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ARTICLE INTFO ABSTRACT
Article history: Objective. The deleterious caustic effects of sodium hypochlorite (NaOCl) as a root canal irri-
Accepted 22 August 2019 gant makes it imperative that alternative methods are developed for root canal disinfection.

The purpose of this study was to examine the antimicrobial efficacy of silver nanoparticles
(AgNPs) synthesized on an aqueous graphene oxide (GO) matrix (Ag-GO), with different irri-

Keywords: gant delivery methods to enhance the disinfection regimen, using a novel ex vivo infected
Biofilm tooth model.

Endodontics Methods. AgNPs were prepared by reducing AgNOs; with 0.01M NaBH, in presence of GO.
Graphene oxide Elemental analysis was performed with scanning electron microscopy/energy dispersive
Irrigation X-ray spectroscopy (SEM/EDS) and scanning transmission electron microscopy (STEM) was
Root canal used for size and morphology analysis of GO and Ag-GO. Nutrient stressed, multi-species
Silver nanoparticles biofilms were grown in prepared root canals of single-rooted teeth. The irrigants used were
Ultrasonics sterile saline, 1% and 2.5% NaOCl, 2% chlorhexidine gluconate (CHX), 17% EDTA and an aque-

ous suspension of 0.25% Ag-GO. The antimicrobial efficacy of the irrigants were performed
with paper point sampling and measurement of microbial counts. The biofilm disruption
in dentine tubule surfaces was analysed with confocal laser scanning microscopy (CLSM).
The acquisition of total biovolume (nm3/pum?) and biofilm viability was performed using
software Biolmage_L. Two-way analysis of variance (ANOVA) with post hoc Tukey tests was
used for data analysis with level of statistical significance set at P<0.05.

Results. SEM/EDS analysis confirmed impregnation of Ag within the GO matrix. TEM images
showed polygonal GO sheets and spherical AgNPs of diameter 20-50 nm, forming a network
on the surface of GO sheets. The use of ultrasonic activation enhanced the efficacy of Ag-GO
compared to 1% NaOCl, 2% CHX, 17% EDTA and sterile saline (P <0.05). The microbial killing
efficacy of 2.5% NaOCl was superior compared to the experimental groups. The maximum
biofilm disruption, in dentine tubule surfaces, was achieved by 2.5% NaOCl, however Ag-GO
caused a significant reduction of total biovolumes compared to the rest of the experimental
groups (P <0.05%).
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Significance. The successful documentation of the microbial killing and biofilm disruption
capacity of Ag-GO is a promising step forward to explore its unique properties in clinical
applications and biomaterials in dentistry.

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

1. Introduction

Infections in the dental root canal are biofilm mediated [1].
The properties of bacteria that inhabit a biofilm are different
from those of planktonic cells, since bacterial congregations
possess higher resistance to antimicrobial agents [1]. Bacterial
growth within a necrotic root canal is the main cause of apical
periodontitis [2,3]. Mechanical debridement and chemical irri-
gation with sodium hypochlorite (NaOCl) solution, often, is not
enough to rid the root canal off bacteria. These tend to adapt
within stressed micro-environmental conditions usually in
the form of a biofilm [4,5]. The use of mechanical instrumenta-
tion to clean the root canal is successful to an extent, however
large areas of the canal remain un-instrumented, potentially
leaving substantial areas of biofilm along with necrotic tis-
sue remnants [6]. Persistent infection in such confined areas
is regarded as a common cause of root canal treatment failure
and post-treatment apical periodontitis [7-9].

Sodium hypochlorite (NaOCl) (1-5%) is currently regarded
as a gold standard for irrigation and chemical disinfection of
the root canal system due to its antimicrobial effects, ability
to disintegrate, solubilize organic tissue and denature toxins
[10-13]. However, the irrigant needs to reach and disrupt the
biofilm matrix even in less accessible areas of the root canal
system [14], hence several agitation and activation methods
have been proposed to improve efficacy, including sonic &
ultrasonic activation, negative apical pressure irrigation, laser
activation and physical agitation using XP Endo Finisher (XPEF)
(FKG Dentaire, Switzerland) [15,16].

NaOCl is known for its deleterious effects against dentine
collagen [17] and its caustic effects on soft and hard tissues
[18,19]. In addition, when NaOCl reacts with compounds of the
infected root canal, toxic volatile compounds and chlorinated
disinfection by-products are also formed [20,21]. Other agents
thatare used asirrigantsin endodontics include chlorhexidine
2% (CHX) and ethylenediamine tetra-acetic acid 17% (EDTA),
however the ability to totally disrupt biofilms remain ques-
tionable [22,23].

The incorporation of nanoparticles (NPs) into disinfection
strategies has gained attention in the past few decades due
to their innovative and functional properties. Antibiotic resis-
tance and prevalence of biofilms are major threats, which has
triggered the exploration of alternative approaches to min-
imise the burden of drug-resistant microbial infections [24].
Nanoparticles of silver (Ag NPs) have been reported to promote
antibacterial activity compared to conventional silver-based
materials [25,26].

Graphene oxide (GO) is chemically exfoliated from oxidized
graphite that constitutes monolayers of carbon nano-sheets
forming dense honeycomb structures [27] with hydroxyl and
epoxide functional groups on the two sides and carboxylic

groups at the edges [28,29]. GO exhibits antibacterial activity
against several bacterial species [30,31] and is considered as a
promising material for biological applications [29,32]. Recent
studies have shown that the use of a layered material such as
GO as a matrix can compensate for the lack of stability and
aggregation of sole Ag NPs dispersions, leading to high bind-
ing capability and enhanced, synergistic antimicrobial action
[33,34].

This study reports the synthesis of Ag NPs on GO particles
(Ag-GO) with the antimicrobial and biofilm disruption abil-
ity of Ag-GO particles compared to sterile saline, EDTA 17%,
CHX 2%, NaOCl 1% and 2.5%, with conventional irrigation (CI),
ultrasonically activated irrigation (UAI) and XP Endo Finisher
(XPEF). A newly proposed infected tooth model was used to
validate the in vitro findings.

2. Materials and methods
2.1. Specimen selection and preparation

Freshy extracted single rooted teeth with a single canal,
free of cracks, fractures, caries, abrasions and discoloura-
tion were collected, in accordance with the protocol outlined
in the Research Ethical Committee Document (Wales REC 4,
14/WA/1004, UK). For a number of 20 groups, total sample size
was calculated 120 (n =6 per group) with G*Power 3.1.9.2 soft-
ware (Franz Faul, Universitaet Kiel, Germany) with an a-value
of 0.05, an actual power of 80% and an effect size (f) of 0.23
(partial »? =0.05).

All specimens were initially autoclaved at 121 °C for 15 min.
The crowns of teeth were removed and the root length
was standardised to 15mm. Root canals were accessed and
scouted with K-files size 10 (Dentsply Sirona, Ballaigues,
Switzerland) to ensure patency until their tip was detected
through apical foramen, under magnification with an operat-
ing dental microscope (Global, USA). The working length was
established by subtracting 0.5 mm. The root canals were pre-
pared with ProTaper Universal (Dentsply Sirona, Switzerland)
rotary files up to F3 instrument (apical diameter 0.30 mm,
taper 0.09). Irrigation was performed with NaOCl 5.25% (Chlo-
raxid, Cerkamed, PL) using a total volume of 8 ml (2 ml per file
sequence). EDTA 17% (Schottlander & Davis, UK) (2ml) was
used to remove the inorganic phase of the smear layer. Root
canals were finally flushed with 2 ml distilled water and dried
with sterile paper points.

Each tooth was longitudinally hemi sectioned in a bucco-
labial orientation with a wafering blade [35]. The specimen
half with the most conserved root canal was used for the
preparation of two artificial lateral canals using a cylindrical
diamond bur with 0.25mm radius (111-010M pk5, Dentsply,
Switzerland), under magnification with an operating dental
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microscope (Global, USA). The lateral canals were prepared
in the apical (3mm from root apex) (LAT1) and middle third
(6 mm from root apex) (LAT2). These specimens were selected
for the biofilm growth.

2.2.  Artificial lateral canal characterisation

To ensure standardisation in the creation of artificial lateral
canals and thus homogeneity in lateral canal dimensions in all
samples entered into the study, 7% of the samples (n =8) were
randomly selected and digitally scanned using non-contacting
laser profilometry (NCLP) (XYRIS 4000CL, Taicaan Technolo-
gies, UK). The NCLP had a 2 upm spot size, with dimensional
accuracy 10nm (z), <lpm (%, y) and reproducibility accu-
racy 238nm. Lateral canals were scanned with scanning x
(width), y (length) dimension 3.5 x 1.5 mm using a 10 pm step
over, producing digital point-cloud data of 53,001 individually
measured points per lateral canal [36]. Laterals canals were
then dimensionally analysed for their mean x, y dimensions
(mm) using automated in-software digital callipers, whilst
mean z (depth) dimension (mm) was measured using 3-D
step height according to ISO 5436-1 [36]. Dimensional analysis
was calculated using a bespoke automated macro written to
allow objective analysis of all digital data sets using special-
ist metrology software (MountainsMap, Digital Surf, France).
The process of lateral canal scanning, digitisation, and lateral
canal dimensional analysis is summarised in Fig. 1.

2.3.  Fabrication of testing apparatus

A novel testing apparatus was fabricated to simulate the con-
ditions of intracanal irrigation, with the use of an ex vivo closed
apical system, to reflect periapical tissue resistance to irrigant
extrusion [37]. Prior to hemi sectioning, each root specimen
was vertically stabilised on its coronal surface with thermo-
plasticised silicon glue. A zinc plated mini fuel hose line pipe
clip (diameter: 11-13 mm, height: 10 mm) (Wilson Lendrum &
Weir, UK) was positioned in the periphery of the root spec-
imen to achieve a centring position of specimen within the
diameter of the clamp margins. The clamp was then filled
with injectable thermo-plasticised silicon glue with the aid
of a glue gun (Bosch PKP 18 E, Robert Bosch Holdings, UK)
(Fig. 2a). The root specimen was covered up to apical third by
silicon glue which was cylindrically shaped after application
of vertical pressure with the aid of a 3-ml clear glass bottle
(Ampulla, Cheshire, UK) (Fig. 2b). A polyvinylsiloxane silicon
(Aquasil, Dentsply DeTrey, Konstanz, Germany) key impres-
sion was taken for the apical root segment and the cylindrical
silicone index to ensure apical seal and to simulate apical
tissue resistance (Fig. 2c).

After the hemi section of the specimens, the split halves
(Fig. 2d & e) were re-approximated within the apparatus and
further merged into the apical silicon index. The clamp was
tightened with the aid of an electric screwdriver (Bosch IXO,
Robert Bosch Holdings, UK), to ensure the performance of the
apparatus as a single unit (Fig. 2f-h). Prior to use, the testing
apparatus was sterilised under UV to reduce risk of cross-
infection during the experimental procedures. To ensure that
all geometrical aspects were exposed to UV light, the appa-

ratus was frequently repositioned every 20-30 min, to ensure
most surfaces were exposed.

2.4.  Development of multispecies stressed biofilm in
hemi-sectioned root halves

One hundred and fourteen pairs of root halves (n=114) were
randomly assigned to 1 positive control (biofilm growth/no
treatment) and 18 treatment groups. Each of the 19 groups
included six pairs of root halves. Six additional pairs of auto-
claved, sterile root halves served as negative control group (no
biofilm growth).

A stressed multispecies biofilm comprising of five selected
bacteria was developed on the root canal of each selected
hemi section using the protocol developed by Niazi et al.
[35]. The selected endodontic bacteria in this biofilm included
Propionibacterium acnes, Actinomyces radicidentis, Staphylococcus
epidermidis, Streptococcus mitis -recovered from root canals of
teeth with refractory endodontic infections- and Enterococcus
faecalis strain OMGS 3202 [38,39].

To establish biofilms, the strains were cultured anaero-
bically at 37°C for seven days on Fastidious Anaerobe Agar
(FAA) supplemented with 5% defibrinated horse blood (FAA,
Thermo Scientific™, UK), suspended in modified fluid uni-
versal medium (mFUM) [40] and incubated at 37°C for 3h in
anaerobic workstation (MACS-MG-1000, Don Whitley Scien-
tific Ltd, UK). The absorbance was adjusted to 0.5 at 540 nm to
obtain 107 cells/ml (Labsystems iEMS Reader MF, Basingstoke,
UK) [35].

The selected root halves were autoclaved at 121°C for
15min and placed with the aid of sterile tweezers in ster-
ile 24-well plates (CytoOne®, Starlab, UK). Two ml of mFUM
were added and the specimens were initially pre-reduced in an
anaerobic atmosphere (80% nitrogen, 10% hydrogen and 10%
carbon dioxide) for 2 h. After this period, the mFUM was aspi-
rated and each root half was further seeded with 400 ul of each
of the five starter cultures. The biofilms were grown anaerobi-
cally with regular medium change after every 24 h for the first
7 days and the biofilms were left to grow for the next 7 days in
the unchanged medium in order to stress the microorganisms
nutritionally [35].

2.5. Synthesis and characterisation of Ag NPs in GO
aqueous solution (Ag-GO)

A GO aqueous dispersion (10mg/ml) (GoGraphene, William-
Blythe, Harlow, UK) was used and the dispersion was
progressively diluted in sterile distilled water to a lower
concentration below 6 mg/ml to ensure transition from pseu-
doelastic fluid to Newton fluid state [41]. To ensure effective
syringe delivery with the aid of open-ended irrigation needle
(27-G), the solution was finally diluted to 2.5 mg/ml.

Ag NPs were prepared by reducing AgNOs; with NaBHg
in presence of GO suspension, according to the method by
Das et al. [33]. Typically, 10ml of homogeneous suspension
of GO (2.5 mg/ml) was mixed with 10 ml aqueous AgNOs3 solu-
tion 0.01M (Sigma-Aldrich, Gillingham, UK) and the reaction
mixture was stirred for 30 min at room temperature, before
the addition of the reducing agent. Subsequently, 1ml of a
freshly prepared solution of NaBHs 0.01M (Sigma-Aldrich,
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Fig. 1 - Artificial lateral canal characterisation. (a) Hemisected tooth model specimen. (b) Tooth model digitised using
non-contacting laser profilometry. (c) Lateral canal dimensional analysis. (d) Automated dimensional analysis, x,y
dimensions using digital calipers and z dimension using 3D step height analysis according to ISO 5436-1. The relevant data

were expressed as mean (SD) 3D step height (mm).

o

JNLCRRRR Y aY

L

Fig. 2 - Infected tooth-model testing apparatus. (a) Coronal view of clamp-silicon index. (b) Apical view of clamp-silicon
index. (c) Silicon key-impression of apical root segment. (d, €) Removal of root specimen and inspection of silicon internal
surfaces to ensure absence of structural deficiencies after setting. (f, g, h) Re-assembling of hemisected root specimens,
addition of silicon key to simulate apical pressure resistance and tightening of the clamp.

Gillingham, UK) was added slowly to the reaction mixture of
AgNO3-GO suspension with vigorous stirring. The colour of
the reaction mixture turned into dark brown to grey. The reac-
tion mixture was stirred for another 5 h for complete reduction
at room temperature. The Ag-GO nanoparticles were typically
used within 24-48 h of preparation and stored in a refrigerator.
No stability studies on these particles were carried out in this
study, however agglomeration of particles may occur on long
term storage in physiological solutions.

For elemental analysis of Ag-GO, scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDS)
(NeoScope JCM-6000plus, Japan) at 10kV was used to con-
firm the impregnation of Ag NPs in GO matrix. One millilitre
(1ml) of Ag-GO suspension was left to air-dry and the solid
sheets were placed on 12.5mm aluminium pin stubs (Agar
Scientific Elektron Technology UK, Stansted, UK) using Leit C
conducting carbon cement (Agar Scientific Elektron Technol-
ogy UK, Stansted, UK) and gold- or carbon-coated for SEM or
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EDS imaging, respectively. The sizes and morphologies of GO
and Ag-GO were characterized by scanning transmission elec-
tron microscopy (STEM) (JEOL JEM-F200 microscope, Japan) at
200kV.

2.6.  Protocols of irrigation procedures

The irrigants tested in experimental groups were: Ster-
ile saline (NaCl 0.9%) (JFA Medical, Blackpool, UK), EDTA
17% (Schottlander & Davis, UK) NaOCl 1%, NaOCl 2.5%,
chlorhexidine 2% (CHX) (GlucoChex, Cerkamed, PL) and Ag-
GO (2.5mg/ml). Concentrated NaOCl solutions were prepared
from a stock solution NaOCl >10% (Sigma Aldrich, Gillingham,
UK) and verified with iodometric titration [42]. After NaOCl
irrigation, the root canals were washed with 1 ml sodium thio-
sulphate (Na;SO4) 0.1M (Sigma Aldrich, Gillingham, UK) to
neutralise any residual chlorine activity.

Three types of irrigation procedures were used: Conven-
tional irrigation (CI), ultrasonically activated irrigation (UAI)
and irrigation with application of XP Endo Finisher (XPEF). The
performance of the respective irrigation and agitation proce-
dures is summarised in Fig. 3(a—c).

(a) [ conventional Irrigation
(C

Conventional Delivery of
3.0mL irrigant in 3min
(constant flow rate TmL/min)

S ————

(b) /’a \\\‘
Ultrasonically Activated
Irrigation (UAI)

20 sec UAI -
0.5mL replenishment in 30sec
(constant flow rate 1mL/min)

20 sec UAI -
0.5mL replenishment in 30sec /sl
(constant flow rate 1mL/min)

20 sec UAI -
0.5mL final flush in 30sec
(constant flow rate 1mL/min)

e e

’
’
N\,

9/ %P Endo Finisher
i (XPEF)
Conventional Delivery of

i 1.5mL irrigant in 90 sec e
: (constant flow rate 1mL/min).

i 60 sec continuous XPEF b

i 1.5mL final flush in 90 sec /
: (flow rate 1mL/min).

i i canal|
Conventional Delivery of 1.5mL Remaval of LATL: middle third lateral can
irrigant in 90 sec (constant flow 4 ] specimens [
rate 1mL/min). H from hose-silicon
H assembly

Collection of root
half with two B—
1 lateral canals

Syringe irrigation was performed using a 27-G open-ended
needle and a 3ml-containing syringe with a luer-lock (Mono-
ject, Medtronic, UK). A rubber-stop was applied 3mm short
of working length. Irrigation was carried out by an accredited
Specialist Endodontist using digital pressure with the forefin-
ger only at a rate compatible with the time stated for each
irrigation procedure. The needle was moved up and down in
the canal gently, ensuring that it did not bind on axial walls.

Ultrasonically activated irrigation was conducted with a
size 25 ultrasonic file with zero taper (Irrisafe, Acteon, UK)
placed in the canal, filled with each irrigant type. The ultra-
sonic unit (Newtron Booster, Acteon, UK) was adjusted for
endodontic use (ring colour at yellow) with a power setting at
9, according to the manufacturer’s recommendations. The file
was inserted into the canal 1 mm short of working length. File
oscillation was performed towards the lateral canals’ direction
with no constraint.

The XP Endo Finisher file was inserted vertically in gentle
longitudinal vertical motion of 7-8 mm against the sidewalls
of the canals. The insertion depth was 1mm short of the
working length and it was operated according to the manufac-
turer’s instructions, with a motor rate of 800rpm and torque
1Ncm. To ensure file efficacy, each allocated tooth specimen

Sterile paper points
3-point sampling

|

MAIN: entire canal

LAT2: apical third lateral canal
=1

Fig. 3 - Protocols of irrigation procedures and 3-point sampling areas. (a) Conventional irrigation (CI). (b) Ultrasonically
Activated Irrigation (UAI). (c) Application of Endo XP Endo Finisher (XPEF). (d) 3-point paper point sampling areas including
main canal lumen (MAIN), middle root third lateral canal (LAT1) and apical root third lateral canal (LAT2).
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was treated immediately after removal from 37 °C anaerobic
incubation.

2.7. Determination of quantitative viable counts of the
biofilms after irrigation

Once irrigation procedures were complete, the clamp of the
silicon-fused hose was untightened, the apical silicon index
was removed, the merged root fragments were simultane-
ously taken out of the apparatus and the chosen root half
with the two lateral canals was placed in a 9-cm sterile Petri
dish (SLS, Nottingham, UK). For the quantitative measure-
ment of the microbial viable counts, 3-point sampling (MAIN:
entire canal; LAT1: middle third lateral canal; LAT2: apical third
lateral canal) was performed using sterile paper points (Pro-
taper Universal F3 Paper point, Dentsply Sirona, Switzerland)
(Fig. 3d). Sampling in the main canal was performed by soak-
ing a paper point within the length of the canal lumen for 30s.
Sampling in the lateral canals was performed by inserting the
paper point tips only within their dimensions for 30s.

The sampled paper points were dispersed into 1 ml of BHI
(Brain-Heart infusion Broth, Lab M) and vortexed for 2 min.
After serial dilution in BHI, aliquots (100 pl) were plated onto
duplicate FAA plates and incubated anaerobically at 37 °C for
7 days. After the incubation period, the numbers of colonies
and their log;o (log10CFU) were counted.

2.8. Confocal laser scanning microscopy (CLSM)
analysis of the multispecies biofilm

After sampling for quantitative viable counts, the biofilms of
3 specimens per group were stained with a Live/Dead Baclight
bacterial viability kit (Thermofisher Scientific, UK). This kit is
used to assess the viability of bacterial populations as a func-
tion of the membrane integrity of the cell. In this study, it
was used as an indicator or surrogate measure of microbial
cell viability, following disinfection procedures. Cells with a
compromised membrane that are considered to be dead or
dying will stain red, whereas cells with an intact membrane
will stain green.

An inverted Leica TCS SP2 confocal laser scanning micro-
scope (Leica Microsystems, Milton Keynes, UK) was used.
The specimens were transferred into 35-mm cell imaging
coverglass-bottom dishes (SPL LifeSciences, Korea), with their
root canal surface facing the bottom of the dish towards the
objective. A x63 magnification oil immersion objective with
a numerical aperture of 1.40 and a confocal pinhole to Airy 1
unit was used to observe the fluorescence emission of SYTO®
9 and Propidium Iodide using 488 nm and 569 nm (Ar-Kr laser)
as the excitation source, respectively. Image acquisition was
performed with a zoom factor of 4.0, a pixel resolution of
0.11 pm/pixel and field resolution of 512 x 512 pixels. Three
z-stacks were acquired from each root specimens: apical third
of the main canal, middle lateral canal and apical lateral
canal. Each stack had a substratum coverage field area of
59.52 pm x 59.52 pum. For each stack, the z-step for the images
was 2 pm and 10 2-D images were acquired.

The acquired images of all biofilms in each group were
analysed using biolmage_L [43]. This novel image analysis
software package was designed to calculate biofilm structural

parameters in oral biofilms stained with dual-channel fluo-
rescent markers [43]. It applies an in situ colour segmentation
routine that automatically segments the colour image into
individual pseudochannels, and the areas and percentages of
each identified colour subpopulation are calculated and pre-
sented. By identifying colour tonalities in situ, the software
independently processes the colour subpopulations and char-
acterises the viability and metabolic activity of biofilms [43].

Biofilm disruption was expressed by mean [standard
error(se)] values of total biovolumes (um3/pm?) and % per-
centages of dead (red), live (green) and unknown (orange)
populations within residual biofilms, obtained by biolmage_L
analysis. The detection of unknown (orange) populations
may result from an intermediate cellular state, in which the
partially damaged bacterial membranes can allow the pene-
tration of fluorescing Propidium lodide, even when the cells
are viable [35].

2.9. Statistical analysis

Two-way analysis of variance (ANOVA) with post hoc Tukey
tests was used for data analysis and comparison of the quan-
titative viable counts amongst all groups. The overall analysis
was performed with SPSS software (version 22.0, IBM SPSS Inc.,
Chicago, IL, USA). The level of statistical significance was set
at P<0.05. The acquisition of total biovolume (um3/um?) and
percentage of biofilm viability (% green/red/unknown) for each
group was performed with Biolmage_L [43], by performing two-
way analysis of variance (ANOVA).

3. Results
3.1.  Artificial lateral canal characterisation

Dimensional analysis revealed that the artificial middle lateral
canals mean (SD) x, y, z dimensions were 0.383 (0.057) mm,
2.232(0.213) mm and 0.256 (0.044) mm, whilst the apical lateral
canals mean (SD) ¥, y, z dimensions were 0.371 (0.061) mm,
1.737 (0.204) mm, 0.216 (0.049) mm. No statistically significant
difference (P>0.05) was observed in the dimensions between
either type of lateral canal (Table 1).

3.2. Characterisation of Ag-GO with SEM/EDS and
TEM

SEM/EDS analysis confirmed the presence of Ag and its
impregnation within the GO structure (Fig. 4a-c). In addition,

Table 1 - Mean (SD) length (y), width (x) and depth (z)

(mm) are shown for both middle and apical artificial
lateral canal.

Lateral canal dimensional analysis

Middle (LAT1)
(n=8) (n=8)

Mean (SD) Length (y) (mm)  2.232 (0.213) 1.737 (0.204)
Mean (SD) Width (x) (mm)  0.383 (0.057) 0.371 (0.061)
Mean (SD) Depth (z) (mm)  0.256 (0.044) 0.216 (0.049)

Apical (LAT2)



https://doi.org/10.1016/j.dental.2019.08.105

1620

DENTAL MATERIALS 35 (2019) 1614-1629

Counts

20 pm

IMG1

—— MnKb

:
|

|
5.00

| | |
700 800 9.0

4.00

6.00 10.00

keV

Fig. 4 - (a) SEM analysis of Ag-GO precipitates in aqueous solution at 10 pm scale and x2.2k magnification. Silver
agglomeration is present. (b, c) Elemental analysis of the sample obtained by EDS.

(c)

x25000

Fig. 5 - TEM images of graphene oxide at different magnifications and scale bars ((a) x2000/5 pm, (b) x10,000/1 pum, (c)

x25,000/500 nm).

areas of Ag agglomeration were noticeable with diameters
varying from 7 to 20 um (Fig. 4a). The analysis of TEM images
confirmed the morphology of polygonal GO sheets (Fig. 5a—c).
Ag-GO dispersion contained spherical Ag NPs of diameter
20-50 nm, which were evenly distributed and anchored, on the
surface of GO sheets (Fig. 6).

3.3.  Effect of irrigants on microbial killing

3.3.1.  Entire canal sampling point (MAIN)

NaOCl 2.5% presented the lowest values of detectable viable
counts (log;oCFU) and was significantly more effective in
microbial killing than the other irrigants, regardless of irrigant
delivery method (P <0.05) (Fig. 7).
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Fig. 6 - TEM images of Ag nanoparticles on the graphene oxide sheets at different magnifications and scale bars ((a)

x12k/1 pm, (b) x50k/200 nm, (c) x100k/100 nm).
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Ag-GO, NaOCl 1% and CHX 2% presented similar effi-
cacy, which was significantly higher than sterile saline
and EDTA 17% (P<0.05) (Fig. 7). The application of
UAI or XPEF did not significantly affect the number of

detectable viable counts (log;oCFU) compared to CI (P>0.05)
(Fig. 7).

Negative control group specimens
detectable viable counts (log;oCFU).

presented non-
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3.3.2. Middle lateral canal sampling point (LAT1)

Sterile saline, EDTA 17%, CHX 2% and NaOCl 1% presented
limited microbial killing efficacy, which was not statistically
different from the positive control group (P >0.05) (Fig. 8).

Ag-GO (UAI) and NaOCl 2.5% (CI), (UAI) enhanced micro-
bial killing efficacy compared to the rest of the experimental
groups (P <0.05) (Fig. 8).

The application of XPEF deteriorated the microbial killing
efficacy of Ag-GO and NaOCl 2.5% and viable counts (log1oCFU)
were not statistically different compared to sterile saline and
positive control groups (P> 0.05) (Fig. 8).

Negative control group specimens presented non-
detectable viable counts (log1oCFU).

3.3.3.  Apical lateral canal sampling point (LAT2)
NaOCl 2.5% presented non-detectable viable counts
(log10CFU), regardless of the applied irrigant delivery method.

The application of UAI significantly improved the microbial
killing efficacy of Ag-GO compared to CI and XPEF, as well as
compared to NaOCl 1% (UAI), (XPEF) and CHX 2% (UAI), (XPEF)
(P<0.05) (Fig. 9).

Limited microbial killing efficacy was observed with the
application of CHX 2% (CI), (UAI), with no statistical differ-
ence compared to sterile saline and control groups (P> 0.05)
(Fig. 9). The application of XPEF significantly improved the per-
formance of CHX 2% compared to CHX 2% (CI), (UAI) (P <0.05)
(Fig. 9). CHX 2% (XPEF), NaOCl 1% (XPEF) and Ag-GO (XPEF)
did not present significant differences in their viable counts
(log1oCFU) (P>0.05) (Fig. 9).

All negative control group specimens presented non-
detectable viable counts (logl0CFU).

3.4.  Effects of irrigants on biofilm disruption

The effects of irrigants and their agitation techniques on
biofilm disruption, in the main and lateral canals of the tooth
specimens are presented in Table 2. All treatment groups
presented significantly less total biovolume compared to the
positive control group (no treatment) (P <0.05). The maximum
biofilm disruption was achieved by NaOCl 2.5% (CI), (UAI) and
no viable biovolumes were present due to absence of green
or red fluorescence. With the application of XPEF, a resid-
ual biovolume was present only in middle lateral canals with
a mean percentage of 32% representing red (dead) biovol-
ume.

Ag-GO presented significant reduction of total biovolumes
compared to 17% EDTA, 2% CHX and 1% NaOCl, regardless of
irrigation/agitation method [(CI), (UAI), (XPEF)] (P<0.05). The
application of UAI enhanced its biofilm disruption capacity
with a mean percentage of 57% representing red (dead) biovol-
ume, which was statistically significant compared to CI (27%
red biovolume) and XPEF (25% red biovolume) (P <0.05).

The application of UAI significantly improved the dis-
ruption efficacy of EDTA 17% and NaOCl 1%, compared to
CI and XPEF, respectively, as well as compared to CHX 2%
(CI), (UAI), (XPEF) (P<0.05). However, EDTA 17% (UAI) did
not present enhanced killing activity, with a mean percent-
age of 86% representing green (live) biovolume. With the
use of NaOCl 1% (UAI), the enhancement of biofilm dis-
ruption efficacy was associated with an increase in the
mean percentage of red (dead) biovolume (38%), which was
statistically significant compared to CI (16% red biovol-
ume).
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groups (P <0.05).

4. Discussion
The present study showed that the use of Ag-GO under
ultrasonic activation in the artificial lateral canals presented
improved microbial killing efficacy compared to CI and XPEF.
The antimicrobial efficacy of Ag-GO (UAI) in lateral canals was
superior to that of NaOCl 1%, CHX 2%, EDTA 17% and sterile
saline. In the apical third lateral canal, the use of NaOCl 2.5%
(CI, UAI, XPEF) resulted in non-detectable microbial counts.
An increase in NaOCI concentration and high levels of apical
shear wall stress may enhance the elimination of apical lat-
eral canal biofilm [44]. In the main canal lumen, the microbial
killing efficacy of Ag-GO was similar to levels achieved with
NaOCl 1% and CHX 2%. The use of CLSM further disclosed a
significant reduction in total microbial biovolume on dentine
surfaces, compared to all experimental groups, except NaOCl
2.5%, and regardless of irrigant delivery/activation method.
The use of Ag-GO (UAI) contributed to the reduction of total
microbial biovolume, as well as resulted in a high level of dead
(red signal) bacteria (57%).

The use of Ag NPs has been reported to display minor
biofilm disruption capacity compared to NaOCl, in root canal
dentine sections examined by CLSM [45]. Previous studies

also indicate that the rate of bacterial killing by nanoparti-
cles depend on the concentration and duration of interaction
[46,47]. The limited effectiveness of sole irrigation with Ag
NPs is attributed to the short time period of root canal irri-
gation and the protective role of the biofilm matrix, making it
less susceptible to antimicrobial treatments [48]. Other stud-
ies report that sole Ag NPs may not be stable in suspension to
exert their antimicrobial activity due to agglomeration, result-
ing from the resistance of some bacteria, which can produce
the adhesive flagellum protein flagellin, which triggers aggre-
gation of the Ag NPs [49].

The multi-potent mechanism of antimicrobial action of
GO has gained attention, especially as the bi-dimensional
GO sheets can act as cutters of cell membranes. In particu-
lar, the sharp edges of GO can mechanically disrupt bacterial
membranes leading to leakage of the intracellular cytoplasm,
increase of reactive oxygen species and cell death [50-52]. GO
sheets can also make a flexible web or blanket around microor-
ganisms, envelop and wrap around the cell surfaces without
penetration. This isolates them from the external environ-
ment and nutrients, leading to inactivation of proliferation
and reduction in glucose consumption [53]. In addition, the
antimicrobial properties of GO are also associated to its low
pH values especially if GO is not subjected to purification pro-
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cedures that allows soluble acidic impurities to remain within
the milieu [54].

Hence the incorporation of Ag NPs within GO sheets to form
an aqueous Ag-GO suspension was tested for the first time
for root canal disinfection using a nutrient-stressed, multi-
species biofilm developed in an infected tooth model, ex vivo.
The mechanism of Ag-GO formation has been attributed to
the presence of oxygenic functional groups, such as hydroxyl,
epoxide and carboxyl, on the GO, which provide a large
number of binding sites for Ag ions [55]. Following the
in situ reduction by NaBH, in aqueous solution, the positively
charged Ag* ions can be easily captured by negatively charged
GO surface through physicosorption, electrostatic binding and
charge-transfer interactions [56]. The hybrid material of Ag
NPs within a matrix of a layered material like GO can induce
binding capability, which is usually lacking in Ag NPs alone,
and enhance its synergistic antimicrobial activity compared
to sole GO or Ag NPs [57]. Thus, a stable Ag-GO nanocomposite
was formed to overcome aggregation and stability.

A new ex vivo tooth model was developed in order to
improve stability and retention of hemi-sected root speci-
mens and minimise the effect of thickness reduction, with
use of a microtome. The model was reproducible and allowed
for the simulation of an ex vivo closed apical system, to par-
tially overcome methodological limitations from the absence
of periradicular tissue pressure [37]. All tested irrigants were
subjected to challenging environmental conditions, associ-
ated with no instrumentation but direct exposure against the

biofilm, application of limited irrigant volume, low flow rate,
as well as short exposure time. This was decided with a view
to assess the effect of irrigant delivery and activation methods
and reduce the carry-over antimicrobial effect of concentrated
solutions.

Sterile saline had no effect on microbial killing. Although a
significant reduction in total biovolume was observed com-
pared to positive control group under CLSM, no difference
was found in live (green) biofilm viability. This finding sug-
gests that microbial killing cannot be achieved with agitation
methods only; thus, the use of a chemical active disinfectant
is essential [11,35]. As a chelating agent, EDTA 17% can bind
calcium ions, which are essential for cell co-adherence and
stabilization of extracellular polymeric substance of a biofilm
[58,59]. Thus, the moderate biofilm disruption observed on
application of UAI can be attributed to its biofilm-dispersing
properties [23]. The role of EDTA in biofilm detachment and
root canal cleaning has not been elucidated yet and requires
further investigation.

Several studies have shown that compared to conventional
irrigation, the application of UAI or XPEF enhances the effi-
cacy of NaOCl in reducing intra-canal bacteria and removing
biofilms from the main canal lumen, the apical third root sur-
face and shallow or deep layers of root dentine [60,61]. In this
study, the application of UAI or XPEF did not improve micro-
bial killing compared to conventional syringe irrigation, when
Ag-GO, CHX 2% and NaOCl 1% or 2.5% were used. The differ-

Table 2 - The effect of irrigation and agitation methods on biofilm disruption. The results represented the remaining
mean (SE) values of total biovolume (um3/pum?) and their respective mean percentages of dead (red), live (green) and

unknown (orange) microbial populations. Representative confocal images of residual biofilms from the 3 examined areas
are also presented (for interpretation of the references to colour in this table legend, the reader is referred to the web

version of this article).

Irrigant | Irrigation Total Percentage mean Location within root canal system
type Activation biovolume | of total biovolume
method (um3/um?) | Green: Live
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Table 1 (Continued)

2%
152583

(50861) ‘
*Detectable \\ /
in middle root

lateral canal

XPEF

2Mean (SE) total biovolume values significantly higher compared to all experimental groups (P <0.05).

bMean (SE) total biovolume values from the use of EDTA 17% (UAI) significantly less compared to EDTA 17% (CI), (XPEF) (P <0.05).

“Mean (SE) total biovolume values from the use of NaOCI 1% (UAI) significantly less compared to NaOCl 1% (CI), (XPEF) (P <0.05).

dMean (SE) total biovolume values from the use of Ag-GO (CI), (UAI), (XPEF) significantly less compared to their respective in EDTA 17%, CHX 2%

and NaOCl groups (P <0.05).

¢Mean (SE) total biovolume values from the use of Ag-GO (UAI) significantly less compared to Ag-GO (CI), (XPEF) (P <0.05).

ences can be attributed to different methodologies, irrigant
concentrations and volume as well as total time/flow rate.

In single rooted teeth, lateral canals branch from the main
root canal, have narrow orifices with diameters typically rang-
ing from 10 to 400 wm [62], that create a surface tension barrier,
which limits adequate mixing of irrigant with the fluid within
it [63]. To the authors’ best knowledge, this is the first ex
vivo tooth model, in which, the artificially prepared canals
were characterised and quantified by using NCLP, ensuring the
consistency of their dimensions. The use of 3D step height
to quantify z-dimensional data, according to ISO 5436-1, has
been previously described as an appropriate method for quan-
tifying step-heights and valleys, which is what these artificial
lateral canals can be classified as, within the context of surface
metrology [36]. Thus, the efficacy of irrigation was evaluated
in standardized apical and middle root third artificial lateral
canals.

The antimicrobial efficacy of Ag-GO (UAI) was superior to
that of NaOCl 1%, CHX 2%, EDTA 17% and sterile saline, in
the apical third lateral canal. The use of XPEF did not improve
the microbial killing efficacy of Ag-GO compared to UAIL but
improved the performance of NaOCl 1% and CHX 2%. Our
results are in agreement with a previous study, in which XPEF
was found to be more effective compared to UAI and CI in
removing biofilms from artificial apical lateral grooves [64].
However, the exact mode of action of XPEF on irrigant delivery
across a shaped root canal system needs further investigation.

The biofilm in middle root third lateral canal was least
affected by the irrigants and the agitation methods used had
limited effects, when NaOCl 1% (CI, UAI, XPEF), CHX 2% (CI,
UAI, XPEF) and NaOCl 2.5% (XPEF) were used. This finding may
be related to several parameters arising due to the dynamic
conditions, which exist coronally to the insertion depth of the
irrigation needle. This results in reduction of shear wall stress,
leading to limited contact of irrigant with biofilm layer; low
velocity of irrigant exchange with an absence of developing
jet are also associated with the limited antimicrobial perfor-
mance in middle lateral canal [14,65]. Finally, the increased
length of a lateral canal in the middle root third combined
with limited irrigant penetration may further predispose for
poor disinfection outcomes.

A significant reduction in the microbial counts of the mid-
dle root third lateral canal was observed with NaOCl 2.5%

(C1), (UAI) whilst Ag-GO (UAI) exhibited equivalence to NaOCl
2.5% (UAI) and superior efficacy compared to the rest of the
experimental groups. These findings can be attributed to a
potentially existing, dual and synergistic mechanism of action
of Ag-GO. The increased formation of reactive oxygen species
has the ability to react with various biomacromolecules,
causing irreversible oxidative damage, loss of cellular DNA
replication ability and cell death [66]. The enhancement of Ag-
GO microbial killing and biofilm disruption efficacy with the
use of UAI may correlate to a substantial increase in the veloc-
ity of the Ag-GO nanosheets against the exposed biofilm layers
and cause an increase in temperature, which may enhance
the kinetics of the Ag-GO nanosheets on a molecular level.
The significant reduction in biofilm biovolume may also result
from the wrapping capacity of Ag-GO sheets around ruptured
biofilms and their detachment from dentinal tubules [67], with
the aid of the developing jet when UAI is applied.

The application of Ag-GO for root canal irrigation as
an alternative to NaOCl has potential, however studies are
required to further elucidate the mechanism of action against
endodontic biofilms. Ag-GO can be implemented as auxil-
iary disinfectant in cases of NaOCl intolerance as well as
cases where a high risk of irrigant extrusion is present. This
may apply to infected roots with incomplete development,
open root apices affected by external inflammatory apical root
resorption, close proximity of root apices to maxillary sinus,
as well as the mental or inferior dento-alveolar nerve. Ag-GO
presents low cytotoxicity and high biocompatibility [68,69] and
potentially can be used as a platform for the safe delivery of
inter-appointment antimicrobial medicaments.

5. Conclusion

Within the limitations of this study, the microbial killing
and biofilm disruption capacity of Ag-GO was successfully
achieved using a novel ex vivo infected tooth model. The effi-
cacy of irrigation protocols was affected by the sampling point
areas of the infected root canal model. NaOCl 2.5% presented
superior antimicrobial efficacy at all sampling sites and it was
found that the middle root third lateral canal was the least
affected sampling point area. Ultrasonic activation selectively
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enhanced the microbial killing and biofilm disruption of Ag-
GO in lateral canals.
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