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Objectives. Root canal re-infection and weakening of roots are two main challenges in

endodontics. The objectives of the study were: (1) to develop a novel root canal sealer con-

taining dimethylaminohexadecyl methacrylate (DMAHDM), nanoparticles of silver (NAg),

and  nanoparticles of amorphous calcium phosphate (NACP), and (2) to investigate the effects

on  the physical, anti-biofilm, remineralizing ions, and hardness of human dentin for the first

time.
Methods. Methacrylate-resin dual-cured root canal sealer contained 5% DMAHDM, 0.15%
eywords:

uaternary ammonium

ethacrylate

ilver nanoparticles

alcium phosphate nanoparticles

NAg, and NACP at 10%, 20% and 30% mass fractions. The flow, film thickness, and Ca and P

ions release were investigated. The effects of NACP on radicular dentin hardness after treat-

ment with sodium hypochlorite (NaOCL) and ethylenediaminetetraacetic acid (EDTA) were

assessed. Antibacterial properties were measured against Enterococcus faecalis (E. faecalis)-

impregnated dentin blocks; colony-forming units (CFU) and live/dead assays were measured.
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Enterococcus faecalis
Anti-biofilm
Remineralization

Results. Incorporating DMAHDM, NAg and NACP did not adversely influence the flow and film

thickness properties. Sealer with 30% NACP neutralized the acid and increased the solution

pH  (p < 0.05). Sealer containing 30% NACP regenerated dentin minerals lost due to NaOCL and

EDTA treatment, and increased the dentin hardness to match that of sound dentin (p > 0.1).

Incorporating 5% DMAHDM and 0.15% NAg reduced biofilm CFU of E. faecalis-impregnated

dentin blocks by nearly 3 logs when compared control group (p < 0.05).

Significance. The novel therapeutic root canal sealer with triple bioactive agents of DMAHDM,

NAg  and NACP neutralized acid, raised the pH, regenerated dentin minerals, increased root

dentin hardness, and reduced dentin-block-impregnated biofilm CFU by 3 logs. This new

sealer with highly desirable antibacterial and remineralization properties are promising to

increase the success rate of endodontic therapy and strengthen the tooth root structures.

©  2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
1.  Introduction

Root canal therapy aims to remove pulpal and periapical
inflammation and achieve maximal bacterial reduction [1,2].
The disinfection of the root canal space is accomplished
through mechanical instrumentation, irrigants, and medica-
ments [1,2]. However, despite efforts to thoroughly disinfect
the canal space, the main cause of root canal treatment fail-
ure remains the persistence of root canal microorganisms
[1–3].

The root canal system is very complex in nature, which
includes fins, isthmuses, and accessory canals that are dif-
ficult to access and disinfect [4]. In addition, the biological
nature of bacteria organized in a biofilm structure poses
another challenge [5]. A number of microbial species have
been frequently isolated from canals with failed root canal
treatment [2,5,6]. These microorganisms have demonstrated
their ability to infiltrate and penetrate the dentinal tubules to
a depth of 200–1500 �m,  which makes them more  difficult to
eradicate through traditional instrumentation and irrigation
techniques [7]. Enterococcus faecalis (E. faecalis), a gram-positive
and facultative anaerobe, has been predominantly associ-
ated with persistent periapical infections with a detection
rate of 23–77% in cases of failed endodontic treatment [8,9].
E. faecalis has shown to be one of the most resistant root
canal microorganisms to eradicate [9]. Other bacterial species
have also been frequently associated with endodontic infec-
tions. Previous studies utilized PCR detection methods and
have shown a positive association between the presence of
pre-operative symptoms and the presence of Streptococcus
spp, Fusobacterium nucleatum and Porphyromonas gingivalis
[2,8].

In addition to the application of chemical irrigants, an
effective root canal filling system with potent antibacterial
properties can entrap residual bacteria, insure the success of
primary endodontic therapy, and prevent secondary endodon-
tic infections. Root canal sealers come in direct contact to root
dentin and can flow into small crevices in the canal wall that
are otherwise difficult to access. Therefore, a highly desired
property of root canal sealers is to possess antimicrobial prop-

erties [10]. Most root canal sealers show mild antimicrobial
properties to some extent, mainly due to the release of some of
their components that can have toxic effects on the bacterial
cell, such as zinc oxide, eugenol, and paraformaldehyde. How-
ever, as the sealers set, their antimicrobial properties diminish
[10,11].

One way to resolve this problem is through the incor-
poration of antibacterial agents into root canal sealers to
substantially strengthen and prolong their antimicrobial
effects. It would be a powerful approach to apply dual antibac-
terial agents: (1) One to target remote bacteria invading the
depths of the dentinal tubules through the release of antibac-
terial ions; (2) the other to target bacteria that invade the
sealer-dentin interface through contact-killing mechanisms.
The dual antibacterial agents have the potential for complete
disinfection of the root canal system and prevent recurrent
infections in case of microleakage.

Silver (Ag) salts are antimicrobial and have been used
in wound dressings [12]. Recently, silver salts were reduced
to nanoparticles of silver (NAg) in dental resins, achiev-
ing a uniform dispersion of the NAg in the matrix [13].
Multiple mechanisms have been proposed to explain the
antibacterial action of NAg that target multiple sites on the
bacterial cell wall, causing disruptions in cell-wall synthe-
sis, suppressing cell division, and preventing DNA replication
[14]. When compared to traditional macro- and micro-sized
silver particles, NAg with particle size of 2.7 nm can be
incorporated at low filler levels while exerting strong antimi-
crobial properties, thus avoiding negative effects on the
physical, mechanical, and color properties of the material
[13,15].

Dental resins are increasingly used due to their esthet-
ics and photo-polymerization capability [16–20]. Quaternary
ammonium methacrylates (QAMs) are contact-active com-
pounds that have been incorporated into resin composites,
bonding agents, and root canal sealers [21–28]. QAMs
showed strong and long-term antibacterial activities, with-
out compromising the physical and mechanical properties
[21–28]. Various chemical compositions of QAMs have been
recently developed. 12-methacryloyloxydodecylpyridinium
bromide (MDPB) was incorporated into a bonding agent,
and a root canal filling system that demonstrated potent
bactericidal effects while maintaining an effective resin-

dentin bond [23,24]. In addition, quaternary ammonium
polyethyleneimine (QPEI) nanoparticles were incorporated
into a root canal sealer that was able to trigger bacterial

https://doi.org/10.1016/j.dental.2019.07.014
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bilizing agent for silver [13]. The NAg was incorporated into
the BTH resin at 0.15% mass fraction, following the results of
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ell death within minutes of interaction, while maintain-
ng the needed physical properties [26]. Another study
ncorporated ionic dimethacrylate monomers (IDMAs) hav-
ng quaternary ammonium groups into methacrylate resins,

hich reduced bacterial colonization without affecting the
iability of mammalian cells [28]. Recently, dimethylamino-
exadecyl methacrylate (DMAHDM) was synthesized and

mmobilized in resins [29]. DMAHDM is a mono-methacrylate
hat has the ability to be copolymerized with the dimethacry-
ate dental resin matrix by forming covalent bonds through
ree radical polymerization and thus becomes immobi-
ized upon polymerization. As a result, DMAHDM is not
eached out or lost over time, thereby providing long-
erm contact-killing properties against oral biofilms [29].
MAHDM showed strong antibacterial functions without

eopardizing the mechanical properties of the material
29]. A recent study developed an antibacterial root canal
ealer through the incorporation of DMAHDM that greatly
educed bacterial viability and quantity, without compro-

ising the physical and sealing properties of the sealer
30].

A significant challenge shown in previous studies is that
he dentin structure and its organic components can inac-
ivate and nullify the effects of antibacterial agents applied
o the root canal [31]. To provide a more  clinically-relevant
ssessment about the properties of antibacterial agents,
entin infection models have been used to account for the
omplex anatomy, chemical structure of the tooth, and their
ffects on biofilm inhibition [32,33]. To date, there has been no
eport on investigating the effectiveness of a root canal sealer
ontaining DMAHDM and NAg on bacteria-impregnated root
entin.

In addition, irrigation solutions such as sodium hypochlo-
ite (NaOCL) and ethylenediaminetetraacetic acid (EDTA) can
dversely alter the structure of root dentin. Previous stud-
es reported the effects of using these solutions on calcium
Ca) and phosphate (P) ions that comprise the major compo-
ents of dentin, resulting in structural damage and reducing
entin hardness, which could lead to root fractures [34,35].
ecently, nanoparticles of amorphous calcium phosphate

NACP) were incorporated into resins and achieved high
evels of Ca and P ion release [36–38]. These Ca and P
ons can help regenerate the lost minerals and potentially
mprove the mechanical properties of root dentin. However,
here has been no report on the effect of root canal sealer
ontaining DMAHDM, NAg and NACP on the root dentin
ardness.

The objectives of the study were to develop a novel root
anal sealer containing triple agents DMAHDM, NAg and
ACP, and investigate the effects on the physical, antibac-

erial, remineralizing ions, and hardness of human dentin
or the first time. It was hypothesized that: (1) Incorporat-
ng NAg, DMAHDM and NACP would not compromise the
aste flow and film thickness properties of the root canal
ealer; (2) NAg and DMAHDM in the new sealer would inhibit
he E. faecalis impregnated inside the dentin; (3) NACP in

he new sealer would release high levels of Ca and P ions,
eutralize the acidic pH, and enhance the dentin hard-
ess.
 0 1 9 ) 1479–1489 1481

2.  Materials  and  methods

2.1.  Formulation  of  an  experimental  endodontic  sealer

The experimental sealer was a two-part dual-cured sys-
tem. The major components of both parts were bisphenol
A glycidyl dimethacrylate (BisGMA, Esstech, Essington, PA,
USA) at 35.475%, triethylene glycol dimethacrylate (TEGDMA,
Esstech) at 35.475%, 2-hydroxyethyl methacrylate (HEMA,
Esstech) at 24%, and methacryloyloxy ethyl phthalate (MEP,
Esstech) at 3%. Chemical-cure and photo-cure initiators
were added, which consisted of 2% benzoyl peroxide (BPO,
Sigma-Aldrich, St. Louis, MO, USA), 1% N,N-dihydroxyethyl-
p-toluidine (DHEPT, Sigma-Aldrich) and 1% bisacylphosphine
oxides (BAPO, Sigma-Aldrich). This resin was denoted “BTH”.
BTH had a chemical and a photo cure component to provide
an immediate coronal seal upon light exposure to prevent
microleakage from the oral cavity, while allowing the sealer
to chemically cure in the deeper portions of the root canal
[39,40].

2.2.  Synthesis  of  NACP

NACP was synthesized using a spray-drying technique. Cal-
cium carbonate and dicalcium phosphate anhydrous were
dissolved in acetic acid to produce Ca and P ion concentra-
tions of 8 and 5.333 mmol/L, respectively [41]. The solution
was sprayed into a heated chamber, producing dried parti-
cles with a mean size of 116 nm,  which were collected using
an electrostatic precipitator [41]. Silanized barium boroalumi-
nosilicate glass particles with a mean particle size of 1.4 �m
(Caulk/Dentsply, Milford, DE, USA) were added as co-filler in
the resin to mechanically reinforce the sealer. NACP were
incorporated into the BTH resin at 10%, 20%, and 30% mass
fractions, to determine the highest filler level of NACP to be
incorporated without adversely influencing the physical prop-
erties of the sealer.

Therefore, four root canal sealers were formulated with the
following fillers: (1) 40% glass; (2) 10% NACP + 30% glass; (3)
20% NACP + 20% glass; and (3) 30% NACP + 10% glass. The glass
filler level was gradually reduced when NACP filler level was
increased to maintain a similar working viscosity.

2.3.  Synthesis  of  NAg

NAg was synthesized by dissolving silver 2-ethylhexanoate
(Strem, Newburyport, MA, USA) of 0.1 g into 0.9 g of 2-(tert-
butylamino) ethyl meth-acrylate (TBAEMA, Sigma- Aldrich)
[13]. TBAEMA was used to allow the silver to fully dissolve by
creating Ag-N coordination bonds [13]. In addition, TBAEMA
contains reactive methacrylate groups that facilitate its chem-
ical incorporation into the BTH resin. This method allowed
the in situ formation of NAg with an approximate particle
diameter of 2.7 nm, by using the polymeric matrix as the sta-
preliminary experiments that showed no adverse effects on
the physical and sealing properties of the sealer.

https://doi.org/10.1016/j.dental.2019.07.014
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2.4.  Synthesis  of  DMAHDM

DMAHDM was synthesized based on a modified Menschutkin
reaction as described previously [29]. Briefly, a tertiary amine
group was reacted with an organo-halide by combining
10 mmol  of 2-(dimethylamino) ethyl methacrylate (DMAEMA,
Sigma-Aldrich), and 10 mmol  of 1-bromohexadecane (BHD;
TCI America, Portland, OR, USA) with 3 g of ethanol in a
20 mL  scintillation vial. After the vial was stirred at 70 ◦C for
24 h, the solvent was removed via evaporation [29]. This pro-
duced DMAHDM as a clear and viscous liquid. DMAHDM was
incorporated at 5% mass fraction into the sealer, based on pre-
vious studies [30] A commercial root canal sealer (AH Plus,
Dentsply DeTrey, Konstanz, Germany) was included as com-
parative control. The following five root canal sealers were
tested for flow, film thickness, solution pH and Ca and P ion
release properties:

(1) AH Plus (referred to as commercial control);
(2) BTH + 40% glass + 5% DMAHDM + 0.15% NAg (referred to as

DMAHDM + NAg);
(3) BTH + 30% glass + 5% DMAHDM + 0.15% NAg + 10% NACP

(DMAHDM + NAg + 10NACP);
(4) BTH + % glass + 5% DMAHDM + 0.15% NAg + 20% NACP

(DMAHDM + NAg+20NACP);
(5) BTH + 10% glass + 5% DMAHDM + 0.15% NAg + 30% NACP

(DMAHDM + NAg + 30NACP).

2.5.  Flow  properties  of  the  sealers

The paste flow ability of the sealer along the root canal wall
and penetrating its complex anatomy is very important. The
sealer should have a flow rate of ≥20 mm based on the Inter-
national Standards Organization (ISO) 6876/2012 standards for
root canal sealing materials [42]. The flow properties were
tested based on the method of the ISO 6876/2012 [42]. A vol-
ume  of 0.1 mL  of the mixed sealer paste was placed on a glass
slab (40 × 40 × 5 mm)  using a graduated 1-mL syringe. Another
glass slab weighing approximately 20 g was then placed on top
of the sealer, followed by weight of approximately 100 g. This
yielded a total mass of 120 ± 2 g. After 10 min, the weight was
removed,  and the diameter of the sealer was measured using
a digital caliper (Mitutoyo, Tokyo, Japan) as the flow rate of the
sealer.

2.6.  Film  thickness  properties  of  the  sealers

Root canal sealers are considered the weak link in root canal
filling systems; mainly due to their susceptibility to degra-
dation [39]. For that reason, their application is preferred in
thin films. The incorporation of fillers and bioactive agents
can increase the film thickness of sealers. Based on the ISO
6876/2012 standards for root canal sealing materials, root
canal sealers should have a film thickness of ≤50 �m [42]. To
measure the film thickness, two glass plates were combined
together, and their combined thickness was measured. In the

center of one plate, a portion of the mixed sealer was placed,
and the other glass plate was placed on the top. With the aid
of a loading device, a load of 150 N was applied on the top glass
plate. Ten minutes after the start of mixing, the combined
 ( 2 0 1 9 ) 1479–1489

thickness of the two glass plates and the film of sealer placed
in between were measured using a micrometer (iGaging, Los
Angeles, CA, USA) [42].

2.7.  pH  analysis  of  the  sealers

During secondary endodontic infections, the metabolic
byproducts of anaerobic bacteria can reduce the pH of the
canal environment to as low as 5 [43]. In addition, the applica-
tion of acidic solutions, such as citric acid during endodontic
therapy can add to the acidity of the root canal environment
[44]. These acidic conditions can lead to root dentin deminer-
alization and adversely affect the setting and sealing ability
of some endodontic materials [43]. To evaluate the pH effects
of the sealers, a sodium chloride (NaCl) solution (133 mmol/L)
was buffered to pH 5 with 50 mmol/L acetic acid. Three spec-
imens with dimensions of 2 × 2 × 12 mm were immersed in
vials filled with 1 ml  of the pH 5 NaCl solution, yielding a sealer
volume/acid ratio of 0.14/1, following a previous study [45]. The
pH of the solution was observed with a pH electrode (Orion,
Cambridge, MA) for 60 min.

2.8.  Ca  and  P  ion  release  analysis  of  sealers

A sodium chloride solution (133 mmol/L) buffered to pH 5
with 50 mmol/L acetic acid was used [36–38]. A 50 mL  of
the pH 5 NaCl solution was used to immerse three spec-
imens of approximately 2 × 2 × 12 mm to yield a specimen
volume/solution of 2.9 mm3/mL, following previous studies
[36–38]. The concentrations of Ca and P ions released from the
specimens were measured at 1, 3, 5, 7, 14, 21, and 28 days. At
each time point, aliquots of 0.5 mL  were taken and analyzed for
Ca and P ions via a spectrophotometric method (SpectraMax
M5) using known standards and calibration curves, following
previous studies [36–38].

2.9.  Dentin  hardness  analysis

Based on the results of the flow, film thickness, pH analysis,
and Ca and P ion release experiments, the highest NACP mass
fraction that did not compromise the physical properties of
the sealers, while releasing highest levels of Ca and P ions, was
used for the subsequent experiments. Therefore, the following
groups were used in the dentin hardness test:

(1) Sound Dentin
(2) NaOCL and EDTA-treated Dentin
(3) AH plus-treated dentin
(4) BTH + 40% glass + 5% DMAHDM + 0.15% NAg (referred to as

DMAHDM + NAg-treated dentin)
(5) BTH + 40% glass + 5% DMAHDM + 0.15% NAg + 30% NACP

(referred to as DMAHDM + NAg + 30%NACP-treated dentin)

Dentin hardness serves as an indirect measurement of
mineral gain or loss [46,47]. Teeth collection was approved by
the University of Maryland Institutional Review Board. Fifty

single rooted human teeth were collected (n = 10 for each of
the 5 groups). The crowns of the teeth were sectioned off with
a water-cooled diamond saw (Isomet, Buehler, Lake Bluff, IL,
USA) and the lengths of the roots were adjusted to 14 mm.  All

https://doi.org/10.1016/j.dental.2019.07.014
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oots were prepared and instrumented following a step-back
echnique. Teeth were then immersed in 5 mL  of 5.25% NaOCl
nder constant shaking for one hour. Next, the teeth were irri-
ated with 2 mL of 17% EDTA solution for 3 min  and received a
nal flush with distilled water [46]. Ten teeth were left unpre-
ared and rinsed only with distilled water to serve as controls.
oot canals were then primed with pyromellitic dianhydride
lycerol dimethacrylate (PMGDM, Esstech) and 2-hydroxyethyl
ethacrylate (HEMA, Esstech) at a 10:3 mass ratio, with 50%

cetone solvent, and then obturated with gutta-percha and
ne of the sealers. Ten teeth were left unobturated to show the
ffects of NaOCL and EDTA on root dentin. Teeth were restored
ith Cavit (3 M ESPE, Germany) and stored in distilled water

or 1 month at 37 ◦C and 100% relative humidity [47].
After the evaluation period, teeth were sectioned horizon-

ally at the roots’ middle third with a water-cooled diamond
aw (Isomet, Buehler, Lake Bluff, IL, USA) to obtain sections
f a thickness of approximately 1.5 mm.  The dentin speci-
ens were polished with abrasive papers at 320, 600 and

200 grits consecutively [47]. The hardness measurements
ere conducted using a Vickers hardness tester (Shimadzu
icro Hardness Testers HMV-G, Shimadzu Corporation, Kyoto,

apan) with a 300 g load and 20 s dwell time. All measurements
ere taken at a 500 �m depth from the canal lumen [47].

.10.  Preparation  of  E.  Faecalis-impregnated  dentin
locks  for  antibiofilm  testing

ingle rooted maxillary anterior teeth were sectioned trans-
ersely with a water-cooled diamond saw (Isomet, Buehler,
ake Bluff, IL, USA) at approximately 3 mm below the cement-
namel junction to obtain 1.5 ± 0.1 mm thick dentin sections
n = 4) [48]. The canal lumens were enlarged with a large water-
ooled round bur (2.5 mm in diameter) [48]. All dentin sections
ere immersed in 5.25% NaOCL solution and followed by 17%
DTA, to remove the smear layer. They were then sterilized
ith ethylene oxide (Anprolene AN 74i, Andersen, Haw River,
C, USA) and de-gassed for 7 days.

The dentin samples were placed in micro-centrifuge tubes
ontaining 500 �L of E. faecalis (ATCC 29,212) suspension in
rain heart infusion broth (BHI, Sigma-Aldrich) which was
djusted to 107colony-forming unit counts CFU/mL, based on
he standard curve of OD600 nm versus the CFU/mL [33,48,49].
ll tubes were centrifuged at 1400 g, 2000 g, 3600 g, and 5600 g

n a sequence twice each for 5 min, based on a previous study
33]. After each centrifugation cycle, the solution was replaced

ith a fresh bacterial solution. The dentin samples were then
laced in a 24-well plate filled with 1 mL  BHI broth for 7 days to
llow for biofilm formation [49]. The broth was renewed every
ther day. After 7 days, the dentin samples were placed in a
ew 24-well plate and rinsed with sterile phosphate-buffered
aline (PBS, Sigma-Aldrich) [49]. The following groups were
sed in the antibiofilm testing to show the antibacterial effects
f DMAHDM and NAg in comparison to control groups:
1) Bacteria-Impregnated Dentin;
2) AH Plus-treated Dentin;
3) 30%NACP-treated Dentin;
4) 30%NACP + DMAHDM + NAg-treated Dentin.
 0 1 9 ) 1479–1489 1483

All root canal sealers were mixed and spatulated into the
root canal space of the bacteria- impregnated dentin sam-
ples [49]. The sealers were allowed to set in the canal space
for 7 days at 37 ◦C and 100% relative humidity [49]. A wet
cotton pallet was placed on top of the dentin samples to pre-
vent excessive drying of the dentin. Four dentin samples were
treated with distilled water without any sealer to serve as con-
trol.

2.11.  Harvesting  the  E.  Faecalis  bacteria  from  the
dentin  blocks

All dentin samples were placed in micro-centrifuge tubes filled
with 1 mL  PBS and sonicated for 5 min. (3510R-MTH; Branson
Ultrasonics, Danbury, CT, USA) at a frequency of 40 kHz. This
was followed by vortexing at maximum speed for 20 s using a
vortex mixer (Fisher, Pittsburgh, PA, USA) to harvest the bacte-
ria from dentin samples, following a previous study [50]. The
harvested bacteria were serially diluted, plated on BHI agar,
and incubated for 48 h at 37 ◦C with 5% CO2 to count the num-
ber of colony-forming units (CFU) (n = 4).

2.12.  Live/dead  bacterial  staining  of  E.
Faecalis-impregnated  dentin  blocks

After preparing E. faecalis-impregnated dentin blocks and
treating them with the different sealers as described previ-
ously, all samples were stained with the BacLight live/dead
bacterial viability kit (Molecular Probes, Eugene, OR, USA).
Green fluorescence was emitted from live bacteria stained
with SYTO 9, red fluorescence was emitted from bacteria with
compromised membranes stained with propidium iodide. All
stained dentin samples were placed on an epifluorescence
microscope (Eclipse TE2000-S, Nikon, Melville, NY) and images
were obtained (n = 3) [50].

2.13.  Statistical  analysis

Statistical analyses were performed by SPSS 19.0 (SPSS,
Chicago, IL, USA) at an alpha of 0.05. One-way analysis of
variance was performed to detect significant effects of the
variables. Tukey’s multiple comparison test was performed to
compare the data.

3.  Results

The flow properties of the sealers are plotted in Fig. 1
(mean ± sd; n = 3). All experimental sealers had flow rates
higher than AH Plus (p < 0.05). Increasing the NACP filler level
to 20% and 30% reduced the flow rate when compared to that
without NACP, but the flow was within the requirements of
the ISO standards (p < 0.05).

The film thickness properties of the sealers are presented
in Fig. 2 (mean ± sd; n = 3). Incorporating NACP did not signif-
icantly affect the film thickness of the sealer when compared

to AH Plus and that without NACP (p > 0.05). All sealers had
film thickness values that met  the ISO requirement.

The effects of incorporating NACP on NaCl solution pH
are plotted in Fig. 3 (mean ± sd; n = 4). The pH curve for (1)

https://doi.org/10.1016/j.dental.2019.07.014
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Fig. 1 – Sealer paste flow property (mean ± sd; n = 3).
Incorporating 10% NACP did not significantly affect the flow
when compared to that without NACP (p > 0.05). However,
when 20% NACP was added, the flow was reduced (p < 0.05).
It was still similar to that of AH Plus control (p > 0.05).
Incorporating 30% NACP reduced the flow when compared
to group without NACP but was higher than AH Plus and in
accordance with ISO specifications. Dissimilar letters
indicate values that are significantly different from each
other (p < 0.05).

Fig. 2 – Sealer paste film thickness (mean ± sd; n = 3).
Incorporating NACP at 10%, 20% and 30% mass fractions did
not significantly affect the film thickness when compared
to control and showed values in accordance with ISO
specifications. Dissimilar letters indicate values that are

Fig. 3 – Effects of NACP acid-neutralization capability on
NaCl pH 5 solution (mean ± sd; n = 4). Increasing the NACP
mass fraction in the endodontic sealers increased the
solution pH. Incorporating 30% NACP increased the solution
significantly different from each other (p > 0.05).

Commercial control and (2) DMAHDM + NAg achieved mini-
mal  increase in pH and were similar to each other (p > 0.05).
In contrast, due to NACP neutralizing the acids, sealers with
20 and 30% NACP significantly increased the pH (p < 0.05).
The DMAHDM + NAg + 30NACP group achieved the greatest
increase in pH.

The Ca and P ion releases from sealers are plotted in Fig. 4:
(A) Ca ion release, and (B) P ion release (mean ± sd; n = 4). The

released ion concentrations increased with time, indicating
a continuous ion release within the tested time period. The
ion concentrations increased with increasing NACP filler level,
pH to above 5.5 in 18 min, and further to pH 6.32 in 60 min.

with DMAHDM + NAg + 30NACP having the highest release of
Ca and P ions.

The dentin hardness results are plotted in Fig. 5
(mean ± sd; n = 10). Treating dentin with 5.25% NaOCl and
17% EDTA reduced the hardness to 0.369 GPa. Group with
DMAHDM + NAg+30NACP with remineralization effect was
able  to regenerate dentin minerals, increasing the dentin hard-
ness to 0.516 GPa. It was not significantly different from the
0.519 GPa of sound, untreated dentin (p > 0.05).

Representative live/dead images of E. faecalis-impregnated
dentin blocks treated with different sealers are shown in Fig. 6.
The green color represents live bacteria. The red color rep-
resents bacteria with compromised membranes. An orange
color represents live and dead bacteria on the top of each
other. All groups were primarily covered by live bacteria,
except for the group treated with DMAHDM + NAg, which was
mainly covered by dead bacteria.

The biofilm CFU counts harvested from the E. faecalis-
impregnated dentin blocks are plotted in Fig. 7 (mean ± sd;
n = 6). The dentin blocks treated with commercial control
had approximately the same CFU as control dentin without
sealers (p > 0.1). The dentin blocks treated with the 30NACP
sealer reduced the biofilm CFU by about 1 log, compared
to control (p < 0.05). In sharp contrast, dentin treated with
DMAHDM + NAg + 30NACP reduced the biofilm CFU by approx-
imately 3 logs, compared to control (p < 0.05).

4.  Discussion
This study developed a novel root canal sealer containing
triple bioactive agents of NAg, DMAHDM, and NACP to inhibit
root canal bacteria through the release of silver ions from NAg
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Fig. 4 – Calcium (Ca) ion release from endodontic sealers
(mean ± sd; n = 4) in plot (A). Phosphate (P) ion release from
endodontic sealers (mean ± sd; n = 4) in plot (B). Increasing
the NACP mass fraction significantly increased Ca and P ion
release (p < 0.05). Incorporating 30% NACP into the sealer
r
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Fig. 5 – Hardness of dentin after various treatments
(mean ± sd; n = 10). Treating dentin with NaOCl and EDTA
significantly reduced the hardness when compared to
sound, untreated dentin (p < 0.05). Treating dentin with
sealer containing 30% NACP significantly increased the
dentin hardness to match  that of sound dentin. Dissimilar
letters indicate values that are significantly different from
each other (p > 0.05).
esulted in the highest Ca and P ion release.

nd through the contact-killing mechanisms of DMAHDM. In
ddition, the sealer could remineralize root dentin through
he release of Ca and P ions to strengthen the tooth root struc-
ure and prevent potential root fractures. The novel root canal
ealer containing 5% DMAHDM, 0.15% NAg, and 30% NACP
eutralized the acid and increased the solution pH from 5 to
.32. It released high levels of Ca and P ions without compro-
ising the flow and film thickness properties of the sealer.

ncorporating 30% NACP into the sealer regenerated dentin
inerals lost due to adverse alterations caused by the applica-

ions of NaOCL and EDTA to root canal dentin. As a result, the
entin hardness was increased from 0.369 GPa to 0.516 GPa,
atching that of sound dentin. The novel antibacterial root

anal sealer containing NAg and DMAHDM inhibited E. fae-
alis bacteria impregnated inside dentin blocks and reduced
he biofilm CFU by nearly 3 logs.

Clinical studies indicate that root canal bacteria can often
olerate the biomechanical procedures performed during root
anal therapy, thus causing root canal treatment failure [1,2].

. faecalis,  a gram-postive facultative anaerobe, has been
requently isolated from canals of failed treatment cases
8,9]. This bacterium possesses several virulence factors and
has shown its ability to adhere to dentin collagen, survive
nutritional deprivation and suppress the effects of host lym-
phocytes, all of which contribute to root canal treatment
failure [51–54]. Furthermore, E. faecalis organized in biofilms
have been shown to resist calcium hydroxide intracanal dress-
ings and NaOCL solutions by becoming 1000 times more
resistant than their planktonic counterparts [51–54]. Efforts
have been made to incorporate antibacterial agents into root
canal filling systems. They either rely on the release of the
antibacterial components or are otherwise immobilized in
polymeric matrices [55–57]. One disadvantage of releasing
antibacterial agents is the depletion of the antibacterial prop-
erties overtime, due to the burst release of these materials into
the surrounding environment [55–57]. Contact-killing antibac-
terial agents immobilized within the material do not leach
out, and can therefore produce long-term antibacterial effects
[57]. However, these materials require bacteria to come in
contact with their surfaces to exert their effects. A more  desir-
able approach would be to combine the releasing agent and
non-releasing agent together, which can overcome the disad-
vantages of a single agent. However, there has been no report
of a root canal sealer with both contact-killing and release-
killing capabilities.

Silver can kill more  than 650 organisms, including highly
drug-resistant strains [58]. Recently, NAg were synthesized
in situ by forming nanoparticles in the resin matrix, thus
avoiding the agglomeration associated with the direct incor-
poration of nanoparticles [13]. In a previous study, when NAg
was incorporated into a bonding agent, it was able to inhibit
bacteria in contact with its surface and bacteria away from
its surface through the release of silver ions, while having

no adverse effects on fibroblast cytotoxicity and micro-tensile
bond strength [59].
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Fig. 6 – Live/dead staining images of biofilms in dentin blocks. Live bacteria were stained green. Dead bacteria were  stained
red. Yellow/orange colors represent live and dead bacteria on top of each other. Dentin blocks of (A) bacteria-impregnated
dentin control, (B) AH Plus-treated dentin, and (C) 30%NACP-treated dentin were  mostly covered with live bacteria. Dentin
blocks of (D) 30%NACP + DMAHDM + NAg were mostly covered with compromised bacteria. (For interpretation of the

ed to
references to colour in this figure legend, the reader is referr

QAMs with various chemical compositions were incorpo-
rated into resins to produce contact-killing and long-term
antibacterial effects [21–28]. When the alkyl chain length of the
QAMs was increased to 16, the antibacterial properties were
improved [29]. This was mainly due to the increase in their
hydrophobicity and positive charge that caused lysis of the
negatively charged bacterial membrane [29]. The long cationic
chains could penetrate the bacterial membrane resulting in
the release of its cellular content [29]. The present study com-
plemented the contact-killing properties of DMAHDM with the
releasing effects of NAg to target remote bacteria that would be
difficult to kill via contact-inhibition, thereby further enhanc-
ing the antibacterial potency of the sealer.

Previous studies showed potent antibacterial effects of
DMAHDM or NAg against biofilms on composites and adhe-
sives [29,30,36–38,50]. However, the effects of incorporating
DMAHDM and NAg into a root canal sealer against bacteria
impregnated into dentin sections have never been reported.
The present study tested bacteria-impregnated human dentin
blocks to better predict the effects of DMAHDM and NAg in
clinical settings. Human radicular dentin was used because it
represents the natural substrate to which root canal bacteria
adhere and infiltrate [60]. In addition, dentin could produce
inhibitory effects against common antibacterial agents such
as chlorhexidine, potassium iodide, and calcium hydroxide

[61,62].

The dentin infection model used in the present study was
shown to effectively impregnate the bacteria into dentinal
 the web version of this article).

tubules [33]. In addition, the sonication/vortexing method
used in this study was shown to successfully harvest all the
bacteria from inside the dentin block [50]. The present study
used 5% DMAHDM and 0.15% NAg, based on the results of
previous studies that showed no negative effects on the phys-
ical and mechanical properties of the resin, while exerting
potent antibacterial effects [30,36–38,50]. The DMAHDM- and
NAg-containing sealer achieved a 3 log biofilm CFU reduc-
tion in viable E. faecalis impregnating the dentin block when
compared to control groups. It is well known that E. faecalis
bacteria is one of the more  difficult bacterial strains to kill.
A previous study showed a higher susceptibility of gram-
negative bacteria to DMAHDM [63]. E. faecalis is a gram-positive
bacterium, and therefore even higher bacterial killing effi-
cacy is expected against gram-negative endodontic pathogens
[63]. Future studies should utilize a multispecies root canal
biofilm model to better investigate the effects of DMAHDM
and NAg root canal sealer on a more  complex biofilm
structure.

Besides killing the bacteria, it is also important to pro-
tect the root structures, especially because of the adverse
effects of common irrigation solutions (NaOCL and EDTA) on
the mechanical properties of root dentin. These irrigants are
usually used in large volumes and high concentrations in
the clinical setting. Their effects on dentin were intensively

studied [64–66]. Previous studies showed changes in dentin
hardness and permeability due to these irrigants, which could
weaken the tooth structure and lead to tooth root fractures
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Fig. 7 – Colony-forming unit (CFU) counts of bacteria
impregnated in dentin (mean ± sd; n = 6). Incorporating 5%
DMAHDM + 0.15% NAg reduced the CFU counts by 3 orders
of magnitude when compared to control groups. Dissimilar
letters indicate values that are significantly different from
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http://dx.doi.org/10.1016/J.JOEN.2008.12.014.
ach other (p < 0.05).

64–66]. However, NACP could release high levels of Ca and P
ons as shown in previous studies [26–38]. Therefore, the sealer
ontaining NACP could potentially reverse the effects of irrig-
nts applied to root dentin, regenerate the lost minerals, and
trengthen and increase its hardness.

Furthermore, flow and film thickness of the sealers are also
mportant properties. One of the most important functions of
oot canal sealers is to fill spaces difficult to access with instru-

ents to prevent leakage and ensure a tight apical seal [39].
he sealer should have good flow properties to be able to flow
long the entire canal wall. In addition, it is desirable for seal-
rs to be placed in thin films, as they are more  susceptible to
olymeric degradation than the core materials. In the present
tudy, incorporating DMAHDM, NAg, and NACP at the tested
ass fractions did not adversely influence the flow and film

hickness properties.
Another important property of this new sealer is its

cid-neutralization ability. During secondary endodontic
nfections, bacteria can produce metabolites that can result
n fluctuation of the root canal pH, lowering the pH to as low
s 5 [43,44]. In addition, chelating solutions such as citric acid
nd lactic acid applied to the canal wall to remove the smear
ayer can further contribute to the acidity of the root canal
44]. The acidic root canal environment favors the growth of
naerobic bacteria and can also cause dentin demineraliza-
ion [43]. The present study demonstrated that AH Plus and
he sealer without NACP failed to raise the pH above 5.5, the
ritical pH at which demineralization occurs. However, the
ealer with 30% NACP neutralized the acid, raised the solution
H to 5.5 in 18 min, and raised the pH to 6.3 in 60 min. This
cid-neutralization effect is meritorious in protecting the root

tructures.

Indeed, the dentin hardness was substantially increased
ia the new sealer containing NACP. Treating the root canal
 0 1 9 ) 1479–1489 1487

dentin with 5.25% NaOCL and 17% EDTA significantly reduced
the dentin hardness, consistent with previous studies [64–67].
However, when treated with the sealer with 30% NACP and
water aged for 1 month, the minerals were regenerated and
the dentin hardness was increased dramatically to match that
of sound dentin, indicating a complete remineralization of the
pre-dimineralized root dentin. Therefore, incorporating NACP
as a remineralizing agent in the sealer is promising to improve
the mechanical properties of the dentin and prevent tooth root
fractures, which warrants further investigation.

5.  Conclusion

This study developed a novel therapeutic root canal sealer
with triple bioactive agents of DMAHDM for its contact-killing,
NAg for distant-killing, and NACP for dentin remineralization
and strengthening properties. The sealer with NACP neutral-
ized acidic solution, raised the pH, and released Ca and P ions,
without compromising the flow and film thickness proper-
ties. The sealer with NACP, DMAHDM and NAg regenerated the
dentin minerals lost due to NaOCL and EDTA treatment, and
increased the dentin hardness to match that of sound dentin.
When tested against E. faecalis-impregnated dentin blocks, the
novel sealer with DMAHDM and NAg reduced the biofilm CFU
by nearly 3 logs, compared to control. This new sealer has
the potential to ensure the success of primary endodontic
therapy by targeting difficult-to-reach residual bacteria and
preventing secondary endodontic infections in the case of
future micro-leakage, while releasing high levels of Ca and P
ions to strengthen and protect the tooth root structures.
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