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Objective. To analyze effect of NaOCl + 2% quaternary ammonium silane (QAS)-containing

novel irrigant against bacteria impregnated inside the root canal system, and to evaluate its

antimicrobial and mechanical potential of dentine substrate.

Methods. Root canal was prepared using stainless steel K-filesTM and ProTaperTM and sub-

jected to manual and ultrasonic irrigation using 6% NaOCl + 2% CHX, 6% NaOCl + 2% QAS and

saline as control. For confocal-microscopy, Raman spectroscopy and SEM analysis before and

after treatment, Enterococcus faecalis cultured for 7 days. Raman spectroscopy analysis was

done  across cut section of gutta percha/sealer-dentine to detect resin infiltration. Indenta-

tion  of mechanical properties was evaluated using a Berkovich indenter. The contact angle

of  irrigants and surface free energy were evaluated. Mineralization nodules were detected

through Alazarin red after 14 days.

Results. Control biofilms showed dense green colonies. Majority of E. faecalis bacteria were

present in biofilm fluoresced red in NaOCl + 2% QAS group. There was reduction of 484 cm−1

Raman band and its intensity reached lowest with NaOCl + 2% QAS. There was an increase in

1350–1420 cm−1 intensity in the NaOCl + 2% CHX groups. Gradual decrease in 1639 cm−1 and

1609  cm−1 Raman signal ratios were seen in the resin-depth region of 17 �m>,  14.1 �m> and
13.2  �m for NaOCl + 2% QAS, NaOCl + 2% CHX and control groups respectively. All obturated

groups showed an intact sealer/dentine interface with a few notable differences. 0.771 and

83.5%  creep indentation distance for NaOCl + 2% QAS ultrasonic groups were observed. High-

est proportion of polar component was significantly found in the NaOCl + 2% QAS groups

which was significantly higher as compared to other groups. Mineralized nodules were
increased in NaOCl + 2% QAS.
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Significance. Favorable antimicrobial and endodontic profile of the NaOCl + 2% QAS solution

might  suggest clinical use for it for more predictable reduction of intracanal bacteria.

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

icroorganisms breach dental hard tissues via acidic dissolu-
ion [1] through cracks in tooth or exposed dentinal tubules
nd reach pulp space to cause infection [2]. Given that,
ndodontic failure may occur because of bacterial penetra-
ion or persistence within the root canal system as result of
oor disinfection procedure [3]. Plentiful rinsing is required to
lean and disinfect the root canal system for preparation and
ompletion of endodontic procedure [4]. Current guidelines
or root canal treatment [5] advocate the idea for the use of
oluminous irrigating solution avoiding its extrusion through
he apical foramen. Irrigation is usually carried out using a
yringe and a needle, which may not be able to clean and
isinfect remote areas of the root canal system [6]. During nor-
al  clinical practice many  techniques have been adapted by

ental practioners. Therefore, many  elaborate methods were
eveloped in the past to improve root canal disinfection [7].
ost widely used adjunct method for root canal irrigation is
ltrasonic agitation [8].

Most of the attention has been given to the use of
hlorhexidine (CHX) when dealing with antimicrobials. CHX
s bactericidal in high concentrations and bacteriostatic in
ow concentrations, primarily against gram-positive bacte-
ia [9]. Chlorhexidine is water-soluble and has reversible
lectrostatic bonding between protonated amine groups [10]
eading to eventual leaching out from bonded interfaces, with
oss of antimicrobial and protease inhibitory activities in the
resence of calcium due to chelation [11]. When NaOCl is
sed in conjunction with CHX, the former is left behind

nside the canal system, and CHX forms a brown precipi-
ate [12], containing para-chloroaniline (PCA) with subsequent
iscoloration and a possible hindrance in the sealing of the
bturating material along with blockage of the lateral canals

13]. Therefore, an intermediate rinse is recommended after
ach irrigant solution. Some studies suggest that the precip-
tate contains PCA due to the chemical interaction between
HX and NaOCl [14]. Even so, other studies have suggested

hat this precipitate did not contain PCA [15]. However, the
im of the present laboratory study was not to investigate the
eposits formed. Moreover, there is a clinical need to look for
lternative irrigation material and regimen.

Nevertheless, some issues like incomplete elimination of
acteria, and weakening of antibacterial actions have led
o exploration of alternative options. It is, therefore, vital
o develop a novel irrigant or disinfectant with predictable

resent an effective class of antimicrobial agents [16]. The
sol–gel process has been used for the design of silica (SiO2)-
based materials in the context of silica gel formation. The
hydrolysis process produces silanol groups ( Si OH) and the
reaction proceeds and is followed by condensation of Si O Si
bonds with inorganic polymerization [17]. The reactions indi-
cate a typical sequence of condensation products that include
monomer, dimers and higher order molecular ring products
[18]. The silicon atom center has a direct interaction with the
solvents as the condensation occurs near the terminal silanol
groups, forming a chain-like structure inside the sol and net-
work like gels [19].

The most common compounds that participate in the
silica sol-gel chemical reaction are tetramethoxysilane
(TMOS) or tetraethoxysilane (TEOS). Tetraethoxysilane acts
as an anchoring unit in the formation of the 3D siloxane
network. As hydrolysis and condensation proceed further,
the OH and O Si-units, attached to a specific silicon
atom, are increased [20]. The experimental versions of
novel quaternary ammonium silane (SiQAS) disinfectant
(K21 molecule) examined in the present study were syn-
thesised by sol–gel reaction. Because methanol is produced
during the hydrolysis and condensation reactions of SiQAC
the molecule is potentially toxic for intraoral use [21].
Hence, SiQAC has been substituted with 3-(triethoxysilyl)-
propyldimethyloctadecyl ammonium chloride (i.e. the ethoxy
substituted SiQAC, abbreviated as Et-SiQAC) for coupling with
tetraethoxysilane (TEOS) via sol–gel synthesis. This resulted
in the generation of ethanol- or acetone-soluble, fully-
hydrolysed, partially-condensed QAS (1-octadecanaminium,
N,N’-[[3,3-bis[[[3-(dimethyloctadecylammonio)
propyl] dihydroxysilyl]oxy]-1,1,5,5,-tetrahydroxyl-1,5-
trisiloxanediyl]di-3,1-propanediyl]-bis[N,N-dimethyl] chloride
(1:4), with the CAS number 1566577-36-3 (codenamed K21).
The yellow, partially condensed solid was converted into gran-
ular powder in absence of ethanol by pressurized reaction
mixture under low pressure. The compound was imme-
diately dissolved in absolute ethanol to produce solutions
containing 2 wt%, QAS to be used as the experimental irrigant
in the present study. However, it is not known whether a
QAS-containing disinfectant has the same inhibitory effects
against bacteria when impregnated in radicular dentine and
canals.

Accordingly, the objectives of present laboratory study were
to investigate the effect of a NaOCl + 2% QAS-containing disin-
fectant/irrigant system against bacteria impregnated into the
root canal system, and to evaluate its antimicrobial potential.
trong antibacterial effects. That said, such a novel mate-
ial should exhibit no adverse effect on the subsequently
pplied resin sealers. Quaternary ammonium compounds rep-

1 Equal contribution authors.
Considering the complex endodontic system and the difficulty
of penetrating dentinal tubules, with concerns of possible PCA

and deposits being formed after use of CHX and NaOCl, there
is a potential to exploit the QAS disinfectant as an irrigant
for a feasible therapeutic approach against biofilm infection

https://doi.org/10.1016/j.dental.2019.05.020
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within the root canal system. The null hypotheses tested were
that NaOCl + 2% QAS cavity irrigants had (i) no antimicrobial
effect on Enterococcus faecalis species biofilm architecture, (ii)
no effect on E. faecalis species adhesion on dentine structure,
and (iii) no effect on mechanical properties of dentine sub-
strate.

2.  Materials  and  methods

2.1.  Manufacture  of  quaternary  ammonium  silane
powder

The 2% QAS irrigant examined was synthesized by sol-
gel reaction between 1 mol  of TEOS (Mw 208 g mol−1) and
4 mol  of Et-SiQAC (Mw 538 g mol−1) as reported previously
Daood et al. [35]. Briefly, 1 mol  of TEOS (Mw 208 g mol−1) and
4 mol  of 3-(triethoxysilyl)-propyldimethyloctadecyl ammo-
nium chloride (i.e. the ethoxy substituted SiQAC, abbreviated
as Et-SiQAC; Mw 538 g mol−1). In a typical synthesis, 2.08 g
of TEOS was blended with 29.89 g of 3-(triethoxysilyl)-
propyldimethyloctadecyl ammonium chloride (72% of Et-
SiQAC dissolved in ethanol) and 5 mL of ethanol (to render
the blend more  homogeneous). Hydrolysis was initiated by
the addition of 10.08 g of 0.02 M HCl-acidified deionized water.
The pH was set 1.66, representing 3.5 times the stoichiomet-
ric molar concentration of water required, to ensure complete
hydrolysis. Completion of the hydrolysis reaction took approx-
imately 3 h and it was indicated by the disappearance of
absorbance peaks of the Si O C peak at 1078 cm−1 and the

OC2H5 peak at 1172 cm−1 as it was monitored by FTIR. The
IR spectrum of the fully hydrolysed reaction was characterised
by the presence of silanol groups, water and ethanol. There
was presence of Si O Si cyclic or open chained species iden-
tified as impurities (Fig. 1A). Since ethanol is a by-product of
the sol–gel reaction and there is elimination of methanol, QAS
was successfully used without further purification [22] in all
our studies [23,54,62].

2.2.  Canal  irrigation

Eighty extracted non-carious human single rooted anterior
teeth were obtained from patients (21–29 years old) with their
informed consent under a protocol reviewed and approved
by Institutional Review Board of International Medical Uni-
versity, JC Committee (IMU 425–2018). All the experiments
were carried out in accordance with approved guidelines
and regulations. Teeth were stored in 0.02% sodium azide
at 4 ◦C to prevent bacterial growth and were used in less
than 1 month after extraction. Teeth were cleaned using peri-
odontal curettes to remove periodontal tissues and stored
in saline. A low-speed diamond edge-coated disc (Bredent

®
,

Senden, Germany) mounted on a milling machine (K9 Milling
Apparatus-990, Kavo, München, Germany) under water cool-
ing was used to decoronate the tooth 1 mm below the

cemento-enamel junction to obtain the root segment. Root
canal preparation was performed by a single trained endodon-
tist. Root canals were shaped using stainless steel K-filesTM

(Dentsply Sirona, Tulsa Dental, USA) using watch wind motion.
 ( 2 0 1 9 ) 1264–1278

For ProTaperTM shaping, rotary instruments (both Dentsply
Maillefer, Ballagues, Switzerland) were used up to size X4
and irrigated with 2 mL of 6% NaOCl (Calasept, Upplands
Väsby, Sweden) after each use. Smear layer of root canals were
removed using 6% NaOCl and 17% EDTA (Pulpdent Corpora-
tion, Warwick, UK) for 2 min  and canals thoroughly rinsed
with sterile saline after each irrigation. These teeth were fur-
ther subjected to sterilization by autoclave for 20 min at 121 ◦C.
Thereafter, these teeth were randomly assigned in six study
groups (n = 5) and subjected to one of the following irrigation
protocols:

Group A: 6% NaOCl + 2% CHX (Manual irrigation using 30-
gauge side vented needle, Endo-EZE, Ultradent).

Group B: 6% NaOCl + 2% CHX (UltraSonic agitation, VDW
Ultra, VDW GmbH, Munich, Germany).

Group C: 6% NaOCl + 2% QAS (Manual irrigation using 30-
gauge side vented needle, Endo-EZE, Ultradent).

Group D: 6% NaOCl + 2% QAS (UltraSonic agitation, VDW
Ultra, VDW GmbH, Munich, Germany).

Group E: Saline (Manual irrigation using 30-gauge side
vented needle, Endo-EZE, Ultradent).

Group F: Saline (UltraSonic agitation, VDW GmbH, Munich,
Germany).

2.3.  Teeth  preparation

For confocal microscopy, Raman spectroscopy and SEM anal-
ysis before and after treatment, the teeth (n = 5 per group)
were prepared to a size of 50 K-file which was 1 mm short
of the apical foramen using crown down technique. Crowns
were sectioned using low-speed diamond edge-coated disc
(Bredent

®
, Senden, Germany) mounted on a milling machine

and length standardized to 16 mm from coronal to apex of
the root. EDTA was added for 3 min  for removal of the smear
layer and the teeth were autoclaved at 120 ◦C for 30 min. E.
faecalis (ATCC 29212) was cultured in 10 mL  BHI broth supple-
mented with 8% sucrose (pH 7.4) and a minimal amount of
xylitol (0–2%) was added at 37 ◦C for 48 h and later incubated
at 37 ◦C for 24 h. After 4000 rpm centrifugation for 15 min,
each of the cell pellets was washed three times with sterile
phosphate buffered solution (PBS, 0.01 M,  pH 7.2), later re-
suspended (O.D reading of 0.11 at 660 nm)  in 100 mL of the
respective growth medium and adjusted to a concentration of
McFarland 3 (109 cells/mL) before use.

Five milliliters of BHI broth was mixed with equal weight of
bacterial inoculum using sterilized syringes of sufficient vol-
ume  to fill the root canal during a 7-day period. After 7 days,
each tooth, under aseptic conditions, were dried with sterile
paper points. After subjecting the specimens to different irri-
gation protocols (no irrigation protocol for control specimens),
two parallel grooves were prepared on external surfaces in
the mesio-distal direction of each tooth to facilitate split frac-
ture. Final separation was made using a chisel and a hammer
and teeth were then taken for SEM, confocal microscopy and
Raman analysis.
2.4.  Raman  spectroscopy  for  resin  sealer  penetration

After irrigation with designated protocols for each study
group, the root canals were dried with paper points and speci-

https://doi.org/10.1016/j.dental.2019.05.020
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Fig. 1 – (A) Comparison between the partially and fully condensed K21 QAS solution with ethanol as the reference; (B)
Representative line map  (scans) across sealer interface of different control and after different irrigation protocols specimens.
The spectral contribution is recorded at 1639 cm−1 and 1609 cm−1 obtained ratio intensities representing the penetration of
different groups. (C) Raman spectra of E. faecalis biofilms on root dentine specimens treated with different irrigation
protocols. Spectral differences of control and treated specimens can be seen in the 484 cm−1 region after normalization.
Biofilm colonies after inoculation and irrigation protocol exposure providing initial comparison with standard signature
Raman spectra and change in intensities. (D) Raman spectra of root dentine with treated biofilms cultivation. Yellow region
indicates the variation of peaks after treatment at Amide I region with peak based discrimination. (For interpretation of the
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eferences to color in this figure legend, the reader is referre

ens (n = 3) were then randomly assigned to each study group,
ased on the irrigation protocol. The materials (RealSeal SE
nd gutta percha) for obturation were manipulated accord-
ng to the manufacturer’s instructions and canals sealed
sing single cone obturation technique. Each root section
as cut horizontally into approximately 1 mm thick slices to
btain the middle third sections and each section subjected
or Raman spectroscopy analysis. The spectra were obtained
sing a Raman spectrometer equipped with a Leica micro-
cope and lenses (JY LabRam HR 800, Horiba Jobin Yvon,
rance) with curve-fitting Raman software (Labspec 5). The
aman spectra was obtained using the 785 nm laser source
t 50×  magnification and a spectral resolution of 1 cm−1 and

 laser power of 4.94 mW.  The laser beam was focused across
he cut section of the gutta percha/sealer-dentine interface.

eadings were taken from the central regions of the specimen

nterface starting in the resin region of the specimen (on the
eft), across the interface and ending onto the dentin side of
he specimen (on the right) in 1 �m steps using the x–y–z stage
the web version of this article.)

to detect resin infiltration and background-corrected for dark
counts with intensity normalization. Origin 8 (Origin Lab Corp,
Northampton, MA) was used to calculate sealer penetration.
The peak intensity at 1609 cm−1 was considered as an inter-
nal standard for aromatic C C and 1639 cm−1 which is the
aliphatic C C, is indicative of cured seal.

2.5.  Biofilm  preparation  and  Raman  spectroscopy  data
acquisition

For Raman spectroscopy measurements, specimens were
removed after 7 days from culture plates, and allowed to
dry for 15 min  at 35 ◦C. The specimens were transferred to
microscopic slides (low fluorescent quartz). Areas of 5 �m cho-
sen randomly across all dried biofilm disc specimens. Raman

spectra were recorded using a Raman spectrometer (Nanocat,
University of Malaya) equipped with a Leica microscope and
lenses (JY LabRam HR 800, Horiba Jobin Yvon, France) with
curve-fitting Raman spectroscopy software (Labspec 5). The

https://doi.org/10.1016/j.dental.2019.05.020
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spectra were collected at 785 nm wavelength with argon ion
632.8 nm laser at a <500 �W power and a 100× objective (a
superior signal/noise ratio). The exposure time was 60 s as the
sample (including the biofilm specimens) was translated at
0.5 �m intervals in X and Y directions with 1 s exposure time
in the information-rich region between 200 and 3200 cm−1. All
spectra were recorded at room temperature and in dark to
avoid any peaks (background noise) originating due to ambi-
ent light. Raman peaks were centered at 434 cm−1 (assigned to
stretching vibration of V2PO4) [24], 960 cm−1 (hydroxyapatite
PO4) [25] for inorganic species, and, 484 cm−1 (polysaccharides
or carbohydrates) [26], 1655 cm−1 (amide I {C O}) [27], and
1454 cm−1 (pyrrolidine rings of proline and hydroxyproline
inside collagen) [28] for organic to the peak at 1070 cm−1.

2.6.  Confocal  analysis

Non-destructive identification of QAS within the root denti-
nal surface was performed using 0.1 wt%  aqueous solution of
sodium fluorescein (46960 Bioreagent, Millipore Sigma, Darm-
stadt, Germany).

After irrigation with NaOCl + 2% QAS the specimens (n = 3)
were rinsed in 0.1 wt% fluorescein for 24 h. The specimens
rinsed with deionised water were examined using confocal
laser scanning microscope (CLSM, Leica Fluoview FV 1000,
Olympus, Tokyo, Japan), equipped with a 60×/1.4 NA oil
immersion lens using 488 nm argon/helium laser beam and
633 nm krypton ion laser illumination, both in the reflection
and fluorescence modes. Reflected and fluorescence signals
were detected with a photomultiplier tube to a depth of 20 �m
and then converted to single-projection images for better visu-
alization and qualitative analysis. Stacks of fluorescent images
obtained of the biofilm were examined using bioimageL soft-
ware  (v.2.0. Malmö, Sweden), which provides information on
the structure of the biofilm, including green and red-stained
bacteria volume on a two dimensional x–y section based on
color segmentation algorithms written in MATLAB.

2.7.  SEM  analysis

For SEM analysis of biofilms, the specimens (preparation
described above in Section 2.2) were placed onto the SEM
sample holder and imaging was performed at 3500× magni-
fications at a working distance of 5–8 mm to aid in locating
the same area after specimen placement, to be used as mark-
ers for accurate co-registration. Next, images were cropped to
the same size to enable batch processing in the segmentation
step.

As expected, neutralization of QAS irrigant would take
place by the buffering action of dentine leading to a con-
densation of 3D network within and around the dentine
tubules. Dentine canals in specimens (n = 3) were subjected to
NaOCl + 2% CHX or NaOCl + 2% QAS irrigation protocol accord-
ing to the groups. Two parallel grooves were made onto the
external surfaces, in the mesio-distal direction to facilitate a
split fracture. Final separation was made using a chisel and a

hammer. All specimens were dehydrated in ascending grades
of ethanol (33%, 66%, 85%, 95%, 2 × 100%, for 20 min  in each)
and immediately transferred to the pressure chamber of the
critical point drying machine (CPD 30, Leica). The specimens
 ( 2 0 1 9 ) 1264–1278

were mounted on aluminium stubs (specimen holders) with
double-sided conductive tape, sputter-coated with 30 nm thick
layer Au/Pd (120 s) and examined using a SEM (Philips/FEI XL30
FEG SEM) at an accelerated voltage of 10 kV at different mag-
nifications and images evaluated by two examiners.

The interface morphology between root dentine and resin-
based sealer were investigated using SEM. From each apical
third, two 1 mm slices were cut, polished sequentially to 1200
grit size by silicon carbide papers (Carbimet, Buehler, Lake
Bluff, IL, USA) and slices were prepared for resin infiltra-
tion into dentine and resin tag formation. The slices were
acid etched using 35% phosphoric acid (15 s) and then rinsed
using distilled water for 15 s. The specimens were immersed
in 5.25% NaOCl solution for 15 min  and rinsed under run-
ning water for 5 min. Next, all specimens were post fixed
using osmium tetroxide (OsO4), rinsed using PBS solution,
dehydrated in ascending ethanol for 20 min. and dried in a
critical-point dryer (CPD30 Baltec, Leica, Guyancourt, France).
After air-drying, the specimens were mounted on stubs and
gold sputtered for 120 s under vacuum and imaged using a
Philips/FEI XL30 FEG at an accelerating voltage of 10 kV.

2.8.  Nano-indentation  testing

A low-speed diamond edge-coated disc (Bredent
®

, Senden,
Germany) mounted on a milling machine (K9 Milling
Apparatus-990, Kavo, Germany) under water cooling was used
to decoronate the tooth 1 mm below the cemento-enamel
junction to obtain the root segment. After following the irriga-
tion protocols, indentation mechanical properties of radicular
root canal dentine (n = 5) were evaluated using Nanoscope
III (Digital Instruments, Santa Barbara, CA) with a Berkovich
indenter (Hysitron, Minneapolis, MN, USA). An average of ten
measurements were taken 1.5 mm apart at 6 N force, 2 Hz
speed and 10 indentations per cycle at the root canal lumen.
The indentations were available at the following parameters:
the first indentation cyclic (the distance between first and
last cycles), the creep indentation distance (a progressive rise
during application of force from the first indentation) and
increased indentation (the distance between the first and last
indentation ‘distances’). In addition to this, specimens were
carbon coated and a Philips/FEI XL30 FEG unit at an accelerat-
ing voltage of 10 kV was used to confirm the appearance and
location of indentations.

2.9.  Contact  angles  and  surface  free  energy
measurements

After selecting the designated irrigation regimens for root den-
tine specimens, the teeth were horizontally sectioned 1 mm
below the cemento-enamel juncion to obtain 5 mm dentine
blocks (DB) for each group. Each dentine block was split into 2
semi-cylindrical halves. Deionized water was used as the ref-
erence liquid for contact angle measurements. Each irrigant

reference liquid was applied in the form of a drop (2 �L) and
profile recorded using contact angle analyzer (Dental Simula-
tion Lab, IMU  Laboratory). After analysis, Image  J software was
used for calculating the contact angle fitting within the con-

https://doi.org/10.1016/j.dental.2019.05.020
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our of the droplet, placed on the dentine surface. The surface
ree energy was calculated using the equation [29]:

L(1 – cos�) = 2[(�L
D�S

D)0.5 + (�L
+�S

−)0.5 + (�L
+�S

−)0.5] (1)

here, �, � are the contact angle and surface tension of refer-
nce liquid used. L and S subscripts represent different phases,
hereas superscripts D, −, and + represent dispersive and the

ewis bases. All images captured were taken in 5 min  after
heir placement on the dentine surface.

.10.  Alazarin  red  staining

ineralization nodules were detected through Alazarin red
taining after performing 14 days of induction following
pplication of root canal irrigation systems on root dentine
urface (n = 5). A 0.5 mm thick dentine disc was prepared from
he middle-root dentine of each tooth giving square-shaped
oot dentine discs. The final disc thickness of approximately
.4 mm.  It was achieved by grinding the outer side with wet 320
rit silicon carbide papers. The NIH 3T3 MF cell line was cul-
ured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma
ldrich, St. Louis, MO, USA) with 1% penicillin/streptomycin

10,000 U/100 �g/mL) and 10% fetal bovine serum (FBS) in a
umidified incubator with 5% CO2 incubator at 37 ◦C. The
ells were cultured to seventh passages and expanded to 4×
ilution as the cells reached 85% confluence. After 3 days of

ncubation, the cells (3 × 104) were seeded on the pulpal side of
he root dentine discs (0.28 cm2) in 24-well plates (n = 5) in an
ncubator with 5% CO2 and 95% air at 37 ◦C. Next the discs were
ransferred back to the same wells to receive the irrigation
reatments. The irrigation formulations were applied by plac-
ng discs into respective petri dishes containing a 2 mm depth
f irrigation formulations for 2 min, followed by blot-drying.

All procedures were performed in a vertical laminar flow
ood. After the treatment, the root dentine discs were placed

n the CO2 incubator for additional 24 h. The root dentine
iscs and cell culture were rinsed twice with PBS, and they
ere fixed for 1 h using 70% ethanol. After rinsing the spec-

mens thrice using de-ionized water, the specimens were
tained using 40 mmol/l Alizarin Red solution (Sigma-Aldrich),
djusted to a pH of 4.0 with ammonium hydroxide for 20 min.
hen, the cells were rinsed again with de-ionized water for
emoval of excess dye. Photographs were taken using a light

icroscopy (LW 0.52 Nikon Japan, Eclipsee). The cells were
ounted (0.28 cm2) in 24-well plates. The cells were then incu-
ated with 10% cetylpyridinium chloride (Sigma-Aldrich) for
5 min  to solubilize the nodules. The absorbance of the result-
ng solution formed for each group was calculated based on
he mean value of the control group at 14 days as 100% stain-
ng.

.11.  Statistical  analysis

ll data are presented as mean ± standard deviation and they
ere analyzed using a statistical package (SigmaStat Version
0, SPSS, Chicago, IL, USA software) assessed for a normal dis-
ribution using the Shapiro–Wilk test for normality (p > 0.05).
ne-way analysis of variance followed by the Tukey post hoc
ultiple comparison test, was used to evaluate the antimi-
 0 1 9 ) 1264–1278 1269

crobial effect on the percentages of live and dead bacteria
and micro-indentation analysis. All statistical analysis used
a 95% confidence limit, so that the p values ≥ 0.05 were not
considered statistically significant. The surface free energy
was calculated using one-way analysis of variance (p < 0.05).
One-way ANOVA was also conducted to determine significant
differences amongst Alazarin red staining groups (p-value of
0.05).

3.  Results

Raman spectroscopy at 1 �m across the interface in all exper-
imental groups is shown in Fig. 1B. A gradual decrease in the
1639 cm−1 and 1609 cm−1 peak ratios are seen in the region of
17 �m>,  14.1 �m> and 13.2 �m for NaOCl + 2% QAS, NaOCl + 2%
CHX and control groups respectively, ending in a plateau
assigned by the 1639 cm−1/1609 cm−1 ratios. The results indi-
cate a comprehensive penetration of the sealer in NaOCl +2%
QAS groups, confirming also a complex interaction between
the sealer and specimens. The abrupt decrease in ratio inten-
sities of 1639 cm−1/1609 cm−1 in all groups indicate resistance
to sealer penetration (Fig. 1B).

From the spectra it can be observed that the bands in this
region respond mostly with treatment on the biofilm and typ-
ify changes within the absorbance spectrum with intensity
changes with different irrigation specimen groups (Fig. 1C).
There were obvious variations in spectra with the biofilm
changes at 484 cm−1 according to the compounds used. The
weak bands refer to the glycosidic link or the ring wagging
of possible polysaccharides within the biofilm or spectro-
scopic signature due to linkages of polysaccharides. There was
a gradual reduction and striking difference of the 484 cm−1

band as the intensity reaches the lowest with NaOCl + 2% QAS
groups. This suggests a decrease in the carbohydrate content
within the biofilm, again a factor that is more  pronounced with
the QAS groups. These carbohydrate moieties are more  likely
complex C O and C C stretches coupled with C H deforma-
tions.

The changes within the groups affecting the different
biofilms, although highly reproducible, are far more  pro-
nounced in Fig. 1D, as tests were performed in triplicates.
There is an increase in the underlying intensity in the
1350–1420 cm−1 region in the biofilm in the NaOCl + 2% CHX
groups suggesting an increase in the carbohydrate content
(p < 0.05), a factor more  pronounced for biofilm backbone. The
new band at 993 cm−1 supports the argument that we  are
observing an increase in carbohydrate content in the biofilm
(p < 0.05). The resolution at 1100 cm−1 to 1150 cm−1 indicates
the peptidoglycan and polysaccharide in this region of the
biofilm, which are seen typically high in the NaOCl + 2% CHX
groups (Fig. 3).

Representative images of biofilm formed on the specimens
are presented in Fig. 2. In the control samples (Fig. 2A), the E.
faecalis biofilm appears to be in higher quantity covering the
dentine surface. The biofilms show densely clustered green

colonies (98.71 ± 0.71 live bacteria) with minimal areas of dead
bacterial cells. Results of one-way ANOVA verified significantly
lower biofilm volume and thickness after the use of irrigation
protocols, especially in the case of NaOCl + 2% QAS groups
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Fig. 2 – CLSM images (A–I) of E. faecalis biofilms (100×). Live bacterial cells appeared green; whilst dead cells appeared red.
(A and B) Control; (C and D) NaOCl + 2% CHX manual and ultrasonic respectively; (E and F) NaOCl + 2%QAS manual and
ultrasonic respectively; (G) control specimens showing 20 �m stack; (H) NaOCl + 2% CHX ultrasonic specimens with 20 �m
stack; (I) NaOCl + 2% QAS ultrasonic specimens; (J) CLSM merged image after application of NaOCl + 2% QAS irrigant, with
sodium fluorescein staining of 2% QAS. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1 – Bacterial viability in E. faecalis species biofilms following different irrigation regimens.

Dead bacteria Live bacteria

Mean % SD Mean % SD

E. faecalis
Control 0.23 A 0.88 98.71 a I 0.71
NaOCl + 2% CHX (manual) 69.22 B 5.12 29.78 b II 8.12
NaOCl + 2% CHX (ultrasonic) 84.11 C 6.43 15.69 c III 5.54
NaOCl + 2% QAS (manual) 94.64 D 11.32 5.36 d IV 9.21
NaOCl + 2% QAS (ultrasonic) 97.45 E 3.79 2.33 d IV 6.39

CHX: chlorhexidine, QAS: quaternary ammonium silane.

ntly d

Values: means ± standard deviation.
Groups identified by different alphabets and numerals were significa

(manual/ultrasonic). The majority of the E. faecalis bacteria
present in the biofilm fluoresced red in the NaOCl + 2% QAS
group, indicating mostly dead cells (Fig. 2D and E). There were
significant reductions of live bacteria within the biofilms that
were dependent on the concentration of 2% QAS incorpo-
rated into NaOCl irrigations (p < 0.05). The highest dead cell
count was seen in the biofilm stack within the thickness of

NaOCl + 2% QAS groups (Fig. 2H) as compared to control spec-
imens (Fig. 2F). A merged CLSM image  of a representative
specimen from NaOCl + 2% QAS ultrasonic group is shown in
ifferent at p < 0.05 in columns and rows respectively.

Fig. 2I. The QAS compound was stained using sodium fluores-
cein as the region corresponded to the root canal edge and
inside the root canal (Fig. 2I). The percentages of live and dead
bacteria for confocal images using Image  J software are given
in Table 1.

Scanning electron microscopy images of root dentine after
the application of NaOCl + 2% CHX and NaOCl + 2% QAS irriga-

tion regimens are shown in Fig. 3. Now, Fig. 3A shows dentine
surface covered with a thick deposit and dentinal tubule ori-
fices are not clearly visible in specimens treated manually with
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Fig. 3 – Representative SEM images of root dentine following application of (A–C) NaOCl + 2% CHX manual and ultrasonic
irrigation protocols. The NaOCl + 2% CHX did not infiltrate well into dentine, but formed huge deposits on the surface. (D)
After application of NaOCl + 2% QAS irrigation protocol, the QAS layer was formed on top in the form of a thin crust, in both
manual (D) and ultrasonic (E and F) specimens. (G) QAS was seen to be phase separated in the presence of water from
dentinal tubules producing spherical structures after ultrasonication. (H) Dense clusters of E. faecalis bacterial cells were
observed as micro-colonies on the dentine in untreated specimens; (I–J) recolonization of E. faecalis on root canal walls is
seen in specimens after irrigation with NaOCl + 2% CHX manual (I) and ultrasonic (J) specimens; almost complete
e  QAS
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radication of bacterial colonies seen after using NaOCl + 2%

aOCl + 2% CHX. The groups display multiple and singular
eposits covering the sample. Scratches on dentine surface are
isible, created by the mechanical preparation, however these
cratches show less deposits in the NaOCl + 2% CHX treated
pecimens with ultrasonic irrigation protocol (Fig. 3B). The
egree of dentinal orifice exposure was the lowest for these
roups as most of the orifices remained obliterated. The sur-
ace is relatively coarse and the deposits are predominantly
venly spread. Fig. 3 shows a crust formation on the dentine
urface, in both manual (Fig. 3D) and ultrasonically (Fig. 3E and
) treated specimens with NaOCl + 2% QAS irrigation protocols.
here is seen condensation of 2% QAS as spherical bodies on

op of the dentinal tubules which is indicative of a phase sepa-
ation inside the tubules due to the presence of water (Fig. 3G).
n the absence of any treatment E. faecalis formed monolayer
iofilms and micro-colonies are visible and remain the same
hroughout the specimen with cells chaining and clumping
nd thereby forming complex biofilms. The most dramatic
hanges in the biofilm were observed in the NaOCl + 2% QAS

pecimens following both manual (Fig. 3K) and ultrasonic
Fig. 3L) irrigation protocols, as compared to NaOCl + 2% CHX
pecimens (Fig. 3I and J). The SEM micrographs demonstrate
bsence of bacterial colonies in the NaOCl + 2% QAS groups,
 protocols in both manual (K) and ultrasonic (L) specimens.

suggesting that there was increased cell lysis and removal.
There were small colony formations in NaOCl + 2% CHX groups
due to restructuring of biofilms from monolayers into micro-
colonies. While observing specimens from the QAS groups in
both manual and ultrasonic irrigation protocols, there was
maximum detachment of E. faecalis biofilms.

Representative SEM images of the resin sealer/dentine
interface of the specimens are shown in Fig. 4. All obturated
specimen groups show an intact sealer/dentine interface with
a few notable differences between the control, NaOCl + 2%
CHX and NaOCl + 2% QAS groups. Well-formed and exten-
sive, long resin tags can be seen forming a continuous intact
interface, and also possibly a hybrid layer with the overlying
resin sealer, heavily concentrated at the sealer/dentine inter-
face of the NaOCl + 2% QAS manual and ultrasonic specimen
groups. The resin tags are penetrating deep into the dentinal
tubules appearing as smooth tubular rods (Fig. 6E and F) as
compared to the control (Fig. 4A and B). As the irrigation reg-
imen changed, there appears to be a corresponding change

in the sealer penetration. However, the NaOCl + 2% CHX spec-
imens (Fig. 4C and D) show an interfacial gap between the
resin tags and the sealer, especially in the manual irrigation
group (Fig. 4C). No pattern is seen in the manual and ultra-
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Fig. 4 – Scanning electron microscope images of sealer-dentine interface in (III A and B) manual and ultrasonic control, (III C
and D) manual and ultrasonic NaOCl + 2% CHX specimens, and (III E and F) manual and ultrasonic NaOCl + 2% QAS

s.
specimens. Note the formation of sealer tags in all specimen

sonic control specimens, suggesting a correlation between
the irrigation and sealer penetration. In the NaOCl + 2% CHX
specimens (Fig. 4C and D), the sealers appeared mixed, but
non-homogenous, suggesting not all tubules were filled with
sealer.

The depth-dependent loading in nano-indentation tests
is a good discriminator between the groups and showed
that the elastic moduli were constant within a range of
50 nm–150 nm contact depth. The total indentation increase
at 95% confidence interval was of 0.771 and 83.5% (95% CI)
for creep indentation distance for the NaOCl + 2% QAS ultra-
sonic groups (Fig. 5). Within this target measurement range,
the average elastic modulus for the NaOCl + 2% QAS ultra-
sonic group (>29.1 ± 3.39 GPa) was significantly higher than
compared to the control (<25.3 ± 4.4 GPa) and the NaOCl + 2%
CHX (<27.2 ± 2.9) groups (p < 0.05) after ultrasonication. The
differences between the control and other groups are shown in
Table 2. As expected the differences were observed in nano-
indentation and elastic moduli indicating measurements of
creep indentation and the indentation increase are much
higher in the NaOCl + 2% QAS groups, both in the manual
and ultrasonic irrigation protocols when compared to all other
groups (Fig. 5).

The surface free energy of root canal dentine after
application of intracanal irrigant is showed in Fig. 6.
Results of one-way ANOVA analysis showed a significant
difference among the groups (p < 0.01). As compared to

control (±109 m/J/m2 manual; ±140 m/J/m2 manual), the val-
ues for NaOCl + 2% CHX (both groups) (±99 m/J/m2 manual;
±103 m/J/m2 manual) were reduced due to a significant differ-
ence in the polar components. The highest proportion of polar
component was significantly found in the NaOCl + 2% QAS
groups which was significantly higher as compared to all other
groups (±144 m/J/m2 manual; ±157 m/J/m2 manual). For the
NaOCl + 2% QAS groups, the estimated �S

D values remained
different as the �S values increased when compared to control.

Deposition of mineralized nodules 14 days after application
of irrigation formulations are shown in Fig. 7. Fig. 7A and B is
a depiction of 3T3 NIH mouse fibroblastic cells after exposure
to the NaOCl + 2% CHX (Fig. 7D) and NaOCl + 2% QAS groups
(Fig. 7E) respectively. Mineralized nodules were significantly
smaller in the NaOCl + 2% CHX (±2.8) specimens when com-
pared to the NaOCl + 2% QAS (±5.1) specimens and the control
(±3.3). In the control specimens, the NIH 3T3 mouse fibrob-
lasts cells revealed positively stained calcium deposits when
Alazarin red was used. Lesser staining than in the control
groups were seen in the NaOCl + 2% CHX groups. Massive pos-
itive dark stainings were seen representing calcium deposits
(mineralization) in the NaOCl + 2% QAS groups (Fig. 7E). The
use of NaOCl + 2% QAS significantly increased nodule forma-
tion after 14 days) (p < 0.05).

4.  Discussion

The bacterial influence of a more  acidogenic environment and

aciduric microbiota is a direct consequence of frequent and
prolonged acidification, changing the ecological balance in
the tooth substrate [30]. In the approach to reduce bacterial
acidification mentioned, most attention is paid to reduc-
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Fig. 5 – Micro indentation distance increase, first indentation cycle and creep indentation parameters measured in the first
cycle for (A) manual and (B) ultrasonic NaOCl + 2% QAS irrigation specimens. (C) Indentation load function after depth
profiling of elastic modulus (extension stretch identified by arrow) for ultrasonic groups showing statistical similarity for
control and NaOCl + 2% CHX groups (*). (D) A representative photograph of deposits/precipitates formed after consequent use
of NaOCl and chlorhexidine on culture plates. Note the colour change and deposits in the mixed  liquids ranging from dark
reddish brown to light orange as well as formation of precipitate in varying amounts. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6 – Contact angle and (B) surface free energy of root canal dentine with different irrigation regimens. Surface free energy
is represented as dispersive and shows significantly higher values for NaOCl + 2% QAS, both manual and ultrasonic
specimens. Inset SEM surfaces of root dentine treated with manual NaOCl + 2% CHX and NaOCl + 2%QAS. Both images show
presence of deposits and siloxane layer on root dentine surfaces respectively.
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Table 2 – Mechanical property analysis of root dentine after different irrigation protocols.

Nano-indentation Elastic modulus

Creep indentation (�m) (N) Indentation increase Values SD

Control 71.1% A 0.09 25.3 a I 4.4
NaOCl + 2% CHX (manual) 72.3% A 0.31 24.6 a I 5.5
NaOCl + 2% CHX (ulrtasonic) 70.1% A 0.44 27.2 a I 2.9
NaOCl + 2% QAS (manual) 75.9% B 0.67 27.9 a 7.1
NaOCl + 2% QAS (ultrasonic) 83.5% C 0.77 29.1 b I  3.4

CHX: chlorhexidine, QAS: quaternary ammonium silane. Values: means ± standard deviation.
Groups identified by different alphabets and numerals were significantly different at p < 0.05 in rows and columns respectively.

Fig. 7 – 3T3 NIH mouse fibroblastic cells exposed to (A) NaOCl + 2% CHX and (B) NaOCl + 2% QAS irrigants. (C) Light
micrographs of minor mineralized nodule 14 days (C) after application of saline on 0.4-mm-thick dentine disc control
specimens. (D) NaOCl + 2% CHX specimens barely revealed calcium deposits and did not positively with Alizarin Red S after
14 days; (E and F) Positive dark staining shows presence of calcium deposits i.e. mineralization in 3T3 NIH mouse
fibroblasts exposed to NaOCl + 2% QAS. Positive dark red staining shows presence of calcium deposits i.e. mineralization in
2% QAS group after 14 days. (G) Quantification of mineralization differentiation potential in 3T3 NIH mouse fibroblasts using
Alazarin Red. Each data point represents a specimen (*p < 0.05, not significant. All data represented as mean ± standard
deviation). (H) Development of K21 2% QAS powder (fiteBac Technology USA) for lipopolysaccharide studies in bacterial

membranes.

tion of acid and biofilm formations [31]. Proteolytic anaerobic
organisms dominate untreated necrotic root canals while less
diverse community dominate the treated ones that can per-
sist for longer periods of time under harsh conditions [32].
Microbial cultures have shown that E. faecalis plays a very
important role in reinfections of root canals with prevalence
up to 24%–77%, and can also survive in severe conditions [33].
One goal of endodontic treatment is to obtain a bacteria free
root canal system via irrigation, because it is considered the
best method for removal of pulp tissue remnants and den-
tine debris during instrumentation [34]. Sodium hypochlorite

is unable to remove the smear layer and inorganic compo-
nents during canal instrumentation [35]. The most common
methods encompass the use of NaOCl and CHX gluconate as
an adjunct in root canal irrigation to improve microbicidal
properties [36]. However, if NaOCl is present inside the canal,
CHX can form precipitates with surface discoloration, some
of which are insoluble in water [37], and a negative effect is
formed on the sealing ability of obturating material [38]. That
said, an intermediate rinse should be used after each irrigat-
ing solution followed by drying the canals to prevent further
reactions among the chemical components [39]. Chlorhexi-
dine preparations also delay the time for recontamination of
coronally sealed canals. However, the time taken for micro-
organisms into the root canal was more  with CHX solutions
as compared to other disinfectant material (calcium hydrox-

ide) [40]. In order to verify our idea for a new root canal irrigant,
we used a novel quaternary ammonium silane solution as a
disinfectant to research its biological and mechanical impact

https://doi.org/10.1016/j.dental.2019.05.020
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n the root dentine surface, because the precipitates formed
aybe more  cytotoxic than NaOCl and CHX alone [41].
Indeed, organosilane quaternary ammonium salts are a

ew class of antimicrobials, with reactive silanol groups as
 result of generation of hydrolysis OF QAS that are covalently
onded to substrates via Si O linkages engaging microbiocidal
unctions [42]. 3-(Trimethoxysilyl) propyldimethyloctadecyl
mmonium chloride (SiQAC) has been widely used for antimi-
robial coatings of medical devices. It penetrates bacterial
ell membranes causing cell death of bacteria as they come
n contact. SiQAC salts do not end with polymerizable end
unctional groups [43]. In general, the positively charged qua-
ernary amine charged (N+) compounds cause bacterial lysis
ue to their interaction with the negatively charged bacterial
embranes. With the use of SiQAC along an anchoring tetra-

lkoxysilane and other organofunctional trialkoxysilanes [44],
t can produce different antibacterial activities, which remain
ndependent of the loss of surface layer [45]. By altering the pH
alue of the system, hydrolysis and condensation reactions of
AS can be differentially controlled [46].

To evaluate the antibacterial effects of QAS irrigation pro-
ocol, confocal microscopy analysis was done which shows
hat the QAS irrigation protocol has a significant antimi-
robial effect against E. faecalis biofilms. Most importantly,
ndodontic disease is considered as a biofilm-induced infec-
ion, as bacteria survive in an adaptive mechanism persisting
he endodontic infection [47]. Given this, the incorporation
f 2% QAS in the irrigation protocol has potential to render
ntibacterial properties without a discernable decrease after

 prolonged period of time. The QAS compound kills bac-
eria on contact [48] using TEOS as an anchoring unit and
aving organic functional groups which are covalently bound
nd detectable in specimens that showed completely dead
acterial cells (94.64 ± 11.32 and 97.45 ± 3.79 for ultrasonic).
his is why the first null hypothesis can be rejected. The
LSM analysis revealed green and red fluorescence intensi-

ies within the different biofilms. Most of the bacteria present
n the biofilm fluoresced green colour in the control group,
ndicating that the bacteria were mostly alive in the control.
he majority of the bacteria present in the biofilms fluoresced
ed colour in the QAS groups. This refers to immobilization of
he SiQAC molecules that are providing greater antimicrobial
ctivity. Because of the silanol groups, QAS can be covalently
onded via O Si O linkages to exert non-migrating micro-
iocidal functions. The protective antimicrobial film formed
esults in circumventing or slowing down biofilm formation.

Raman spectroscopy is a widely used powerful tool for
dentification of bacterial components within the biofilm mass
t molecular level [49]. Now, another interesting observation
or biofilm in Fig. 1C is the apparent shift of 484 cm−1 which
s usually assigned to polysaccharides or carbohydrates [50]
nd has multi-dimensional information on special cellular
omponents and their presence. Even so, the use of different
rotocols marked a difference in intensities and deviations in
tructural elements as the control specimens showed inten-
ive signals at 484 cm−1. Moreover, the Raman signals assigned

o these polysaccharides were also detected in other samples
reated with different irrigation protocols. Based on this com-
atibility, NaOCl + 2% QAS (manual and ultrasonic) showed the

east amount of intensity (Fig. 1C), followed by NaOCl+2%CHX
 0 1 9 ) 1264–1278 1275

ultrasonic and manual, respectively. These Raman signatures
of carbohydrates appeared at lower intensities in QAS spec-
imens hypothesizing that more  bacterial colonies are being
affected, and endorsing the rejection of null hypothesis. There
was also a substantial difference in intensity ratio of Raman
bands at 484 cm−1 and 1130 cm−1 with some shifts (data not
shown). The set of bands showed to be highly sensitive and
specific for biochemical changes.

There was appearance of new bands near at 993 cm−1 and
1335 cm−1 in the control specimens (Fig. 1D) strengthening the
observation for the increase in carbohydrate content as part of
the biofilm matrix [51]. However, the intense bands were dull
and of lower intensity in the experimental groups, giving a
precise description consistent with the absence of additional,
albeit unidentified, carbohydrates. Another interesting obser-
vation is the apparent change in the amide I (C O stretch)
band, the �-sheet secondary structure that involves amide
and carbonyl functional groups, producing spectral changes.
It was not possible to avoid such conformational changes due
to the native structure within the biofilm, where the intensity
of amide I is low in QAS groups, a frequency distinguishable
from the substrate. The lowest amide I values are usually mea-
sured at the interior of cell nucleus where more  nucleic acids
are found [52]. In addition, from the results of the study, the
NaOCl + 2% QAS groups showed higher amounts of sealer pen-
etration (Fig. 1B) compared to other groups (p < 0.05). Hence,
including 2% QAS within the irrigation protocol may provide
a long-term antibacterial solution. The unique addition of 2%
QAS with a NaOCl irrigant could be considered pivotal and an
advisable approach for the attainment of maximum antibacte-
rial and avoid reinfections. This laboratory study also indicates
the valid use of Raman spectroscopy, allowing detailed spec-
tral analysis for resin penetration of the sealer.

Analysis of the dentine surface and biofilm formed on den-
tine substrate had been performed using SEM. The contrasting
results in SEM between the CHX and QAS groups might be
attributed to the nature of two different solutions used for
the irrigation protocol (Fig. 3). The thick deposits with com-
plete coverage of the dentinal tubule orifices are clearly visible
in specimens treated both manually and ultrasonically with
NaOCl + 2% CHX specimens (Fig. 3B and C). Chlorhexidine can
react with remaining NaOCl inside the root canal forming
small precipitate clusters, which could be para-chloroaniline
deposits (Fig. 3A–C). However, the purpose of the present lab-
oratory study was not to study the nature of the deposits per
se. The impact of an endodontic irrigating solution producing
such deposits was clearly visible in the SEM analysis of resin
tags formed. The current investigation compared the quality,
density and length of resin tags formed in each group (Fig. 4).
The type of irrigation protocol performed and the morphology
of resin tags formed were directly related. The length of resin
tags increased in the QAS groups (Fig. 4E and F) despite the 2%
QAS groups forming a crust type deposition on the surface
of dentine. The presence of bridged organosiloxane groups
in the molecular backbone of QAS, which has affinity for the
resinous adhesive [53], might have resulted in better penetra-

tion. Without the use of resin sealer, QAS did not infiltrate well
inside the dentine (Fig. 4C and D). Moreover, the said crust pro-
duced by 2% QAS was completely dissolved and subsequently
could no longer be identified inside the resin matrix. Conden-
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sation of QAS was observed on the dentine surface indicating
a phase separation in the presence of water coming from the
dentinal tubules (Fig. 3G). With QAS groups, there might have
been an increase in surface hydrophobicity by changing the
surface free energy of the dentine substrate [54], resulting in
better wettability and enhanced infiltration of resin sealer.
These organofunctional silanes also act as water scavengers
reacting with wholesome water molecules hydrolysing the
alkoxy groups present within the silanes converting them into
alcohol (in this case: ethanol) molecules [55]. In addition, the
formation of hydrophobic layer due to the presence of QAS
leads to more  durable hybrid layer formation with reduction of
water leading to facilitation of infiltration of adhesives (Raman
spectroscopy data not shown).

SEM results suggested that NaOCl with 2% QAS was the
most effective method for removing E. faecalis biofilm in the
root canal system, in both manual and ultrasonic way, when
compared to other irrigation techniques. This said method
debrided and decontaminated the root surfaces both mechan-
ically and chemically. This could be attributed to the known
bactericidal effects of NaOCl and synergistic effects of 2% QAS
(Fig. 3K and L). That said, the second null hypothesis can
be rejected. The possible reasons for the differences in the
efficacy of different irrigation protocols could be the result
of advanced synergistic effects of QAS. Previous study has
reported important information on the antimicrobial effects of
2%QAS on biofilms indeed [56]. One of the major etiologies of
endodontic failure is the persistence of bacterial biofilm even
after endodontic therapy [57]. Many  methods have been exam-
ined including machine-assisted irrigation [58] as E. faecalis
is a well-studied micro-organism in the endodontic litera-
ture because of its virulence [59]. The use of a tetrafunctional
organosilane as the anchoring unit for the antimicrobial tri-
alkoxysilane molecules enables a three-dimensional network
to be formed once condensation is brought to completion
within the dentinal substrate [60].

Our surface free energy results (Fig. 6) did not contrast
the existing SEM and confocal results. Even so, there was an
increased surface energy in the NaOCl + 2% QAS groups, which
may be due to the increased surface roughness due to the pres-
ence of QAS surface crust. The results for the flow of irrigants
are in concordance with other current data demonstrating
that NaOCl + 2% QAS based irrigants exhibited higher flow val-
ues than the other study groups. The explanation might be
primarily due to the complex interactions between the non-
polar and polar components of the root canal and the irrigants
dispensed on it. As for the model for calculating surface free
energy, the droplet volume and substrate type were equal, and
this is why we  believe that the difference in the irrigation con-
tent may have caused these said discrepancies. The ethanol
inclusion the 2% QAS may have increased the surface free
energy is suggesting that this irrigation protocol may be an
attractive method for endodontic therapy. Once there is the
formation of a smear layer on the dentine surface, its charac-
teristics can also determine the level of surface free energy as
it is increased with the increase in surface roughness due to

h
changes in the �S values, reflecting increase surface density
on dentine surface [61].

From a practicing endodontist’s point of view, the current
results strongly support the use and introduction of this irri-
 ( 2 0 1 9 ) 1264–1278

gation protocol as an alternative. In addition, the obtained
contact angles along with surface free energy studies confirm
higher wettability to the long-term success of root canal treat-
ment. On the other hand, the use of EDTA is known to soften
the dentine and affect the mechanical properties. The use of
quaternary ammonium silanes, despite exhibiting temporal
hydrolytic stability after condensation, bring some stability
with their molecular siloxane bridges (Table 2). Now,  this is
rejecting the third null hypothesis that QAS has no effect on
mechanical properties of dentine substrate. Ongoing work is
being performed to study in depth effects on biofilm at the
exopolysaccharide backbone.

Even so, the exudation of dentinal fluid along with
cytoplasmic elongations within dentinal tubules may have
reduced the inward transdentinal diffusion of QAS agents
towards the dental pulp. However, this assumption should
be verified in vivo before a final conclusion can be drawn.
No detrimental effect on mineralized nodule productions was
observed in the NaOCl + 2% QAS groups after 14 days (Fig. 5).
The normal deposition of mineralized nodules in NaOCl + 2%
QAS formulations indicates that the dentine pulp repara-
tive processes, which are essential tertiary dentine formation,
were minimally affected following NaOCl + 2% QAS applica-
tion, rendering it a safe irrigant for use.

The 2% QAS irrigation formulation did not show cyto-
toxic effects on 3T3 NIH mouse fibroblast cells (Fig. 7). The
predominance of the anti-inflammatory phenotype after its
application may stimulate healing and tissue repair [62]. It
is noteworthy that the newly developed antibacterial quater-
nary ammonium silane has also been proven to increase the
resistance of dentine collagen to degradation and is promising
option for use as a protease inhibitor [33] to improve durability
of resin-dentin bonds. Moreover, the favorable antimicro-
bial and endodontic profile of the NaOCl + 2% QAS could be
ascribed to its use as a potential irrigation concept for more
predictable reduction of intracanal bacteria and enhancing the
versatility of the material and its potential use in dentistry.
Future work is underway in the development of a 2% QAS
powder formulation to investigate the detailed effects of QAS
on undifferentiated stem cells and bacterial lipopolysaccha-
ride membranes looking at its important role in regenerative
endodontics.

5.  Conclusion

Within the limits of the present study, it may that the newly
developed quaternary ammonium silane (2% QAS) increases
its bacterial efficacy when used in conjunction with NaOCl as
an irrigant impregnated inside a root canal. Considering the
complex endodontic system and the difficulty of penetrating
dentinal tubules, there is a potential to exploit the QAS dis-
infectant as an irrigant for a feasible therapeutic approach
against biofilm infection within the root canal system.
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