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Background: Mesoporous calcium-silicate nanoparticles (MCSNs) have good prospects in
the medical field due to their great physicochemical characteristics, antibacterial activity and
drug delivery capacity. This study was to analyze the antibiofilm activity and mechanisms of
silver (Ag) and zinc (Zn) incorporated MCSNs (Ag/Zn-MCSNs) with different percentages
of Ag and Zn.

Methods: Ag/Zn(1:9, molar ratio)-MCSNs and Ag/Zn(9:1, molar ratio)-MCSNs were pre-
pared and characterized. Endocytosis of nanoparticles by Enterococcus faecalis (E. faecalis)
treated with Ag/Zn-MCSNs was observed using TEM to explore the antibacterial mechan-
isms. The antibiofilm activity of Ag/Zn-MCSNs with different ratios of Ag and Zn was tested
by E. faecalis biofilm model in human roots. The human roots pretreated by different Ag/Zn-
MCSNs were cultured with E. faecalis. Then, SEM and CLSM were used to observe the
survival of E. faecalis on the root canal wall. Cytotoxicity of the nanoparticles was tested by
CCKS8 kits.

Results: The Ag/Zn-MCSNs release Ag" and destroy the cell membranes to kill bacteria.
The MCSNs containing Ag showed antibacterial activity against E. faecalis biofilms in
different degrees, and they can adhere to dentin surfaces to get a continuous antibacterial
effect. However, MTA, MCSNs and Zn-MCSNs could not disrupt the bacterial biofilms
obviously. MCSNs, Ag/Zn(1:1, molar ratio)-MCSNs and Ag/Zn(1:9)-MCSNs showed no
obvious cytotoxicity, while Ag-MCSNs and Ag/Zn(9:1)-MCSNs showed cytotoxicity. Zn-
MCSNs can slightly promote cell proliferation.

Conclusion: Ag/Zn-MCSNs have good antibiofilm activity. They might achieve an appro-
priate balance between the antibacterial activity and cytotoxicity by adjusting the ratio of Ag
and Zn. Ag/Zn-MCSNs are expected to be a new type of root canal disinfectant or sealer for
root canal treatment.

Keywords: antibacterial mechanism, antibiofilm, mesoporous calcium-silicate nanoparticles,

silver, zinc

Introduction

Pulp and periapical diseases are mainly attributed to bacterial biofilm infection. Due
to the anatomical complexity of the root canal system, dentin structure and compo-
sition and limitations of chemical disinfectants, bacteria and bacterial biofilms can
persist in the root canal and dentin tubules for a long time, which are difficult to be
completely removed even after thoroughly chemo-mechanical preparation.' Under
appropriate conditions, residual bacteria in irregular areas of the root canal or dentin
tubules may cause reinfection of the root canal and lead to failure of root canal

submit your manuscript

Dove n

http:

in O

International Journal of Nanomedicine 2020:15 3921-3936 3921
© 2020 Leng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY _NC /

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati glli by-n/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



http://orcid.org/0000-0002-0184-8439
http://orcid.org/0000-0002-5891-8135
mailto:lijin6806@163.com
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Leng et al

Dove

treatment.” Intracanal medication is an important disinfec-
tion way used between appointments of endodontic treat-
ment. Calcium hydroxide (CH) is the commonly used
intracanal medication, and it releases hydroxyl in liquid,
resulting in antimicrobial and endotoxin neutralizing
effects. However, dentin, exudates from the periapical
area, microbial biomass and residual necrotic pulp can
inactivate the antimicrobial activity of CH.> CH has low
solubility and diffusibility, which make it difficult to elim-
inate the bacteria located within dentinal tubules and ana-
tomical variations of canals.* In addition, dentin exposed
to CH over time may show reduced flexural strength and
low fracture resistance, which will increase the risk of
tooth fracture and endodontic treatment failure.>°

Nanomaterials and nanotechnology have been widely
studied in the medical field. Nanoparticles can efficiently
transport drugs to the target sites and be used in targeted
therapies for a variety of cancers.””® As antibiotic resis-
tance has become a global issue, in order to avoid or
reduce the use of antibiotics, nanomaterials have recently
been widely studied to find an alternative to antibiotics due
to that microorganisms are unlikely to develop resistance
against nanoparticles.”'® Mesoporous calcium-silicate
nanoparticles (MCSNs) are newly synthesized advanced
materials with multi-functions for root canal filling
because of their special nanostructure, injectability, miner-
alization of apatite, antibacterial capability and drug
delivery."" Recent studies have shown that nano-size
MCSNs can infiltrate into bacteria and continuously
release calcium ions (Ca*") and silicon ions (SiO,*),
creating a weak alkaline microenvironment to achieve
antibacterial effects. MCSNs can also promote bone gen-
eration and defect repair. They are considered as excellent
platforms for the efficient delivery of drugs and
osteogenesis.'> However, the antibacterial activity of
MCSNSs is limited, which cannot completely remove the
bacteria and their biofilms in the root canals, such as
Enterococcus faecalis (E. faecalis) and Staphylococcus
aureus (S. aureus).">'

Silver ions (Ag") are a great substitution to antibiotics
because they have broad-spectrum antimicrobial activity
and show no resistance to target bacteria.'” Silver nanopar-
ticles (AgNPs) have been used for medical and dental field
because of its outstanding antibacterial characteristics.
Incorporation of AgNPs to biomaterials can prevent or
reduce the formation of biofilms without affecting the
mechanical properties of the materials.'® Zinc (Zn) is an
important trace element for protein and DNA synthesis, cell

mitosis and proliferation and the proliferation and differen-
tiation of osteoblasts.'” Zinc ions (Zn®") can inhibit enzy-
matic activity and prevent cell metabolism above the
threshold of ion concentration.'® In addition, Zn*" can
depolarize the cell membrane of bacteria, and Ag" and
Zn*" may have synergic antibacterial effects on E. faecalis
and its biofilms."

Ag and Zn can incorporate with MCSNs and release in
a sustained manner. Ag/Zn-MCSNs can adhere to the root
canal walls well and infiltrate into the dentinal tubules.
They will not have a negative impact on the mechanical
properties of dentin after sealing in the root canal for 30
days.” However, the antibacterial effects and mechanisms
of Ag/Zn-MCSNs in different proportions of Ag and Zn
are still unclear. The aim of this study was to analyze the
cytotoxicity, antibacterial activity and mechanisms of Ag/
Zn-MCSNs with different percentages of Ag and Zn. The
experimental findings will provide reference for the appli-
cation of Ag/Zn-MCSNS in root canal infection.

Materials and Methods

Synthesis of the Nanoparticles

MCSNs, Ag-MCSNs, Zn-MCSNs and Ag/Zn(1:1, molar
ratio)-MCSNs were synthesized and characterized in our
previous studies.” Ag/Zn(1:9, molar ratio)-MCSNs and
Ag/Zn(9:1, molar ratio)-MCSNs were synthesized by the
template method according to previous methods.>'?
Different weights of silver nitrate and zinc nitrate
(Reagent No.l Factory of Shanghai Chemical Reagent
Co. Ltd, China) were added (Table 1).

The prepared Ag/Zn(1:9)-MCSNs and Ag/Zn(9:1)-
MCSNs were characterized by transmission electron micro-
scopy (TEM, JEM-2100, JEOL, Tokyo, Japan), field emis-
sion scanning electron microscopy (FE-SEM, 1530 VP,
LEO, Germany) and energy dispersive spectrometry (EDS,
I MCA 300, OXFORD, UK). The surface area, pore volume
and pore size distribution according to N2 adsorption-deso-
rption isotherms (ASAP 2020 Micromeritics, Norcross, GA,

Table | The Molar Ratio of Ag/Zn and the Weight of Silver
Nitrate and Zinc Nitrate Added in the Synthesis of the
Nanoparticles

Nanoparticles | Ag:Zn Silver Zinc
(Molar) Nitrate Nitrate

Ag/Zn-MCSNs 1:9 0238¢g 375¢g

Ag/Zn-MCSNs 9:1 2.14g 0.416g

Abbreviation: Ag/Zn-MCSNs, nanosilver- and nanozinc-incorporated MCSNEs.
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USA) were measured using Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) analyses. The ions release
(ICP-AES, Prodigy 7; Leeman, USA) and pH measurement
(SIN-PH100, Sinomeasure, China) of the prepared nanopar-
ticles were tested according to our previous methods.’

Endocytosis of Nanoparticles by E. faecalis
One milliliter E. faecalis suspension (1x10® CFUs/mL)
was co-cultured with 10 mg of MCSNs, Ag-MCSNs, Zn-
MCSNs, Ag/Zn(1:1)-MCSNs, Ag/Zn(1:9)-MCSNs and
Ag/Zn(9:1)-MCSNs for 24 hrs, respectively. After dilut-
ing, the nanoparticle-treated culture was gained by centri-
fugation at 3000 rpm for 10 mins. Each sample was
prepared for TEM observation using standard processes,
including fixation, staining, dehydration, infiltration with
polymer resin, oven curing, and slicing via ultra-micro-
tome (LEICA EM UC7, Leica, Germany). Ultrathin sec-
tions were stained with uranyl acetate and lead citrate and
were observed using the TEM (JEOL JEM-1010, JEOL,
Japan) at 80 kV.

Antimicrobial Effects of the Nanoparticles
E. faecalis (ATCC 29212, Manassas, VA, USA) suspen-
sion was diluted to 1x10* colony forming units (CFUs)/
mL. Then, 1 mL suspension was mixed with 10 mg of all
prepared nanoparticles and CH, respectively and incubated
at 4°C for 24 hrs. Then, 10 pL inoculums were plated on
brain heart infusion (BHI, OXOID, Basingstoke, UK) agar
plate and incubated at 37°C for 24 hrs. Finally, CFUs of
E. faecalis were counted by Automatic colony counter
(Scan 1200, Interscience, France). The test was repeated
6 times for each group.

Antibiofilm Activity of the Nanoparticles

Against E. faecalis Biofilms

Mature human mandibular premolars with single root were
collected under the protocol approved by the Ethical
Committee Department, the Affiliated Stomatological
Hospital of Nanjing Medical University (PJ 2017-055-
001). All clinical investigations have been conducted
according to the principles expressed in the Declaration
of Helsinki, and the written informed consents have been
obtained from the participants. The crowns were removed,
and roots were standardized to 12 mm long from root
apex. The root canals were prepared using ProTaper NiTi
rotary instruments (Dentsply Maillefer, Tochigi, Japan) to
F3 size according to standard processes. For sterilization,

they were autoclaved at 121°C for 20 mins. Then, they
were placed in 3 mL of E. faecalis suspension (1x10®
CFUs/mL) and cultured under anaerobic conditions for 4
weeks at 37°C. The BHI broth was refreshed every second
day to remove dead cells and to ensure bacterial viability.
CH and MTA pastes (mixed with sterile ddH,0=1:1.5),
MCSNs, Ag-MCSNs, Zn-MCSNs, Ag/Zn(1:1)-MCSNs,
Ag/Zn(1:9)-MCSNs  and Ag/Zn(9:1)-MCSNs
(mixed with sterile ddH,O=1:3) were prepared. The pastes

pastes

were filled into the root canals by lentulo-spirals (Mani
Inc, Tochigi-ken, Japan). Then, the roots were placed in
sterile tubes. Five specimens were tested in each group.
After 7 days, each canal was gently washed with 10 mL
phosphate buffer saline (PBS, Gibco, USA) to clear the
intracanal paste and dried with sterile paper points.

Afterwards, the specimens from each group were split
into two halves. One root-half randomly selected from
each root was scanned with a SEM (HITACHI SU3500,
Tokyo, Japan) or a FE-SEM (QUANTA 200F, Fei, USA)
according to previously described method.'> The other
root-half was stained with fluorescent LIVE/DEAD
BacLight Bacterial Viability stain (Molecular Probes,
Eugene, OR, USA) according to the instructions of man-
ufacturer. Three randomly selected canal wall areas of
each root were scanned by a confocal laser scanning
microscope (CLSM, LSM 710, Carl Zeiss, Germany)
with a 5 um step size at 20xlens. The excitation/emission
wavelengths were 488/525 nm for SYTO® 9 and 561/642
nm for PI. Simultaneous dual-channel imaging was used to
display the green fluorescence (live bacteria) and red
fluorescence (dead bacteria) using the ZEN software
(Carl Zeiss, Germany).

Bacterial Colonization on Root Canal

Walls Pretreated with the Nanoparticles
Forty roots were prepared and autoclaved as described
above. Each prepared canal was filled with 10 mg/mL
suspension of CH, MCSNs, Ag-MCSNs, Zn-MCSNs,
Ag/Zn(1:1)-MCSNs, Ag/Zn(1:9)-MCSNs and Ag/Zn
(9:1)-MCSNs and activated by the ultrasonic device
(P5XS, Satelec, Cedex, France). The ultrasonic device
was set at scale 4, and two 30-second sessions of vibration
were applied. All roots were stored in a 100% humid
environment at 37°C for 7 days. Then, each canal was
washed with 10 mL PBS to remove the intracanal medica-
tion. All pretreated specimens were immersed in 3 mL
E. faecalis suspension (1 x 10® CFUs/mL) at 37°C for 7
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Figure | Physicochemical properties of the prepared nanoparticles.
Notes: FE-SEM images of Ag/Zn(1:9)-MCSNs and Ag/Zn(9:1)-MCSNs (A and B); TEM images of Ag/Zn(1:9)-MCSNs and Ag/Zn(9:1)-MCSNs (C and D); EDS of Ag/Zn(1:9)-
MCSNs and Ag/Zn(9:1)-MCSNs (E and F); nitrogen adsorption-desorption isotherm test and pore size distribution of Ag/Zn(1:9)-MCSNs and Ag/Zn(9:1)-MCSNs (G and H);
ions release of Ag/Zn(1:9)-MCSNs and Ag/Zn(9:1)-MCSNss (I); pH measurement of Ag/Zn(1:9)-MCSNs and Ag/Zn(9:1)-MCSN's (J).

Abbreviations: Ag/Zn-MCSNs, nanosilver- and nanozinc-incorporated mesoporous calcium-silicate nanoparticles; FE-SEM, field emission scanning electron microscopy;
TEM, transmission electron microscopy; EDS, energy dispersive spectrometry.
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Table 2 Surface Area (SBET), Pore Volume (VP), and Mean Pore
Size (DP) of the Nanoparticles

Nanoparticles SBET (m?/g) | VP (cm?/g) DP (nm)
AglZn(9:1)-MCSNs 117.90 0.21 7.05
AglZn(1:9)-MCSNs | 225.96 0.40 7.12

Abbreviation: Ag/Zn-MCSNs, nanosilver- and nanozinc-incorporated MCSNs.

days. Afterwards, each root was split into two halves, one
root-half randomly selected from each root was observed
by the FE-SEM (QUANTA 200F, Fei, USA) and the other
root-half was assessed using the CLSM (LSM 710, Carl
Zeiss, Germany) according to the methods mentioned
above.

Cytotoxicity Test of the Nanoparticles

The extracts were prepared by adding the nanoparticles to
o-MEM medium (Gibco/Thermo Scientific, Grand island,
USA) at 10 mg/mL and incubated at 37°C for 24 hrs,
respectively. Then, the supernatant was sterilized using a
0.22 pm filter (Merck Millipore Ltd.,
Germany) after centrifugated at 1000 rpm for 5 mins,

Darmstadt,

and supplemented with 10% fetal bovine serum (FBS,
ScienCell, SanDiego, USA).

Mouse pre-osteoblast cell line (MC3T3-E1, ATCC)
cells were cultured in o-MEM medium containing 10%
FBS and 100 IU/mL penicillin-streptomycin (HyClone,
Utah, USA) at 37°C in a 5% CO, atmosphere. MC3T3-
El cells were inoculated at density of 2x10° cells/well
in 100 pL fresh medium for 48 hrs. Then, they were
treated with different extracts, respectively. After 1, 3
and 7 d, the cells were washed with fresh o-MEM.
They were incubated with 100 pL a-MEM and 10 pL
CCK-8 solution (Dojindo Laboratories, Kumamoto,
Japan) in each well at 37°C and 5% CO, for 4 hrs.
The absorbance at 450 nm was measured by a spectro-
photometer (Spectramax190, Molecular Devices,
USA). The cells not treated by extracts were used as
controls. The results of optical density (OD) were

obtained in sextuplicate.

Statistical Analysis

All data were showed as means + standard deviation (SD)
and analyzed using One-Way ANOVA with a Post Hoc test
by SPSS 22.0 (SPSS Inc., Chicago, IL). The level of
significance was set at P < 0.05.

Results

Characterizations

Ag/Zn(1:9)-MCSNs and Ag/Zn(9:1)-MCSNs possessed
spherical morphology with 200-250 nm diameter
(Figure 1A and B), well-ordered nanopores and channel
structures (Figure 1C and D). Ca, Si, Ag and Zn elements
present in both nanoparticles (Figure 1E and F). The
nanoparticles showed type IV isotherms with HI-type
hysteresis loops (Figure 1G and H). The surface area,
pore volume and mean pore size of the nanoparticles are
showed in Table 2. Ag/Zn(9:1)-MCSNs showed a faster
release of Ag" and a slower release of Zn>" than Ag/Zn
(1:9)-MCSNs (Figure 1I). The pH values of the nanopar-
ticles gradually increased within 14 days and were stabi-
lized at 10. The addition of Ag did not significantly affect
the pH while Zn slightly reduced the pH of the MCSNs
(Figure 1J).

Endocytosis of Nanoparticles by E. faecalis
Live E. faecalis showed typical spherical structure and
intact cell membrane in the TEM images (Figure 2A).
For coculture groups, the destruction of cell walls and
cell membranes was observed in Ag-MCSNs, Ag/Zn
(1:1)-MCSNs, Ag/Zn(1:9)-MCSNs and Ag/Zn(9:1)-
MCSNSs groups. Meanwhile, Ag particles were observed
to break through the cell membrane and enter the cell. The
cell contents leaked from the rupture of the cell membrane
(Figure 2B-F). Vacuolar cells without cellular contents can
be observed. However, these phenomena were not dis-
tinctly observed in the MCSNs and Zn-MCSNs groups.

Antibacterial Effects of the Nanoparticles
Negative control group showed numerous bacteria on the
BHI agar plate (Figure 4A). CH showed the best antibac-
terial activity among the experimental groups (Figures 3
and 4B). Ag-MCSNs, Ag/Zn(1:1)-MCSNs, Ag/Zn(1:9)-
MCSNs and Ag/Zn(9:1)-MCSNs revealed better antimi-
crobial activity than MCSNs and Zn-MCSNs (P<0.05)
(Figures 3 and 4C-H).

Antibiofilm Activity of the Nanoparticles
Against E. faecalis Biofilms

SEM images showed homogenous and dense E. faecalis
biofilms on dentin surface in the negative group
(Figure 5A and a). E. faecalis biofilms treated with CH
showed deformation and rupture (Figure 5B and b), while
MTA did not destroy the E. faecalis biofilm structures
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Figure 2 Representative TEM images of endocytosis of nanoparticles by E. faecalis.

Notes: (A) E. faecalis (%x30,000); (B-F) E. faecalis cocultured with Ag/Zn(I:1)-MCSNs. x30,000 (B); x100,000 (C and E); x200,000 (D and F).
Abbreviations: TEM, transmission electron microscopy; Ag/Zn-MCSNs, nanosilver- and nanozinc-incorporated mesoporous calcium-silicate nanoparticles.

(Figure 5C and c). The biofilms treated with MCSNs, Ag-
MCSNs, Zn-MCSNs, Ag/Zn(1:1)-MCSNs, Ag/Zn(1:9)-
MCSNs and Ag/Zn(9:1)-MCSNs exhibited different
degrees of structural damages (Figure 5SD-I and d-i). Ag-

MCSNs, Ag/Zn(1:1)-MCSNs, Ag/Zn(1:9)-MCSNs and
Ag/Zn(9:1)-MCSNs can destroy most of E. faecalis and
its biofilms. But there are still intact E. faecalis biofilms
observed in the MCSNs and Zn-MCSNs groups.
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Figure 3 Antibacterial effects of the materials against planktonic E. faecalis.

Notes: Comparisons of CFUs count among the groups, including Negative, CH, MCSNs, Ag-MCSNs, Ag/Zn(9:1)-MCSNs, Ag/Zn(1:1)-MCSNs, Ag/Zn(1:9)-MCSNs and Zn/
MCSNSs. *P<0.05 when compared with the negative control group. **P<0.05 when compared with the MCSNs group.

Abbreviations: CFUs, colony forming units; CH, calcium hydroxide; MCSNs, mesoporous calcium-silicate nanoparticles; Ag-MCSNs, nanosilver-incorporated MCSNs; Ag/
Zn-MCSNs, nanosilver- and nanozinc-incorporated MCSNs; Zn-MCSNs, nanozinc-incorporated MCSNs.

In the negative control group, CLSM images displayed
a high percentage of live bacteria in the E. faecalis bio-
films (Figure 6A). Most dead bacteria with few live bac-
teria were observed in CH group (Figure 6B). The
treatment with MTA, MCSNs and Zn-MCSNs revealed a
high percentage of green fluorescence in the biofilms
(Figure 6C, D and F). Large areas of red fluorescence
and a small amount of scattered green fluorescence were
observed in Ag-MCSNs, Ag/Zn(1:1)-MCSNs and Ag/Zn
(9:1)-MCSNs groups (Figure 6E, H and I). The staggered
existing red fluorescence and green fluorescence were
observed in Ag/Zn(1:9)-MCSNs group showing a certain
antibiofilm ability (Figure 6G).

Bacterial Colonization on Root Canal

Walls Pretreated with the Nanoparticles

FE-SEM images showed that innumerable E. faecalis colo-
nized on the canal walls in negative control, CH, MCSNs and
Zn-MCSNs groups (Figure 7A-C, E and a-c, e).
Furthermore, the canal pretreated with CH and Zn-MCSNs

seemed to attract more E. faecalis than negative group
(Figure 7B, E and b, e). Few bacteria colonization was
observed in Ag-MCSNs, Ag/Zn(1:9)-MCSNs, Ag/Zn(1:1)-
MCSNs and Ag/Zn(9:1)-MCSNs groups (Figure 7D, F-H
and d, f~h). Many nanoparticles adhered to dentin on root
canal walls in experimental groups (Figure 7C-H and c-h).

CLSM images showed no background fluorescence pro-
duced by the root canal wall (Figure 8A), strong green fluor-
escence was observed on the canal walls in negative control,
CH and MCSNs groups (Figure 8B-D). Weak green fluores-
cence and scattered red fluorescence were observed in Ag-
MCSNs, Ag/Zn(1:9)-MCSNs, Ag/Zn(1:1)-MCSNs and Ag/
Zn(9:1)-MCSNs groups, which indicated very few bacteria
survival and colonization (Figure 8E, G—I). For Zn-MCSNs
group, some patches of strong green fluorescence can be seen
on the pretreated root canal walls (Figure SF).

Cytotoxicity of the Nanoparticles

After 1 d incubation, MCSNs, Ag-MCSNs, Ag/Zn(1:1)-
MCSNs, Ag/Zn(1:9)-MCSNs and Ag/Zn(9:1)-MCSNs
showed no obvious cytotoxicity to MC3T3-El1 cells
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Figure 4 Representative colonial pictures of the materials against planktonic E.faecalis.

Zn/MCSNs

Ag/Zn(1:9)-MCSNs

Notes: (A) negative control group; (B) CH group; (C) MCSNs group; (D) Ag-MCSNs group; (E) Ag/Zn(9:1)-MCSNs group; (F) Ag/Zn(1:1)-MCSNs group; (G) Ag/Zn(1:9)-

MCSNss group; (H) Zn-MCSNs group.

Abbreviations: CH, calcium hydroxide; MCSNs, mesoporous calcium-silicate nanoparticles; Ag-MCSNs, nanosilver-incorporated MCSNs; Ag/Zn-MCSNs, nanosilver- and

nanozinc-incorporated MCSNs; Zn-MCSNs, nanozinc-incorporated MCSNs.

(P>0.05), while Zn-MCSNs can slightly promote cell prolif-
eration (P<0.05). However, CH showed obvious cytotoxicity
(P<0.05) (Figure 9A). After 3 d incubation, Ag-MCSNs
showed distinct cytotoxicity to MC3T3-El cells, Ag/Zn
(9:1)-MCSNs also significantly inhibited cell growth
(P<0.05). MCSNs, Ag/Zn(1:1)-MCSNs and Ag/Zn(1:9)-
MCSNSs showed no obvious cytotoxicity, while Zn-MCSNs
still promote cell proliferation (P<0.05) (Figure 9B). The
results of incubation for 7 d were same as these results of
3 d (Figure 9C).

Discussion

Nano-antibacterial agents have been proposed as a
choice for intracanal disinfections because they can dis-
rupt bacterial biofilm and prevent bacterial adhesion
to dentin.'® In this study, the synthesized Ag/Zn(1:9)-
MCSNs and Ag/Zn(9:1)-MCSNs are similar to the
previously synthesized nanoparticles which possess
representative mesoporous structures where the Ag and
Zn are distributed inside. The nanoparticles were nano-
scale and had high surface areas and pore volumes.
They release Ca,”" SiO,,*” Ag' and Zn*" in aqueous
solution, producing a weak alkaline micro-environment

and maintaining a high pH value over time. These
characteristics are consistent with previous studies on
calcium silicate-based materials.?’

Nanoparticles can enter bacterial cells through endocy-
tosis, and damage their intracellular structures such as
mitochondria, vacuoles, ribosomes and lysosomes, leading
to cell lysis.”’ Metallic nanoparticles may obtain antibac-
terial effects by destroying membrane proteins, producing
superoxide radicals and generating ions that interfere with
the cell granules causing particles aggregation.”” In this
study, the results indicated that the pH and osmotic pres-
sure of solution may rise due to ions releasing of the
nanoparticles which made its surroundings harmful to
bacterial survival, but the Ag" released by Ag-MCSNs or
Ag/Zn-MCSNs can directly damage bacterial cell walls
and membranes and enter the cells, causing cell contents
to leak out and destruction of intracellular structures, lead-
ing to bacteria death (Figure 10). Ag" has a high affinity to
electron-giving groups, which are extensively found in cell
membranes or proteins such as sulthydryl, carbonyl,
amino, imidazole and phosphate groups. Ag" can bind to
thiol groups (ASH) of proteins to obtain stable AS-Ag
bonds, which can change the 3D structure of proteins
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Figure 5 Representative E. faecalis biofilms (4-week old) on dentin surface after medication were scanned by SEM or FE-SEM (capital letters: 3000 magnification; small
letters: x10,000 magnification).

Notes: (A and a) Negative control group; (B and b) CH group; (C and c) MTA group; (D and d) MCSNs group; (E and e) Ag-MCSNs group; (F and f) Zn-MCSNs group;
(G and g) Ag/Zn(1:9)-MCSNss group; (H and h) Ag/Zn(1:1)-MCSNs group; (I and i) Ag/Zn(9:1)-MCSNs group.

Abbreviations: SEM, scanning electron microscopy; FE-SEM, field emission scanning electron microscopy; CH, calcium hydroxide; MTA, mineral trioxide aggregate;
MCSNs, mesoporous calcium-silicate nanoparticles; Ag-MCSNs, nanosilver-incorporated MCSNs; Ag/Zn-MCSNs, nanosilver- and nanozinc-incorporated MCSNs; Zn-
MCSNs, nanozinc-incorporated MCSNs.
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Figure 6 CLSM 3-dimensional reconstructions of E. faecalis biofilms (4-week old) after medication (green: live cells; red: dead cells).
Notes: (A) Negative control group; (B) CH group; (C) MTA group; (D) MCSNs group; (E) Ag-MCSNs group; (F) Zn-MCSNs group; (G) Ag/Zn(1:9)-MCSNs group; (H) Ag/

Zn(1:1)-MCSNs group; (I) Ag/Zn(9:1)-MCSNs group.

Abbreviations: CLSM, confocal laser scanning microscope; CH, calcium hydroxide; MTA, mineral trioxide aggregate; MCSNs, mesoporous calcium-silicate nanoparticles;
Ag-MCSNss, nanosilver-incorporated MCSNs; Ag/Zn-MCSNs, nanosilver- and nanozinc-incorporated MCSNs; Zn-MCSNs, nanozinc-incorporated MCSNEs.

and block the active binding sites.”> Ag" has high reactiv-
ity, which can bind to tissue proteins and cause structural
changes in the cell wall and nuclear membrane of bacteria,
leading to cell deformation and death. Ag" can also dena-
ture and inhibit bacterial replication by binding to bacterial
DNA and RNA.** The release of Ag" may be the reason
why Ag-MCSNs and Ag/Zn-MCSNs showed better anti-
bacterial ability than MCSNs in the experiments. Ag" can
be efficiently transported through mesoporous channels of
MCSNs and continuously release to achieve better anti-
bacterial effects.

In this study, MCSNs showed a slight antimicrobial
activity, which agrees with the previous study.'’ The
nano-dimension of MCSNs may interfere with bacteria
metabolism, especially when they are in direct contact
with bacteria wall in a liquid environment.® Zn*' had
antibacterial activity that might destroy the bacteria mem-
brane structure, intracellular enzymes and the replication
of DNA.® Zn-MCSNs

However, showed a weak

antimicrobial activity. This may be due to the low propor-
tions of Zn contained in Zn-MCSNs and its slow release.
Ag-MCSNs, Ag/Zn(1:1)-MCSNs, Ag/Zn(1:9)-MCSNs
and Ag/Zn(9:1)-MCSNs showed evident higher antibacter-
ial effects than the MCSNs and Zn-MCSNs groups. Ag
incorporated into MCSNs could be released in the form of
Ag" in liquid environment."® Guo et al reported that Ag"
had great antibacterial effects on Escherichia coli (E. coli),
Pseudomonas  aeruginosa  (P.  aeruginosa)  and
Staphylococcus aureus (S. aureus).”’ Therefore, these phe-
nomena indicated that the antibacterial mechanism of Ag/
Zn-MCSNs is mainly associated with the release of Ag"
rather than Ca®" or SiO,*  In addition, the synergistic
antibacterial effects of Ag and Zn are not obvious. It
may be necessary to set up more different concentration
groups in later studies to verify the synergistic effects of
Ag and Zn.

The antibiofilm activity of the nanoparticles was stu-

died for the potential use in root canal disinfection. MTA
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Figure 7 Representative FE-SEM images showing colonization of E. faecalis on the
pretreated root canal walls (capital letters: X3000 magnification; small letters:
% 10,000 magnification).

Notes: (A and a) Negative control group; (B and b) CH group; (C and ¢) MCSNs
group; (D and d) Ag-MCSNs group; (E and e) Zn-MCSNs group; (F and f) Ag/Zn
(1:9)-MCSNs group; (G and g) Ag/Zn(1:1)-MCSNs group; (H and h) Ag/Zn(9:1)-
MCSNs group.

Abbreviations: FE-SEM, field emission scanning electron microscopy; CH, calcium
hydroxide; MCSNs, mesoporous calcium-silicate nanoparticles; Ag-MCSNs, nano-
silver-incorporated MCSNs; Ag/Zn-MCSNs, nanosilver- and nanozinc-incorporated
MCSNs; Zn-MCSNs, nanozinc-incorporated MCSNs.

is the most representative calcium-silicate cements used in
clinical, which can induce the generation of hard tissue
and achieve ideal apical seal.”® However, MTA has no
obvious antibacterial activity and cannot effectively kill
E. faecalis, S. aureus, E. coli or other anaerobic bacteria,
and it is difficult to enter the narrow and curved root canal
and dentin tubules to remove the bacteria.”’ Pompermayer
et al found that MTA was not effective against multispe-
cies microcosm biofilms including E. faecalis,
Streptococcus  salivarius (S. salivarius), Streptococcus
mutans (S. mutans) and so on.>* In this study, the E.
faecalis biofilms treated with MTA was still intact, and
the proportion of live bacteria was high, suggesting that
MTA had no obvious antibacterial effect on E. faecalis
biofilms, which was similar to previous studies. MCSNs
has antibacterial effect on planktonic E. faecalis, but the
antibacterial effect of MCSNs on E. faecalis biofilms is
obviously lower than that of CH. It may be attributed to
the changes in interaction between MCSNs and bacteria in
bacteria biofilms instead of planktonic bacteria, which
effect of MCSNs. "

Previous studies reported that nano-sized ZnO may obtain

compromised the antibacterial

good antibacterial activity by entering the cell membrane
of bacteria and releasing Zn”>" to destroy lipids, proteins
and important metabolic pathways.’' However, Zn-
MCSNs did not show significant antibiofilm ability in
this study. The possible reasons may be the low Zn*"
concentration and slow release of Zn>* of Zn-MCSNs
that cannot reach the desired threshold for antibiofilm
effect. Ag-MCSNs, Ag/Zn(1:9)-MCSNs, Ag/Zn(1:1)-
MCSNs and Ag/Zn(9:1)-MCSNs have improved antibio-
film activity than MTA, MCSNs and Zn-MCSNs. These
results confirm the above-mentioned possible explanations
that the antimicrobial mechanism of Ag/Zn-MCSNs is
mainly associated with the released Ag’. Saravanan et al
reported that gram-negative (G ) bacteria were more sen-
sitive to AgNPs, which were rapidly disguised through
bacterial thin cell walls (low content of peptidoglycan),
thus resulting in maladjustment of protein structure and
promoting cell death.*> However, gram-positive (G") bac-
teria have a thick cell wall containing peptidoglycan,
which requires a higher concentration of materials to
achieve antibacterial effect. In this study, the Ag-
MCSNs, Ag/Zn(1:1)-MCSNs, Ag/Zn(9:1)-MCSNs groups
that have higher Ag content were observed more biofilm
destruction and more dead bacteria than the Ag/Zn(1:9)-
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Figure 8 E. faecalis adherence and colonization on the pretreated root canal walls observed by CLSM (green: live cells; red: dead cells).

Notes: (A) Blank control group (no background fluorescence produced by dentin); (B) Negative group; (C) CH group; (D) MCSNs group; (E) Ag-MCSNs group; (F) Zn-
MCSNs group; (G) Ag/Zn(1:9)-MCSNs group; (H) Ag/Zn(1:1)-MCSNs group; (I) Ag/Zn(9:1)-MCSNs group.

Abbreviations: CLSM, confocal laser scanning microscope; CH, calcium hydroxide; MCSNs, mesoporous calcium-silicate nanoparticles; Ag-MCSNs, nanosilver-incorpo-
rated MCSNs; Ag/Zn-MCSNs, nanosilver- and nanozinc-incorporated MCSNs; Zn-MCSNs, nanozinc-incorporated MCSNs.

MCSNs group. Therefore, the higher the content of Ag",
the greater the antibiofilm effect.

Substantivity on dentin surface is another significant fea-
ture of intracanal medications. Fan et al reported that CH
paste has very weak substantivity on dentin surface, and there
was no residual antimicrobial activity after CH paste being
removed.*® The findings of this study also showed that CH
had no substantivity ability, and the root canal surface treated
with CH seemed to have enrichment effect on E. faecalis.
The reason may be that the high pH value caused by CH
changes the organic components such as proteins in dentin,
affecting the adhesion and colonization of E. faecalis on the
root canal wall. MCSNs can adhere to dentin that may be
attributed to the mineralization of apatite and the capability

of calcium silicate to directly bind to living tissue.>*
Nevertheless, MCSNs had no obvious resistance to bacterial
adhesion and proliferation, while Ag-MCSNs and Ag/Zn-
MCSNs adhered to dentin and infiltrated into dentinal
tubules, which will release Ag" continuously and get a
long-term antibiofilm effect. Studies have shown that doping
Zn to nanoparticles can show better antibacterial activity
against E. coli (G) and S. aureus (G") than original
materials.>> However, Zn-MCSNs showed no obvious anti-
biofilm activity in this study. On the contrary, Zn-MCSNs
showed an enrichment effect on E. faecalis and seem to
encourage E. faecalis to form biofilms. This phenomenon
may be explained by that the low content of Zn>* in Zn-
MCSNSs which is not enough for the antibacterial effect and
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Figure 9 CCK8 test on the MC3T3-El cells.
Notes: (A) Culture for | d; (B) culture for 3 d; (C) culture for 7 d. ¥P<0.05 when compared with the negative control (decrease); ¥P<0.05 when compared with the

negative control (increase); “P<0.05 when compared with the CCK8 reagent only group.
Abbreviations: CH, calcium hydroxide; MCSNs, mesoporous calcium-silicate nanoparticles; Ag-MCSNs, nanosilver-incorporated MCSNs; Ag/Zn-MCSNss, nanosilver- and

nanozinc-incorporated MCSNs; Zn-MCSNs, nanozinc-incorporated MCSNE.
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Figure 10 Antimicrobial mechanism pattern diagram of Ag/Zn-MCSNs.
Abbreviation: Ag/Zn-MCSNs, nanosilver- and nanozinc-incorporated mesoporous calcium-silicate nanoparticles.

Zn promote cell proliferation, which is consistent with the no obvious cytotoxicity. However, Ag-MCSNs and Ag/Zn
cytotoxicity results of this study. (9:1)-MCSNs significantly inhibited cell growth, and Ag-

CH showed very strong cytotoxicity to MC3T3 cells while  MCSNs even showed the same strong cytotoxicity as CH.
MCSNs, Ag/Zn(1:1)-MCSNs and Ag/Zn(1:9)-MCSNs have  The results indicated that the cytotoxicity of Ag/Zn-MCSNs
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depends on the amount of Ag, the higher the content of Ag, the
greater the cytotoxicity. These results were comparable as
previous studies that Ag have adverse effects on human
health.? It was interesting to find that Zn-MCSNs has advan-
tage to promote cell proliferation, the higher the content of Zn
in Ag/Zn-MCSNe, the less cytotoxicity of them. As a cofactor
and a structural and regulatory ion, Zn”" takes major biological
roles and involves in homeostasis, immune responses, oxida-
tive stress and apoptosis.*® Previous studies demonstrated that
Zn takes the active part in bone metabolism and has a stimu-
latory effect on osteogenesis.>’** Ag/Zn(1:1)-MCSNs and Ag/
Zn(1:9)-MCSNs possess wonderful antibacterial capability
without significant cytotoxicity. Therefore, MCSNs containing
Zn and low concentrations of Ag can exert excellent antibac-
terial effects and increase cell proliferation. Further studies will
be performed to evaluate the optimal proportions of Zn and Ag.

Conclusion

MCSNSs containing different proportions of Ag and Zn were
successfully synthesized which have ideal physicochemical
properties and obvious antibiofilm activity. They destroy the
cell membranes to kill bacteria by releasing Ag’. Ag/Zn-
MCSNs might achieve an appropriate balance between the
antibacterial effects and cytotoxicity by adjusting the ratio of
Ag and Zn. Therefore, Ag/Zn-MCSNs is expected to be a
new type of root canal disinfectant or sealant for root canal
treatment. However, the synergistic antibacterial effects of
Ag and Zn contained in Ag/Zn-MCSN:ss is not clear, and other
possible antibacterial mechanisms need further exploration.
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