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Abstract

The objective of this study was to determine the antimicrobial potential of AH plus supplemented with bismuth lipophilic
nanoparticles (BisBAL NPs) on the growth of Enterococcus faecalis isolated from patients with endodontic infections.
BisBAL NPs, synthesized with the colloidal method, were characterized, in its pure form or AH Plus-absorbed, by energy-
dispersive X-ray spectroscopy and scanning electron microscopy (EDS-SEM). Antimicrobial activity was evaluated with
disc diffusion assays, and antibiofilm activity with fluorescence microscopy. BisBAL NP-supplemented AH Plus had a 4.9
times higher antimicrobial activity than AH Plus alone (p=0.0001). In contrast to AH Plus alone, AH Plus supplemented
with BisBAL NP inhibited E. faecalis biofilm formation. The sealing properties of AH plus were not modified by the
incorporation of BisBAL NPs, which was demonstrated by a |2-day split-chamber leakage assay with daily inoculation,
which was used to evaluate the possible filtration of E. faecalis. Finally, BisBAL NP-supplemented AH plus-BisBAL NPs
was not cytotoxic for cultured human gingival fibroblasts. Their viability was 83.7% to 89.9% after a 24-h exposure to
AH Plus containing 50 and 10 uM BisBAL NP, respectively. In conclusion, BisBAL NP-supplemented AH Plus constitutes
an innovative nanomaterial to prevent re-infection in endodontic patients without cytotoxic effects.
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properties, like a suitable fluency, low contraction and
solubility, but it lacks strong antimicrobial activity. In vitro
disc diffusion assays revealed that AH Plus hardly affected
Enterococcus faecalis growth.> However, the mix of AH
Plus containing 2% insoluble antibacterial nanoparticles
completely inhibited bacterial growth inhibition.* Further-
more, E. faecalis could be eradicated when AH Plus was
supplemented with 3% of benzalkonium chloride.’ Like-
wise, antimicrobial properties improved when AH Plus
was supplemented with substances like amoxicillin or tri-
ple antibiotic paste,’® cetylpyridinium chloride,’ the herbal
extract of Salvadora persica,® and nano-mangesium
hydroxide’® as compared to AH Plus alone. Unfortunately,
the gain in antimicrobial activity is set back by diminished
the sealing capacity of AH Plus, so that the net risk of
infection may even be worse than AH Plus alone.
Therefore, it would be interesting to improve the antimi-
crobial activity of AH Plus without loss of its excellent
sealing characteristics.

Nanomedicine is a new discipline that offers the oppor-
tunity to develop “smart drugs” with high selectivity, con-
trolled delivery, and few non-severe adverse side effects. '’
The high and increasing prevalence of multidrug-resistant
bacteria is a huge challenge for clinical practice and cur-
rent antibiotics are not effective to eradicate bacteria grow-
ing into biofilms.!" Multidrug-resistant E. faecalis have
been isolated from root canal biofilms from patients with
endodontic infections and from the urinary tract of infected
patients.'>!? It has been shown that silver and zinc oxide
nanoparticles are as effective as conventional endodontics
irrigants in detaching E. faecalis biofilm from root canals.'*
We have previously reported the efficacy of bismuth lipo-
philic nanoparticles (BisBAL NPs) against several oral
pathogens, including E. faecalis."> We have also demon-
strated that the cement mineral trioxide aggregate (MTA)
supplemented with BisBAL NPs acquired antimicrobial
and antibiofilm activities against E. faecalis.'® As a con-
tinuation of this work, here we report the antimicrobial
potential of AH Plus BisBAL NPs against E. faecalis, both
a commercial strain and clinical isolates from patients with
endodontic infection.

Material and methods

Study design and clinical sampling

This experimental case-control study on extracted endo-
dontic samples was approved by the institutional bioethi-
cal committee (ID: 1B-049/2021-05-CCR). Volunteers
were recruited among patients who had been referred for
endodontic retreatment to the Postgraduate Endodontic
Clinic of the Faculty of Dentistry of the Autonomous
University of Nuevo Leén (U.A.N.L.) between February
2019 and September 2020.

After a signed informed consent, 50 endodontic samples
were recollected from patients with endodontic treatment

failure (clinical diagnosis of previously treated). Before
extraction, the samples were X-ray analyzed to determine
the possible presence of calcification and resorption. Next,
the dental piece was isolated with two rubber dams, cleaned
with 3% hydrogen peroxide, and disinfected with 2.5%
sodium hypochlorite. Endodontic access was completed by
employing a sterile high-speed bur. The operative field was
cleaned by irrigation with 2.5% sodium hypochlorite which
was subsequently inactivated with sterile 5% sodium thio-
sulfate. Once a cavity could be accessed, the first dam was
removed and the coronal gutta-percha was eliminated using
sterile Gates Glidden drills. The apical tissue was exposed
after removing contaminated gutta-percha with solvent-
free Hedstrom-type hand files. Next, the canal was filled
with phosphate-buffered saline of pH 7.3 (PBS), and the
dental piece was extracted with a # 15 type K file (Dentsply
Maillefer, Ballaigues, Switzerland), which was introduced
at a level approximately 1 mm below the apex of the dental
piece. The sample was recollected in an Eppendorf micro-
tube containing 1mL brain-heart infusion (BHI; BD
DIFCO, Sparks, MD, USA), and incubated for 7days at
37°C under aerobic conditions.

For microleakage analysis, the dental pieces were incu-
bated in 5.25% hypochlorite for 30 min to eliminate organic
debris and stored in PBS at room temperature until use.

Materials development and characterization

The production of AH Plus supplemented with BisBAL NP. Bis-
BAL NPs were synthesized and analyzed as previously
reported.'>"!7 Briefly, bismuth nitrate in propylene glycol
(Bis) was mixed 2:1 with 2,3-dimercapto-1-propanol
(BAL) to produce BisBAL nanostructures. The distribu-
tions of BisBAL NP size and shape were analyzed with
scanning electron microscopy (SEM; FEI Tecnai G2 Twin,
Hillsboro, OR; 160kV accelerating voltage). Energy-dis-
persive X-ray spectroscopy spectroscopy SEM (EDS-
SEM; Oxford INCA X-Sight, Tubney Woods, UK) was
used for bismuth identification.

AH Plus was freshly prepared according to the manu-
facturer’s instructions (Dentsplay de Trey, Konstanz,
Germany) and mixed with 10-100uM of BisBAL NPs.
AH Plus alone was used as negative control. The mixture
of AH Plus-BisBAL NP was analyzed with SEM and EDX
spectroscopy as described above.

Bacterial culture and antimicrobial/
antibiofilm properties

Bacterial culture and clinical isolates. E. faecalis strain 11420
was purchased from the American Type Culture Collec-
tion (ATCC 11420) and cultured according to the provid-
er’s instructions. Clinical isolates, obtained from patients
with endodontic infections, were grown in trypticase soy
broth agar (TSB; BD DIFCO, Sparks, MD, USA) at 37°C
for 24 h under aerobic conditions. The specific presence of
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E. faecalis was confirmed with real-time polymerase chain
reaction (PCR) (see below).

E. faecadlis identification by real time-PCR. Genomic DNA
was extracted from clinical isolates using the Isolate II
Genomic DNA kit (Bioline, UK) according to the provid-
er’s instructions. Extracted DNA (5 uL) was amplified in a
final volume of 20 pL using the E. faecalis genesig® Easy
kit (Primer Design, UK)'® and the genesig q16 real-time
thermocycler (Primer Design, UK) according to the pro-
vider’s instructions.'?

Antimicrobial activity of BisBAL NP-supplemented AH Plus. The
antimicrobial activity of AH Plus-BisBAL NPs on E. faec-
alis growth was analyzed with the disk diffusion assay.!%20-2!
E. faecalis and bacteria isolated from endodontic patients
were cultured in TSB agar (BD DIFCO, Sparks MD, USA)
at 37°C, for 18 h with standard inoculums: 100 pL bacterial
culture, 0.5 MacFarland, was spread on TSB agar plates
using a sterile cotton swab. Wells were punched with a pre-
viously sterilized 5-mm diameter polystyrene ring and
filled with AH Plus-BisBAL NPs or AH Plus alone (freshly
prepared and in semi-solid state. Growth inhibition was
measured with a Vernier after a 24-h exposure. The experi-
ment was carried out in triplicate.

Antibiofilm activity of BisBAL NP-supplemented AH Plus. The
antibiofilm activity of AH Plus supplemented with BisBAL
NPs was analyzed with a microbial viability stain (SYTO
9) and fluorescence microscopy on E. faecalis biofilms.
Hereto, a 12-well plate, coated with (~35mg) of AH Plus
with or without BisBAL NPs were seeded with 1 X 10°
cells/well in 100 uL of TSB (ATCC strain or a human iso-
lated specimen) and incubated at 37°C for 48h. The bio-
films of E. faecalis strain 11420 and clinical isolates
cultured in non-coated wells served as growth controls.
After incubation, cells were stained with 20uM SYTO 9
(Invitrogen, Carlsbad, CA, USA)**** for 30 min at 37°C in
the dark. After staining, the biofilm was washed with sterile
water and observed at 485nm by fluorescence microscopy
(EVOS, Floyd, Thermo Fisher Scientific, MA, USA).

Microleakage evaluation of BisBAL NP-supplemented AH
Plus. To determine whether BisBAL NPs provide resist-
ance to the passage of bacteria through the entrance orifice
to the root canals, a split-chamber bacterial penetration test
was used. Hereto, 50 single-rooted dental pieces with a
straight root, a closed apex, and devoid of cracks and root
caries were decoronated to obtain 16-mm long specimens.
The working length was established visually (under a
microscope) by subtracting 1 mm from the length of a
K-file size # 15 (Dentsply Maillefer, Ballaigues, Switzer-
land) placed at the apical foramen. The instrumentation
included ProTaper Universal rotatory files S1 (3 mm short
of working length), SX file (with a circular movement),
and S1,S2,F1, F2,F3, F4, and F5 files (Dentsply Maillefer,

Ballaigues, Switzerland until their working lenghts. Dur-
ing canal preparation, 1 mL 2.5% sodium hypochlorite was
used for irrigation. Toward the end of canal preparation,
root canals were irrigated with 1 mL 17% EDTA after each
file. The smear layer was removed by irrigation with 5mL
17% EDTA and 5mL 2.5% sodium hypochlorite. Finally,
sodium hypochlorite was washed out with 10 mL sterile
water and the specimens were autoclaved in glass contain-
ers with SmL of distilled water to avoid dehydration. After
sterilization, the specimens were sealed with conventional
gutta-percha (Hygienic, Coltene, Lanenau, Germany) and
obturated employing lateral compaction with standardized
and non-standardized gutta-percha cones in a laminar flow
hood. The teeth, thus obturated with gutta percha, were
randomly assigned to one of the following experimental
groups: AH Plus-BisBAL NPs (2=20), AH Plus alone as
negative controls (#=20), and sealer-free positive controls
(n=10). To set up the split-chambers, obturated pieces
were placed inside 1.5-mL Eppendorf tubes, from which
the taper ends had been cut off. The junctions between the
root and the tube were sealed with cyanoacrylate and three
layers of varnish. The Eppendorf tube samples were placed
inside sterile polypropylene tubes containing 11 mL of cul-
ture medium, so that at least 3 mm of the root apex was
inside the medium. The junctions between the Eppendorf
and polypropylene tubes were sealed with cyanoacrylate
and varnish. Samples were incubated at 37°C for 5 days to
verify sterility of the set-up. In case of turbidity, that is,
contamination, the set-up was sterilized and re-tested.
Finally, 10 uL of E. faecalis culture were inoculated daily
for 12 days, and leakage was analyzed by measuring opti-
cal density at 600nm by employing a 96-well microplate
absorbance reader (BioTek, Winooski, VT, USA).

Cell culture and biocompatibility

Cell culture. Human gingival fibroblasts (HGFs) were
kindly donated by Dr. Higinio Arzate’s laboratory at the
Autonomous National University of Mexico. HGFs were
grown in DMEM supplemented with 10% fetal bovine
serum (Gibco-Invitrogen, Carlsbad, California, USA),
100 U/mL penicillin, 100 pg/mL streptomycin, and 2.5 pg/
mL amphotericin at 37°C with 5% CO,.* HGF were main-
tained until reaching confluency.

Cytotoxicity assay. The cytotoxicity on HGFs was analyzed
with the MTT cell viability assay. Hereto, 1X10°
cells/100 uL were cultured in a 96-well plate of which the
wells had been coated with a layer (~35mg) of AH Plus
alone or supplemented with 10 or 50 uM BisBAL NP. After
a 24-h exposure, the MTT assay was performed according
to the provider’s instructions (Biotium, Hayward, Califor-
nia, USA). Non-coated wells served as a growth control.
Additional non-coated controls were incubations with 10
and 50puM BisBAL NP, and 2.5% sodium hypochlorite.
The absorbance at 570nm (A,)) was measured with a
microplate reader (BioTek, Winooski, VT, USA).
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Characterization of BisBAL NPs by SEM-EDX
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Figure |. Characterization of BisBAL NP alone and supplemented AH Plus by SEM. (a) The surface structure, diameter, and
organization of BisBAL NPs were determined by SEM. Bismuth identification was corroborated by the element composition in EDX
spectrum. (b) Characterization of AH Plus added with BisBAL NP by SEM and EDX spectroscopy. Arrows indicates the presence of

bismuth nanoparticles into AH plus sealer.

Statistical analysis. One-way ANOVA with Tukey correc-
tion was used to compare among groups. A significance
level of a=0.05 was considered for all tests.

Results

Materials development and characterization

Characterization of BisBAL NPs, AH Plus, and the mix by
SEM. BisBAL NPs were spherical in shape, with an aver-
age diameter of 24nm (Figure 1(a)). Also, BisBAL NPs
formed electrodense clusters that are common among this
kind of nanoparticles. The presence of bismuth was con-
firmed by EDS-SEM in pure BisBAL NP samples

(Figure 1(a)) and AH Plus supplemented with BisBAL
NP, but not in AH Plus alone (Figure 1(b)).

Interestingly, the typical clusters of spherical BisBAL
NPs were observed at the surface of AH Plus (red arrows),
which would facilitate direct contact with microorganisms.
Altogether these data strongly suggest that BisBAL nano-
structures were only present in the BisBAL-NP supple-
mented AH Plus.

Bacterial culture and antimicrobial/
antibiofilm properties

E. faecalis detection from human clinical samples. The E. faeca-
lis identification from clinical isolates obtained from patients
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Figure 2. E. faecalis identification from clinical isolates by real time-PCR. E. faecalis ATCC strain 11420 (red line) and a clinical

isolate from an endodontic patient (black line) were amplified by qPCR. Negative control, water (blue line); the kit’s positive

control (green line).

Table I. Antimicrobial activity against E. faecalis ATCC | 1420 and clinical isolates determined by disc diffusion.

Diameter halo (mm) Student’s T test p-Value
AH Plus AH Plus + BisBAL NP
E. faecalis ATCC 11420 3.83+0.82 18.75+2.71 12.92 0.0001
Clinical isolate 3.50£0.76 17.85*1.05 3231 0.0001

with endodontic infection was done by real time-PCR
employing specific primers and probe for E. faecalis. E.
faecalis was identified the positive control E. faecalis, ATCC
strain 11420 and within all clinical isolates (Figure 2). No
amplification was detected in the negative control (water;
blue line) supporting the veracity of our results. Altogether,
these results are relevant because these samples represent the
biofilm attached to root canals and probably play an impor-
tant role in endodontic infection.

Antimicrobial and antibiofilm activity of BisBAL NP-supplemented
AH Plus. The antimicrobial property of AH Plus supple-
mented with BisBAL NPs was analyzed by disc diffusion
assays on E. faecalis ATCC strain and clinical isolates from

endodontic patients). BisBAL NP-supplemented AH Plus
was 4.9 times more potent than AH Plus alone. AH Plus sup-
plemented with BisBAL NPs yielded significantly larger
halos than AH Plus alone (p, 0.0001) on both the E. faecalis
ATCC strain and the clinical isolates from endodontic
patients (Table 1).

Likewise, BisBAL NP-supplemented AH Plus, but not
AH Plus alone, inhibited the formation of E. faecalis bio-
films of both the ATCC strain (Figure 3). Thus, it seems
that BisSBAL NP supplementation confers antimicrobial
and antibiofilm potential to the sealer AH Plus.

Microleakage evaluation of BisBAL NP-supplemented AH
Plus. The split-chamber test revealed that after 12days of
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?_3

Strain

Figure 3. Antibiofilm activity of BisBAL NP-supplemented AH Plus. Biofilms of E. faecalis (ATCC strain 11420 or clinical isolates)
were exposed for 48h to AH Plus alone or BisBal NP-supplemented AH Plus. The non-exposed cultures of E. faecalis (ATCC strain
and human clinical isolates) served as controls. Bar, 65 um.

Evaluation of sealing capacity of AH plus + BisBAL NPs on E. faecalis growth
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Figure 4. Sealing capacity of AH plus, alone and supplemented with BisBAL NPs. The split-chamber bacterial leakage test

was used to evaluate the possible filtration of E. faecalis after 12 days of constant inoculation. Optical density was measured at
600 nm employing a microplate absorbance reader (BioTek, Winooski, VT, USA). An OD,; of 0.] was considered as positive (i.e.
contamination). Data obtained are expressed as reduction percentage.

constant inoculation, none of the sealing cements presented Cell culture and biocompatibility

leakage (Figure 4). Thus, it seems that the incorporation of

BisBAL NPs to AH Plus does not modify its sealing prop-  Cytotoxicity of BisBAL NP-supplemented AH  Plus on
erties, while it does provides antimicrobial activity. human  cells. The possible cytotoxicity of BisBAL
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Figure 5. Cytotoxicity of BisBAL NP-supplemented AH. Human gingival fibroblasts (1 X 10° cells) were exposed for 24h to AH
Plus supplemented with 0, 10, or 50 uM BisBAL NP. Controls: growth control (culture medium), 10 or 50 uM BisBAL NP, and 2.5%
sodium hypochlorite. Cell viability (% respect to untreated cells considered 100%) was evaluated with an MTT assay. Bars and error
bars indicate means = SD respectively; (n=#6); *, statistically significant (p <0.0001; o =0.05).

NP-supplemented AH Plus was verified with the MTT
assay on HGFs. After a 24-h exposure, the survival rates in
comparison to a growth control were: AH Plus, 92.2%;
AH Plus supplemented with 10 or 50uM BisBAL NP,
89.8% and 87.3%, respectively; 10 or 50 uM BisBAL NP
alone, 89.8% and 83.7%, respectively; and 2.5% sodium
hypochlorite, 6.7% (Figure 5). There were no significant
differences among the groups, except for sodium hypochlo-
rite 2.5%. These results suggest that the incorporation of
BisBAL NP into AH Plus has an insignificant to limited
cytotoxicity for HGF.

Discussion

The cleaning and disinfection of the root canal system dur-
ing endodontic treatment continues being a huge chal-
lenge. The goal of removing bacterial biofilms adhering to
portions of the root canal and surrounding structures is not
always achieved.?® The most common strategy is the use of
liquid disinfectants. Sodium hypochlorite is the main treat-
ment option worldwide.?’ Interestingly, the effectivity of
silver nanoparticle to remove biofilms from root canals
was more effective when applied as a gel than as a
suspension.?®

Several approaches have been proposed to improve the
bactericidal and antibiofilm activities of dental materials
employed in endodontic treatments.?®? So far, innovative

dental materials are not available in clinical practice.
Although there are several reports on antibiotics and anti-
biofilm solutions, the option of antibacterial root canal
sealers could provide innovative alternatives. Root canal
sealers should seal the prepared canal and avoid contami-
nation by microorganisms. Therefore, an ideal root canal
sealer should have antimicrobial potential and kill all
microorganisms to avoid infections in case of leakage. %!
The supplementation of endodontic sealers with antibacte-
rial nanostructures has enhanced clinical success rates.*
The use of metal in dentistry is not new; gold, silver, zinc,
platinum, titanium, nickel, and zirconium, have all been
employed in the oral cavity because of their hardness and
mechanical properties.>*=° Nanotechnology has emerged
as a new discipline that may generate “smart drugs” with
improved properties in biological systems.*® Typically,
spherical nanoparticles have a diameter <100nm, and
their reactivity associates with their size.3” Although there
are several reports on the usage of nanotechnology in the
dental area, root canal sealers have been hardly
explored.’®3? The employment of nanoparticles in dental
materials to improve their properties has become more
common in the past 5years.?**%4! Herein, we describe the
antimicrobial and antibiofilm potential of AH Plus root
canal sealer supplemented with BisBAL NPs. Previously,
we reported on the excellent antimicrobial activity of
BisBAL NP against gram-positive and gram-negative
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bacterias, and against fungi.'” The addition of BisBAL NP
to MTA conferred antimicrobial properties to the cement,
including against E. faecalis.!® Similarly, the incorporation
of quaternary ammonium polyethylenimine (QPEI) nano-
particles to AH Plus conferred antimicrobial activity to the
root canal sealer.?' We found that the addition of 50 uM
BisBAL NP to AH Plus potentiates antimicrobial proper-
ties against both E. faecalis strain ATCC 11420 and clini-
cal isolates of the same species. Recently, a novel new root
canal sealer, composed of dimethylaminohexadecyl meth-
acrylate (DMAHDM) and silver nanoparticles, decreased
the colony forming units of E. faecalis six times as com-
pared to AH Plus.*? We found that, in contrast to AH Plus
alone, the incorporation of BisBal NPs completely inhib-
ited biofilm formation by both the E. faecalis strain
ATCC11420 and clinical isolates. We hypothesize that
BisBAL NPs kill the bacteria during their adherence pro-
cess to the BisBAL NP-supplemented root canal sealer.
Similarly, the incorporation of DMAHDM-silver nanopar-
ticle into AH Plus provided bactericidal activity against
E. faecalis.®

To analyze whether the incorporation of BisBAL NP
into AH Plus modified its sealing properties, a split-cham-
ber bacterial leakage test was performed. In contrast to
other studies, where leakage of the AH Plus occurred in
40% of the groups by day 7 or 12,*** in our study there
was no bacterial penetration during the observation period
of 12 days. Thus, it seems that the addition of BisBAL NP
to AH Plus improved the antimicrobial/sealing capacity of
AH Plus. Song et al.* analyzed the in vitro microleakage
of several new sealers by staining with a 1% methylene
blue solution for 2 weeks. There were no significant differ-
ences among the sealers tested.

Unfortunately, many studies on the innovation of dental
materials in order to improve antimicrobial potential have
gone away when verifying the cytotoxicity for human tis-
sues. Here we show that a 24-h exposure to BisBAL
NP-supplemented AH Plus was hardly to not cytotoxic to
cultured HGF's. Our previous studies showed repeatedly the
high biocompatibility of BisBAL NP or BisBAL
NP-supplemented cements both in vitro and in vivo.'6474
Histopathological studies in mice revealed no signs of tis-
sue damage in any of the analyzed organs.*’ In contrast,
silver, gold, and copper nanoparticles have repeatedly been
reported to be cytotoxic.2*353 In spite of its widespread
usage, silver nanoparticles have many adverse effects,
including acute toxicity and genotoxicity.>* Furthermore, it
has been reported that dental devices that contain nanopar-
ticles of gold, silver, and titanium promoted neurotoxic-
ity.” Thus, BisBAL NP combines antimicrobial/antibiofilm
activity with a good biocompatibility.

In summary, we provide evidence on the antimicrobial
and antibiofilm potential of BisBAL NP-supplemented AH
Plus root canal sealer. BisBAL NP-supplemented AH Plus
inhibited the development of biofilms of the E. faecalis

ATCC strain 11420 and clinical isolates. The sealing prop-
erties of AH Plus were not affected by supplementation
with BisBAL NP. BisBAL NP-supplemented AH Plus was
not cytotoxic to HGFs. Altogether, our data suggest that
BisBAL NP-supplemented AH Plus is an innovative root
canal sealer alternative for endodontic treatment.

Conclusions

BisBAL NP-supplemented AH Plus constitutes an innova-
tive nanomaterial to prevent re-infection in endodontic
patients without cytotoxicity.
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