoration interface, especially in a highly
challenging clinical situation as restoring carious root lesions in
high caries-risk patients.
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