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Abstract
Objective Evaluate effect of quaternary ammonium silane (QAS) cavity disinfectant on cariogenic biofilm.
Materials andmethods Single- (Streptococcus mutans or Lactobacillus acidophilus), dual- (Streptococcus mutans/Lactobacillus
Acidophilus), and multi-species (Streptococcus mutans, Actinomyces naeslundii, and Streptococcus sanguis) biofilms were
grown on acid-etched dentine discs. Biofilms were incubated (120 min/37 °C) and allowed to grow for 3 days anaerobically.
Discs (no treatment) served as control (group 1). Groups II, III, IV, and V were then treated with 2% chlorhexidine, and 2%, 5%,
and 10%QAS (20 s). Discs were returned to well plates with 300 μL of bacterial suspension and placed in anaerobic incubator at
37 °C and biofilms redeveloped for 4 days. Confocal microscopy, Raman, CFU, and MTT assay were performed.
Results Raman peaks show shifts at 1450 cm−1, 1453 cm−1, 1457 cm−1, 1460 cm−1, and 1462 cm−1 for control, 2% CHX, 2%,
5%, and 10% QAS groups in multi-species biofilms. There was reduction of 484 cm−1 band in 10%QAS group. CLSM revealed
densely clustered green colonies in control group and red confluent QAS-treated biofilms with significantly lower log CFU for
single/dual species. Metabolic activities of Streptococcus mutans and Lactobacillus acidophilus decreased with increasing QAS
exposure time.
Conclusion Quaternary ammonium silanes possess antimicrobial activities and inhibit growth of cariogenic biofilms.
Clinical significance Available data demonstrated use of QAS as potential antibacterial cavity disinfectant in adhesive dentistry.
Experimental QAS can effectively eliminate caries-forming bacteria, when used inside a prepared cavity, and can definitely
overcome problems associated with present available cavity disinfectants.
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Introduction

Incomplete removal of caries-infected dentine during cavity
preparation may result in entrapment of bacteria within the
cavity. These bacteria may remain with minimal nutrients to

survive; however, some biologically and chemically fit strains
may dominate and establish beneath an already sealed resto-
ration causing pulpal inflammation [1, 2]. Streptococcus
mutans, responsible for recurrent caries initiation and devel-
opment, is found beneath sealed restorations surviving at a
low pH, as a result of acidogenesis of carbohydrates [3].
Streptococcus mutans is linked to caries due to its acidogenic
and aciduric properties, contributing to extracellular matrix
production construction and mutacin production [4]. This bac-
terium secretes enzymes that are part of the salivary pellicle
synthesizing extra polysaccharide resulting in bacterial adhe-
sion [5]. They are primary colonizers and facilitate co-
aggregation and co-adhesion process serving as a substrate
for other microorganisms leading to a large accumulation of
biofilm maturation and microorganisms [6]. Following caries
development, the population of the microflora may change
from Streptococcus mutans to other non-mutant bacteria such
as Lactobacillus acidophilus [7]. A strong correlation has
been suggested between caries and the Lactobacillus count
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[8]. Lactobacillus species found in dental caries cohabitate
with other lactobacilli [9]. It is the ability of lactobacilli to
ferment a variety of carbohydrates and survive in a relatively
low pH environment making it extremely cariogenic [10]. It is
the production of exopolysaccharides that is considered piv-
otal in the adherence of the biofilm structure [11]. These bac-
terial properties of both species define a major hallmark of
caries process and a pivotal reason for using them in the study.

Dental composites are considered the most common alter-
native to dental amalgam. Cavities restored with moderate to
large-sized composites are associated with high frequency of
replacement or failures [12]. This is mainly due to in vivo
biodegradation of the resin-dentine bonded interface, leading
to loss of adhesion, microleakage, and recurrent caries [13].
Consequently with bacterial invasion along tooth-restoration
margins, there is a major microbiological shift of the bonded
interface from health to a disease-associated state [14]. Many
antimicrobial compounds such as chlorhexidine (CHX), metal
ions, bis-biguanides, and quaternary ammonium compounds
have been used to reduce the effects of oral bacteria and inhibit
recurrent caries [15]. Chlorhexidine digluconate has intense
adsorption to the tooth structure along with strong antibacte-
rial action [16]. Furthermore, it is known that application of
low concentrations of CHX results in stability of the bonded
interface by preventing degradation of the unprotected colla-
gen fibrils in the hybrid layer from the host-derived MMPs
and cysteine cathepsins [17, 18]. However, CHX can be
displaced by competing cations from dentinal fluid and saliva,
thereby compromising its antimicrobial and protease inhibito-
ry effects over time [19].

Quaternary ammonium compounds have been used as dis-
infectants on unbroken skin, non-critical surfaces, andmucous
membranes [20]. The organosilicon quaternary ammonium
compounds (3-(trimethoxysilyl)-propyldimethyloctadecyl
ammonium chloride) (SiQAC; C26H58ClNO3Si; CAS
Registry Number 27668-52-6) are cationic and have a quater-
nary ammonium end group with reactivity of carbon-silicon
bonds [21]. The hydrolysis products of SiQAC exhibited an-
timicrobial activities against a broad range of microorganisms,
while chemically bonded to a variety of surfaces [22]. These
compounds exert a strong positive charge, inadvertently
effecting the negatively charged cell wall of bacteria, resulting
in inhibition of bacterial growth [23]. The principal targets for
these compounds are the lipid bilayer hydrophobic interior of
the bacterial membrane, which is interposed with the hydro-
carbon cationic tail of the quaternary ammonium amphiphile
[24]. Their long alkyl lipophilic chain (C18) is found to pos-
sess rapid antibacterial action and controlled degradation as a
result of pH sensitivity of their hydrolysis [25].

The quaternary ammonium compounds, SiQAC, have
been coupled with trialkoxysilanes with methacryloxy or ep-
oxy functionalities via sol-gel platform chemistry that utilizes
tetraethoxysilane (TEOS) or dimethyldiethoxysilane as the

anchoring unit, generating a host of quaternary ammonium
silanes (QAS) molecules with antimicrobial activities [26,
27]. Recently, using similar platform chemistry, an ethanol-
or acetone-soluble, fully hydrolyzed, partially condensed ver-
sion of QAS (codenamed K21; CAS Registry Number
1566577-36-3; IUPAC name: 1-octadecanaminium, N,N
′ - [ [ 3 , 3 - b i s [ [ [ 3 - ( d ime t h y l o c t a d e c y l ammon i o )
propyl]dihydroxysilyl]oxy]-1,1,5,5,-tetrahydroxy-1,5-
trisiloxanediyl]di-3,1-propanediyl] bis[N,N-dimethyl] chlo-
ride (1:4)) has been synthesized and safe for intraoral use as
the hydrolysis by-product of the sol-gel reaction is ethanol.
Being devoid of a methacryloxy functional group, the disin-
fectant can be used in cavities that are to be restored with resin
composite, glass ionomer cement, or amalgam restorative ma-
terials. The application of cavity disinfectants and the removal
of biofilms are important alternatives for caries control as they
aim to reduce the spread of bacterial influx.

There are conservative approaches towards identification
of bacteria in different conditions based on morphological
evaluation [28]. Vibrational spectroscopic techniques such as
Raman spectroscopy provide a long tradition of identifying
vibrational spectra as an alternative approach by displaying
finger prints of the chemical composition of bacteria and bio-
film [29]. Therefore, this paradigmatic approach is employed
in the present study to obtain the different spectra from a
multi-species biofilm grown on demineralized dentine matrix
following QAS disinfection. Thus, the objective of the present
study was to evaluate the antimicrobial effect of different con-
centrations of QAS cavity disinfectants against both
Streptococcus mutans and Lactobacillus acidophilus as
single- and dual-species biofilms. In addition, Raman spec-
troscopy was performed on dentine substrates onto which
multi-species biofilms (Streptococcus mutans, Actinomyces
naeslundii, and Streptococcus sanguis) were grown and treat-
ed with QAS cavity disinfectants. Raman spectroscopy was
performed to analyze the biofilm structure and changes within
the demineralized dentine structure induced by biofilm and
application of cavity disinfectants. The null hypotheses tested
were that the QAS cavity disinfectants (i) had no antimicrobial
effect on the single-species and dual-species biofilms, (ii) had
no effect on the multi-species biofilm, and (iii) demineralized
dentine collagen matrix.

Materials and methods

One hundred forty-five sound human molars (from donors
aged 21–34 years) were stored in chloramine T solution at
4 °C for no more than 3 months after extraction. The teeth
were collected after the patient’s informed consent was obtain-
ed under a protocol approved by the Institutional Review
Board of the University of Hong Kong (UW14-406). Forty-
five teeth were used for single- and dual-species biofilm (n =
3) development for confocal laser scanning microscopy
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(CLSM) and 45 teeth for colony-forming unit (CFU) analysis
(n = 3). Twenty-five teeth were used for multi-species biofilm
development and micro-Raman analysis (n = 5). A further 30
teeth were utilized for 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT) assay (n = 3).

Drug

The QAS cavity disinfectant examined in the present study
was synthesized by sol-gel reaction between 1 mol of TEOS
(Mw 208) and 4 mol of Et-SiQAC (Mw 538) as reported
previously by Daood et al. [30, 31]. Briefly, 1 mol of TEOS
(Mw 20 8 ) a n d 4 mo l o f 3 - ( t r i e t h o x y s i l y l ) -
propyldimethyloctadecyl ammonium chloride (i.e., the ethoxy
version of SiQAC, abbreviated as Et-SiQAC; Mw 538). In a
typical synthesis, 2.08 g of TEOSwas blended with 29.89 g of
3-(triethoxysilyl)-propyldimethyloctadecyl ammonium chlo-
ride (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 water (pH 1.66, representing 3.5 times the stoichio-
metric molar concentration of water required, to ensure com-
plete hydrolysis). Completion of the hydrolysis reaction (ap-
proximately 3 h) was indicated by the disappearance of absor-
bance peaks of the Si–O–C peak at 1078 cm−1 and the –
OC2H5 peak at 1172 cm−1 [31].

Dentine disc preparation

Dentine disc preparation for single, dual-, and multi-species
biofilms, CFU counts, and MTT analysis

Forty-five teeth were used for CLSM analysis of single- and
dual-species biofilms following application of cavity disinfec-
tants. The occlusal enamel was cut perpendicular to the long
axis of the teeth with a low-speed diamond saw (Isomet,
Buehler Ltd., Lake Bluff, IL, USA), exposing the mid coronal
dentine 1 mm below the dentino-enamel junction using a wa-
ter coolant. Three dentine discs of 1 mm thickness were pre-
pared for triplicate analysis for each group (n = 3). After ex-
amining the dentine discs under a stereomicroscope, speci-
mens with cracks or lesions were removed. The dentine discs
were wet-polished with 1200-grit SiC papers for surface stan-
dardization of the smear layer and rinsed with deionized water
for 5 min under ultrasonic agitation. The polished surfaces
were blot-dried using absorbent paper (Kimwipes; Kimberly
Clark Corp, Roswell, GA, USA). The smear layer was re-
moved from the dentine discs by treatment with 1% citric acid
for 5 min and later rinsed with deionized water [32]. The
dentine discs were sterilized by autoclaving at 121 °C for
15 min. The sterilized dentine discs were anchored vertically
in a 24-well culture plate. Dentine discs (n = 3) for CFU count
and MTTassay were similarly prepared as for CLSM analysis

of single- and dual-species biofilms. Five discs were randomly
selected for each group (n = 5) to grow the multi-species
biofilms for Raman spectroscopy analysis. Discs receiving
no treatment served as the control.

Preparation and growth of biofilms

Bacterial strains 1. Single- and dual-species biofilms

Streptococcus mutans ATCC (American type culture col-
lection) 35668 and Lactobacillus acidophilus ATCC 4356
were used for single- and dual-species biofilm formation. All
bacteria were cultured on blood agar plates at 37 °C for 16 to
20 h anaerobically. Later, a distinct colony of each bacterium
was transferred for further incubation. The single-colony spe-
cies were cultured anaerobically in brain heart infusion (BHI)
broth supplemented with 8% sucrose (pH 7.4) and a minimal
amount of xylitol (0–2%) at 37 °C for 48 h. After the cells
were harvested by centrifugation at 4000 rpm for 10 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 in 100 mL of respective growth medium and ad-
justed to a concentration ofMcFarland 3 (109 cells/mL) before
use.

2. Multi-species biofilms

Streptococcus mutans ATCC 35668, Actinomyces
naeslundii ATCC 12104, and Streptococcus sanguis ATCC
10556 were used for multi-species biofilm formation. These
microorganisms were previously associated with the ecologi-
cal oral biofilm concept, as the organisms are well-
characterized viridans group and better candidates to study
as early colonizers in the mouth producing acids [33].
Streptococcus mutans, Actinomyces naeslundii, and
Streptococcus sanguis were cultured separately anaerobically
in BHI broth, which had been supplemented with 8% sucrose
(pH 7.4) and a minimal amount of xylitol (0–2%) at 37 °C for
48 h. The low concentration of xylitol enhanced the chance of
bacterial colonies to grow through their log phase. After the
cells were harvested by centrifugation at 4000 rpm for 10 min,
each of the cell pellets was washed three times with sterile
PBS (0.01 M, pH 7.2) and later re-suspended in 100 mL of
growth medium and adjusted to a concentration of McFarland
0.5 (107 cells/mL) before use. For multi-species biofilms, the
bacterial suspension was prepared and mixed to give the de-
fined bacterial population (107 CFU/mL).

Harvesting of biofilms on dentine discs
1. Single- and dual-species biofilms

A 300 μL aliquot of each bacterial culture was mixed and
transferred to the dentine discs individually for single-colony
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specimens, positioned in sterile 24-well tissue culture plates
(Thermo Fisher Scientific Inc.) and incubated at 37 °C in an
anaerobic chamber to allow bacterial adhesion for 3 days.
Similarly, dual colonies of Streptococcus mutans and
Lactobacillus acidophilus were incubated at a ratio of 60/40
respectively for each group. The lactobacilli are expected to
have high counts and outgrow Streptococcus mutans [34]. The
biofilms were first incubated for 120 min at 37 °C in an orbital
shaker incubator at 75 rpm for assisting the adhesion phase.
The biofilms (107 CFU/mL) were allowed to grow for 3 days
under anaerobic conditions (85% nitrogen, 10% hydrogen,
and 5% carbon dioxide). The mediumwas replaced daily with
a fresh solution and the pH of the culture media (7.4 ± 0.2)
was determined every 24 h.

2. Multi-species biofilms

For multi-species biofilms on dentine, the autoclaved discs
were transferred to a 12-well sterile tissue culture plate
(Thermo Fisher Scientific Inc.) containing 2 mL of multi-
species biofilm for each group (n = 3), respectively, and incu-
bated similarly as the single species for 120 min at 37 °C in an
orbital shaker incubator at 50 rpm. The multi-species biofilms
(107 CFU/mL) were also grown for 3 days under anaerobic
conditions (85% nitrogen, 10% hydrogen, and 5% carbon
dioxide). The media was refreshed every day.

Application of CHX and QAS cavity disinfectants After 3 days
of biofilm growth, group I dentine discs were not treated with
any cavity disinfectant and served as a control. In groups II, III,
IV, and V, the dentine surfaces were treated with 2% CHX, 2%,
5%, and 10%QAS, respectively, using a sterile saturated micro
brush (Dentsply/DeTrey; Konstanz, Germany) for 20 s using a
gentle dabbing motion, followed by a gentle blast of com-
pressed air for 5 s. Care was taken not to disturb the dentine
discs with in vitro grown biofilms. After treatment with the
cavity disinfectants, the dentine discs were left for 20 s for
evaporation of the solvent, returned to the well plates with
300 μL of bacterial suspension immediately, and placed in the
sterile incubator inside the anaerobic chamber at 37 °C. The
microorganisms were allowed to redevelop for 4 more days
before CLSM, CFU count, MTT assay, and Raman analysis.

Raman data acquisition and processing

For Raman measurements, specimens were drawn after 7 days
from culture plates and allowed to dry for 15min at 35 °C. The
dentine disc specimens were transferred to a low fluorescent
quartz microscopic slide. Areas of approximately 10 μmwere
chosen randomly across all dried biofilm disc specimens. A
Raman spectroscope equipped with a Leica microscope and
lenses (JY LabRamHR 800; Horiba Jobin Yvon, France) with
curve-fitting Raman software (Labspec 5) was used for

analysis. Excitation was provided using micro-Raman param-
eters at zero calibration: 785 nm wavelength with argon ion
514.5 green laser excitation (better for organic/inorganic struc-
tures and has better sensitivities; to increase the signal to be
analyzed), nm laser (spectral resolution of 1.6 cm−1), and
power < 500 μW at × 100 objective with a superior signal/
noise ratio. To generate one spectrum of the biofilms, six
frames of 30-s exposure were recorded and later subjected to
system background removal, spectral analysis, and dark count
correction with intensity normalized. All spectra were
recalibrated to the amplitude of the spectrums presumed to
also contribute from the bacterial colonies normalized to the
peaks 1450 cm−1 (CH2 deformations), 1655 cm−1, 1245 cm−1,
and 1070 cm−1 wavenumber regions for biofilm changes. The
spectral distance was also calculated using Origin 8.5 Pro Lab
software. Little fluorescence was observed in the dried biofilm
specimens due to the diameter of the laser used. The measure-
ment was done on an automated x-y-z-axis-positioning stage,
which held the dentine discs on a glass slide. The objective
was used to visually identify the position for obtaining the
Raman signals and precision of chemical data at different
locations in the intertubular dentine of the disc specimens
inducing the Raman scattering effect. Specimens of mineral-
ized and non-mineralized dentine specimens with no biofilm
grown were also analyzed for generation of standard spectra
with an exposure time on each scan of 60 s in the information-
rich region between 200 and 3200 cm−1 including the biofilm
specimens. All spectra were obtained at room temperature and
in the dark to avoid any spikes originating due to ambient
light. The changes within the inorganic and organic dentine
components were analyzed by comparing the Raman peaks
centered at 434 cm−1 (stretching vibration of V2PO4) [35] and
960 cm−1 (hydroxyapatite PO4) [36] for inorganic, and
484 cm−1 (polysaccharides or carbohydrates) [37],
1655 cm−1 (amide I {C=O}) [38], and 1454 cm−1 (pyrrolidine
rings of proline and hydroxyproline inside collagen) [39] for
organic to the peak at 1070 cm−1.

Confocal laser scanning microscopy

Following the secondary bacterial adhesion phase, the viabil-
ity of bacteria in single- and dual-species biofilms on dentine
was examined using CLSM (Fluoview FV 1000, Olympus,
Tokyo, Japan). Live/Dead Baclight bacterial viability (molec-
ular probe #L7012 LIVE/DEAD BacLight stain; Invitrogen)
was used with green stains for viable bacteria, while red stains
were damaged and dead bacteria (SYTO 9 live stain and
568 nm for PI dead stain). Live/dead bacteria were mixed
according to the manufacturer’s instructions. After 30 min of
incubation in the dark, excessive stain was removed from the
dentine discs using absorbent paper. The biofilm was imaged
on a CLSM using light emission between 500 and 550 nm
with an excitation wavelength of 488 nm and × 100 objective
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lens for direct observation. Five images were taken from each
biofilm specimen for examination using bioimageL software
(v.2.0. Malmő, Sweden), which provides information on the
structure of the biofilm including green- and red-stained bac-
teria volume on a two-dimensional x-y section, based on color
segmentation algorithms written in MATLAB. The respective
percentages for live and dead bacteria for each group were
calculated.

CFU count

Growth kinetics of the single- and dual-species biofilms were
assessed by quantifying bacterial counts in colony-forming
units (CFU). Both single- and dual-species biofilms were
grown for 3 days on dentine discs (n = 3), then treated with
cavity disinfectants; 2% CHX, 2%, 5%, and 10% QAS for
20 s and regrown for 4 days to complete a week cycle as
mentioned previously. The biofilms from the dentine samples
were collected in 1 mL of sterile BHI broth (pH 7.4) and
incubated at 37 °C for 24 h. A 100 μL of broth (each group
separately) in 100 μL of phosphate-buffered solution (PBS)
inside Eppendorf tubes (plastibrand micro centrifuge Tube/
Z334006; Sigma-Aldrich) was centrifuged five times inside
a micro centrifuge (Centrifuge 5430 R; Eppendorf AG,
Hamburg Germany). Five microliters of each serial diluted
sample was plated on selective BHI agar plates and incubated
for 24 h. The microbial colony-forming units [CFU/mL] were
counted and converted to log CFU.

MTT analysis

The MTT assay was used to measure the metabolic activity of
biofilms. It is a colorimetric assay that measures the enzymatic
reduction ofMTT, a yellow tetrazole, to formazan. The single-
colony bacterial cells, Streptococcus mutans , and
Lactobacillus acidophilus were harvested for 3 days, treated
with cavity disinfectants; 2% CHX, 2%, 5%, and 10% QAS
for 20 s and regrown as described above. The dentine discs
(n = 3) were autoclaved and washed with sterile saline solu-
tion to remove any unattached bacterial cells. A 2 μL sample
of Streptococcus mutans and Lactobacillus acidophilus was
placed in Eppendorf tubes with individual treated dentine
discs as described above for 15, 30, and 60 min. The bacterial
suspension from the tubes was transferred to a 96-well micro-
titer plate for assessment of bacterial cell viability to cleave the
classical tetrazolium salt (3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide) (MTT) to a formazan dye
(Boehringer Mannheim Corp, Indianapolis, IN, US). The
plates were incubated for 4 h at 37 °C after adding the MTT
labeling agent. The solubilization agent provided by the man-
ufacturer was added and incubated for 24 h. After the appear-
ance of purplish black formazan color, the plate was read at
560 nm in an Elisa reader (Dynatech MR 700). A higher

absorbance is related to a higher formazan concentration, in-
dicating a higher metabolic activity of the biofilms.

Statistical analysis

All data are presented as mean ± standard deviation and were
analyzed using a statistical package (SigmaStat Version 20,
SPSS, Chicago, IL, USA software). All data were assessed
for a normal distribution using the Shapiro-Wilk test for nor-
mality (p > 0.05). One-way analysis of variance followed by
the Tukey post hoc multiple comparison test was used to eval-
uate the effect of cavity disinfectants on the percentages of live
and dead bacteria as well as log CFU. Two-way ANOVA
followed by the Tukey post hoc multiple comparison tests
was used to evaluate the effect of cavity disinfectants and time
on the MTT relative absorbance values. All statistical analysis
used a 95% confidence limit, so that p values ≥ 0.05 were not
considered statistically significant.

Results

Confocal laser scanning microscopy

Representative CLSM images of single-species and dual-
species biofilms of Streptococcus mutans and Lactobacillus
acidophilus grown on dentine discs following treatment with
different cavity disinfectants are shown in Figs. 1, 2, and 3,
respectively. The Streptococcus mutans (Fig. 1a) and
Lactobacillus acidophilus (Fig. 2a) single-species biofilms
as well as dual-species biofilms grown (Fig. 3a) in the BHI
medium showed densely clustered green colonies with mini-
mal areas of dead bacterial cells; however, the majority of the
bacteria present in the single- and dual-species biofilms fluo-
resced red in the 5% and 10% QAS groups, indicating mostly
dead cells (Figs. 1d, e, 2d, e, and 3d, e). The amount of live
bacteria in both single- and dual-species biofilms decreased
significantly with increasing concentration of QAS (p < 0.05)
(Table 1). The highest dead cell count was observed in the
10% QAS groups (Table 2). No significant difference in dead
cell count was found among 2% CHX, 2% QAS, and 5%
QAS groups.

CFU counts

The mean and standard deviations of log CFU counts for
single- and dual-species biofilms following treatment with
cavity disinfectants are shown in Table 2. The log CFU was
the highest in the control dentine specimens without cavity
disinfectant treatment. For single-species Streptococcus
mutans biofilm, no significant difference in log CFU counts
was found among 2% CHX (4.74 ± 0.13), 2% QAS (4.08 ±
0.15), and 10% (3.96 ± 0.43) QAS groups. For single-species
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Lactobacillus acidophilus biofilm, no significant difference in
log CFU counts was found among 2%CHX (3.41 ± 1.17), 2%
(4.23 ± 0.68), 5% (4.80 ± 0.70), and 10% (3.79 ± 0.39) QAS
groups. For dual-species biofilm, no significant difference in
log CFU counts was found between 2% CHX (5.41 ± 0.65)
and 2% QAS (4.68 ± 0.76) groups. Increasing the QAS con-
centration has no effect on the log CFU counts of the single-
and dual-species biofilms.

MTT

The viability of Streptococcus mutans and Lactobacillus
acidophilus following treatment with cavity disinfectants

was assessed using MTT assay. The results are shown in
Table 3. Results of two-way ANOVA showed that both
factors, time (p < 0.05) and cavity disinfectants (p < 0.05),
were significant and their interaction was also significant
(p < 0.05). The control dentine discs had biofilms with a
high metabolic activity compared to the other four groups.
The metabolic activity of Streptococcus mutans and
Lactobacillus acidophilus biofilms decreased with in-
creasing exposure time to cavity disinfectants. No signif-
icant difference in metabolic activity of Streptococcus
mutans and Lactobacillus acidophilus biofilm was found
between 2% CHX and 2% QAS after 60-min exposure.
Increasing the concentration of QAS significantly

Fig. 1 CLSM images of single-species Streptococcus mutans biofilm (× 100). Live bacterial cells appeared green, while dead cells appeared red. a
Control. b 2% CHX. c 2% QAS. d 5% QAS. e 10% QAS

Fig. 2 CLSM images of single-species Lactobacillus acidophilus biofilms (× 100). Live bacterial cells appeared green, while dead cells appeared red. a
Control. b 2% CHX. c 2% QAS. d 5% QAS. e 10% QAS

Clin Oral Invest



decreased metabolic activity of Lactobacillus acidophilus
biofilm (p < 0.05).

Raman data acquisition

Raman spectroscopy was carried out in the experiments with
smears of modeled and established biofilms grown on
demineralized dentine discs. It is well known that the half
width peaks at 1246 cm−1 (amide III) and 1450 cm−1 (C–H
alkyl group), result from CH2CH3 asymmetric bend (rock),
while the 1667 cm−1 (amide I) corresponds to Raman scatter-
ing of the collagen [40, 41]. The molecules within the func-
tional and the aromatic groups have delocalized electrons,
which are easily polarized due to the presence of free electrons
and double bonds, resulting in increased Raman shifts [42].
The low-power infrared laser used eliminated the sample fluo-
rescence due to the rotation of molecules and transitions that
are easily evaluated within the absorption and scattering spec-
tral data.

Biofilm changes

From the spectrum, it can be observed that the bands in
this region respond mostly with treatment on the biofilm
and typify changes within the absorbance spectrum with
intensity increases with increasing QAS concentrations.
Raman spectra showed signals detected in all samples
with biofilm at 484 cm−1 with more obvious variations
in spectra from biofilm samples according to the disinfec-
tants used (Fig. 4). The weak bands refer to the glycosidic
link or the ring breath of possible polysaccharides within
the biofilm or spectroscopic signature due to linkages of
polysaccharides. There was a gradual reduction and strik-
ing difference of the 484 cm−1 band as the concentration
reaches 10% QAS.

Fig. 3 CLSM images of dual-species Streptococcus mutans and Lactobacillus acidophilus biofilms (× 100). Live bacterial cells appeared green, while
dead cells appeared red. a Control. b 2% CHX. c 2% QAS. d 5% QAS. e 10% QAS

Table 1 Bacterial viability in single- and dual-species biofilms follow-
ing different cavity disinfectant treatments

Dead Live

Mean % SD Mean % SD

S. mutans

Control 0.31 I 0.41 99.28 I_1 0.84

2% CHX 65.97 II 6.84 32.39 II_1 6.71

2% QAS 71.34 II 9.17 25.68 II_1 6.39

5% QAS 74.97 II 14.59 24.97 II_1 14.48

10% QAS 80.51 II 4.97 18.38 II_1 6.53

L. acidophilus

Control 1.61 A 1.64 98.32 A1 1.67

2% CHX 61.95 B 12.71 36.11 B1 10.88

2% QAS 67.07 B, C 3.90 31.41 B1 3.29

5% QAS 72.70 B, C 5.71 31.16 B1 7.90

10% QAS 84.54 D 8.45 14.81 C1 8.59

S. mutans and L. acidophilus

Control 2.33 a 2.02 97.67 b1 2.02

2% CHX 68.61 b 6.75 29.19 b1 4.96

2% QAS 71.18 b 2.48 27.54 b1 3.29

5% QAS 76.30 b, c 1.06 23.77 b1 1.23

10% QAS 83.99 c 1.73 15.33 c1 1.67

Values are means ± standard deviation. Groups identified by different
numerals and letters were significantly different at p < 0.05

CHX chlorhexidine, QAS quaternary ammonium silane
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Dentine substrate changes

Figure 5 shows the CH2 (1450–1455 cm−1) bending region
(dotted line) and changes in the intensities of the conventional
spectral absorbance following treatment with different cavity
disinfectants. The figure shows a correlation spectrum among
all groups of the CH2 bending region. Analysis of the peaks
shows the respective changes: shifts at 1450 cm−1, 1453 cm−1,
1457 cm−1, 1460 cm−1, and 1462 cm−1 for control, 2% CHX,
2%QAS, 5%QAS, and 10%QAS. The assignment of Raman
bands for reference analysis is summarized in Table 4.

Deformation vibrations of single-bond stretch for amino
acids (870 cm−1 [43] and 1024 cm−1 [44]) disappeared or
displayed less signals and peaks in the 10%QAS-treated spec-
imens compared to other specimens with C–C (1128 cm−1)
[45] seen between 700 and 1200 cm−1. In particular, the
Raman spectrum at amide III regions in the 2%, 5%, and
10% QAS groups showed maximum intensity compared to
the control (Fig. 5). The amide I band (amide vibrations) at
1665 cm−1 (not shown) was observed as a strong and broad
band, particularly in the 2%, 5%, and 10% QAS-treated spec-
imens. The shifts in amide I for control, 2% CHX, 2%, 5%,
and 10% QAS specimens were 1665 cm−1, 1665 cm−1,
1658 cm−1, 1656 cm−1, and 1653 cm−1. The Raman spectra
treated with 5% and 10% QAS revealed higher intensities and

an intense band around 1350 cm−1 (arrows). A new broad
isolated peak was found centered at 1130 cm−1 in specimens
treated with 5% QAS and a narrow peak in the control. There
were deviations in the Raman spectrum at 1129–1130 cm−1

C–C skeletal backbone with the representative spectra show-
ing reduction in shifts: 1128 cm−1, 1128 cm−1, 1124 cm−1,
1121 cm−1, and 1119 cm−1 respectively for control, 2%
CHX, 2%, 5%, and 10% QAS (Table 4).

Moreover, the result was corroborated with the emergence
of a peak at 1513–1515 cm−1 in some of the specimens where
the spectral peaks changed and became variable as the speci-
mens were treated with different cavity disinfectants to well-
formed peaks with peaks dominating in 5% and 10% QAS
(Fig. 6). The peak may amount to amide II as it occurs in the
vicinity of the 1515–1530 cm−1 region.

Discussion

When using a minimally invasive operative caries manage-
ment strategy, caries removal is often limited to the more
superficial caries-infected dentine with partial removal of
caries-affected dentine, and residual microorganisms may be
left in the prepared tooth cavity, increasing the risk of pulpal
inflammation and recurrent caries. Recurrent caries occurring

Table 3 MTT metabolic activity following different cavity disinfectant treatments. Biofilms were grown for 15, 30, and 60 min

15 min 30 min 60 min Control

Mean SD Mean SD Mean SD + –

Streptococcus mutans 2% CHX 1.45 ± 0.46 a 1.11 ± 0.10 c 1.10 ± 0.20 c 2.05 0.07
2% QAS 1.31 ± 0.16 b 1.13 ± 0.17 c 0.95 ± 0.12 c, d

5% QAS 1.10 ± 0.18 c 0.83 ± 0.08 c, d 0.546 ± 0.11 d

10% QAS 1.14 ± 0.25 b, c 0.88 ± 0.09 c, d 0.35 ± 0.12 d

Lactobacillus acidophilus 2% CHX 2.27 ± 0.15 A, B 2.45 ± 0.49 A 1.75 ± 0.23 D 3.20 0.08
2% QAS 2.23 ± 0.18 B 1.98 ± 0.19 C, D 1.56 ± 0.22 D, E

5% QAS 2.21 ± 0.10 B, C 1.42 ± 0.17 E 0.67 ± 0.13 F

10% QAS 1.02 ± 1.02 E, F 0.71 ± 0.20 F 0.42 ± 0.11 F

Values are means ± standard deviation. Groups identified by different superscripts were significantly different at p < 0.05.

Table 2 Bacterial counts (log
CFU) following different cavity
disinfectant treatments

Disinfectant Streptococcus mutans Lactobacillus acidophilus Dual-species

Log SD Log SD Log SD

Control 6.27 0.08 I 6.20 0.08 A 6.26 0.12 a

2% CHX 4.74 0.13 II 3.41 1.17 B 5.41 0.65 a, b

2% QAS 4.08 0.15 II, III 4.23 0.68 B 4.68 0.76 b, c

5% QAS 3.56 0.59 III 4.80 0.70 B 4 0.36 c

10% QAS 3.96 0.43 II, III 3.79 0.39 B 3.59 0.34 c

Values are means ± standard deviation. Groups identified by different numerals and letters were significantly
different at p < 0.05
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at the resin-dentine interface has been the foremost reason for
replacement of dental composite restorations [46] with
Streptococcus mutans being the core bacterial microorganism
responsible for recurrent decay [47]. Therefore, there is a need
for the use of cavity disinfectants prior to the placement of
non-antimicrobial restorative materials to eliminate residual
bacteria, prevent bacterial growth, and invasion of the bonded
interfaces.

This study provides important information on the antimi-
crobial effects of QAS on the single- and dual-species
biofilms. The QAS cavity disinfectants are used to remove
residual microorganisms prior to placement of the bonded

restorations. Results from CLSM and CFU have shown that
QAS has a significant antimicrobial effect against both
Streptococcus mutans and Lactobacillus acidophilus biofilms,
which are the two most important bacteria associated with
dentine caries. Streptococcus mutans is the most predominant
bacteria related to primary and recurrent caries, which exem-
plifies the cariogenic properties of sucrose metabolism,
acidogenity via fermentation, adherence, and biofilm forma-
tion via synthesis of extracellular glucans [48]. Lactobacilli
are regarded as a major contributor to caries progression and
the ability of Lactobacilli to form a biofilm was significantly
enhanced in the presence of Streptococcus mutans, which

Fig. 5 Raman spectra of dentine with treated biofilm cultivation. Dotted regions and arrowheads indicate the variation of peaks after treatment compared
to control specimen without disinfectant treatment

Fig. 4 Raman spectra of multi-
species biofilms grown on
demineralized dentine specimens
and treated with different
concentrations of QAS and CHX
disinfectants. Spectral differences
of control and treated specimens
can be seen in the 484 cm−1

region after normalization; (a)
10% QAS, (b) 5% QAS, (c-d) 2%
QAS; (e) 2% CHX; (f) Control
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create the necessary niche capable of mechanically retaining
the Lactobacilli [49]. When compared to mono-species
biofilms, the dual-species biofilm includes the interaction be-
tween two species and provides a means for studying more
complex microbial ecosystems. However, it is different from
the in vivo multi-species plaque biofilms in both survival and
pathogenic potential. Therefore, the results cannot be extrap-
olated to the in vivo situation and caution should be exercised
in their interpretation.

In addition, CLSM, CFU counts, andMTTassay were used
to evaluate bactericidal effects of CHX and QAS. The CLSM
analysis revealed green and red fluorescence intensities within
the single- and dual-species biofilms. The red fluorescence is a
consequence of SYTO9 emission bands within the red wave-
length [50]. Most of the bacteria present in the biofilm fluo-
resced green in the control group, indicating that the bacteria
were mostly alive in the control, while the majority of the
bacteria present in both the single- and dual-species biofilms
fluoresced red in the CHX and QAS groups. Furthermore, a
moderate decrease in MTT activities and bacterial viability
was observed following treatment with CHX andQAS; hence,

the first null hypothesis that QAS had no antimicrobial effect
on single-species and dual-species biofilms has to be rejected.
Thus, in the current study, the results indicated the antimicro-
bial effectiveness of 2% QAS as the minimal concentration to
achieve the desired efficacy when compared to higher concen-
trations and hence could have overcome any shortcomings of
existing disinfectants, as per our previous studies.

Most of the attention regarding caries are given to the use
of CHX when dealing with antimicrobials. The effect of CHX
has been seen to reduce bacterial load, carious pathogens,
demineralization of enamel, and acid production seen in case
of biofilms. Although there was a caries inhibiting outcome of
46%, a meta-analysis of effects of CHX showed variable out-
comes reporting differences when compared to fluoride var-
nish [51]. Other analysis suggested an insignificant, variable
outcome and effect on the inhibition of caries [52]. CHX is
water-soluble and can also leach out from the bonded inter-
faces, resulting in loss of antimicrobial and protease inhibitory
activities. The original gluconate salt form of CHX, a
biguanide compound, is considered a strong base and is rela-
tively poorly soluble in water [53]. It has been replaced by

Fig. 6 Raman spectra of dentine
specimens grown with multi-
species biofilm and treatment
with different concentrations of
QAS and CHX disinfectants.
Arrow regions show the change in
1513–1515 cm−1 wave region
with peak-based discrimination

Table 4 Typical band assignments of Raman spectrum of dentin collagen disc specimens in both innate state and after QAS treatment of dentin disc
specimens

Control Assignment/vibrational mode 2% CHX 2% QAS 5% QAS 10% QAS Ref

870 cm−1 Single-bond stretching vibrations for amino acids proline and valine 871 cm−1 865 cm−1 866 cm−1 867 cm−1 30

1024 cm−1 Carbohydrates 1021 cm−1 1022 cm−1 1023 cm−1 1019 cm−1 31

1128 cm−1 C–C str, C–O–C glycosidic link 1128 cm−1 1124 cm−1 1121 cm−1 1119 cm−1 32

1450 cm−1 C–H alkyl group 1453 cm−1 1457 cm−1 1460 cm−1 1462 cm−1 27, 28

1246 cm−1 Amide III/C–N stretch; N–H; peptide carbonyl 1245 cm−1 1249 cm−1 1255 cm−1 1261 cm−1 27, 28

1665 cm−1 Amide I/N–H inplane deformation alpha helix 1665 cm−1 1658 cm−1 1656 cm−1 1653 cm−1 27, 28
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chlorhexidine digluconate. In order to design QAS with en-
hanced antimicrobial properties, an ethoxylated version of the
QAS, which has been tested effective against Porphyromonas
gingivalis and Enterococcus faecalis, was used [54]. The sol-
gel synthesis provides a facile method for synthesizing
organosilicates under mild conditions. The use of a
tetrafunctional organosilane as the anchoring unit for the an-
timicrobial trialkoxysilane molecules enables a three-
dimensional network to be formed once condensation is
brought to completion within the dentinal substrate [55].
This minimizes the possibility for individual Et-SiQAC mol-
ecules to leach out of the bonded interface and provides con-
siderably longer antimicrobial activity. Because of the pres-
ence of reactive silanol groups generated during hydrolysis,
QAS can covalently attach to substrate surfaces via Si–O link-
ages to exert non-migrating microbiocidal functions [22]. As a
result of their surfactant properties, QAS forms a protective
antimicrobial film after reacting with the surface of materials.
This surfactant activity may result in reduction of microbial
adherence to circumvent or slow down biofilm formation [56].

QAS has strong broad-spectrum antibacterial properties. It
is not required to enter the bacterial cell due to the interference
of the ion transport and membrane lysis [14]. The positively
charged quaternary group, N+, within the pyridinium ring, has
a high affinity for the negatively charged bacterial cell mem-
brane, resulting in a massive discrepancy of the ionic balance
and bursting of the bacterium under its own osmotic pressure.
Due to the presence of long-chain lipophilic alkyl chains, the
action of quaternary ammonium compounds against microbes
is strong and rapid [57]. Furthermore, QAS also inhibits
matrix-bound metalloproteinases and cathepsins that are re-
sponsible for degradation of demineralized collagen fibrils at
the resin-dentine bonded interfaces [25].

Spectroscopic techniques such as Raman spectroscopy
have been used for identification and study of bacterial com-
ponents within the microbial mass and the biofilm structure,
also offering easier sample preparation and additional benefits
of molecular-level information [58]. In particular, Raman
spectra as well as the maximum intensity projections seen in
the region of 480–490 cm−1 could be assigned to polysaccha-
rides or carbohydrates [37, 59, 60]. The obtained spectrum
contains multidimensional information on the presence of
some cellular components. However, it seems that the differ-
ent concentrations of QAS and 2%CHX used have resulted in
deviations and marked differences in the intensity of the
Raman spectra as a result of variations in structural elements.
In the 7-day biofilms, treated and untreated with disinfectants,
the control specimens showed intensive signals at the region
of 484 cm−1. Additionally, the Raman signals assigned to
these polysaccharides were also detected in other samples
treated with different concentrations of QAS and 2% CHX.
Based on the comparability of different spectra, 10% QAS
specimens showed the least amount of intensity, followed by

5% QAS, 2% QAS, and 2% CHX. These accompanying
Raman bands are spectroscopic signatures of carbohydrates
within the biofilm as the peak appears more dull and broad,
hypothesizing that more bacterial colonies are being affected
at higher concentrations of QAS.

This study demonstrates that the viability of biofilms is
affected by the QAS used. Interestingly, oral bacteria, such
as S. mutans, colonize and form tooth surface biofilms and
metabolize carbohydrates to produce organic acids. This re-
sults in dental caries formation specifically at the tooth resto-
ration interface. The QAS compounds alter the surface elec-
trostatic balance of the bacterial cells [61], resulting in a mas-
sive leakage within the cellular wall. With QAS concentration
increasing from 2 to 10% (Fig. 4), there is a decrease in the
Raman intensity of the 484 cm−1 region as the peak appears
more dull and broad, hypothesizing that more bacterial colo-
nies are being affected. Hence, the second null hypothesis that
QAS cavity cleanser had no effect on themulti-species biofilm
can be rejected. In accordance with the results of the current
study, QAS have promising antibacterial potential and can be
further explored as cavity disinfectants prior to the application
of self-etch or etch-and-rinse dental adhesives.

The Raman spectrum in Fig. 5 showed differences in the
peaks of CH2CH3, amide I, and amide III among the 2%, 5%,
and 10% QAS groups. The interaction of QAS with
demineralized dentine may have resulted in a chemical mod-
ification of the tooth structure after elimination of bacterial
colonies. Hence, the third null hypothesis that the QAS cavity
disinfectants had no effect on demineralized dentine collagen
matrix has to be rejected. The amide I, III, and the C–H alkyl
group (1450 cm−1) show shifts with higher frequencies as the
concentration of the QAS within the disinfectants increased
from 2 to 10% (Table 4). The observed shifts may be due to
sensitivity of the polypeptide chain [62], as these regions are
responsive to most common spectral changes as a result of
secondary structure of the polypeptide chain [63]. This may
have contributed to the observed shifts and sharpening or
broadening of the peaks. However, the mechanisms of chem-
ical structure improvements within the dentine structure
should be understood with the interplay among the micro-
structural components. The amide bands (I and III) are gener-
ally employed to study the protein structure showing visible
excitation, which are more responsive within the specimens
from the 2%, 5%, and 10% QAS groups, suggesting a stable
three-dimensional structure with interchain hydrogen bonds
[64]. The exact mechanism of this reinforcement needs further
exploration on biofilms and changes within the amide and C–
H alkyl regions. Moreover, the result corroborated with the
emergence of peaks at 1513–1515 cm−1 in some of the spec-
imens, where the spectral peaks changed and became well-
formed peaks dominating in 2%, 5%, and 10% QAS groups
(Fig. 6). The CHX-treated specimens showed lesser intensity
at the same region (Fig. 6). The peak may be erroneously
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amounted to amide II region as it occurs in the vicinity of the
1515–1530 cm−1 region [65]. Because of an increase in the
height of the peaks, it was concluded that the random coils and
turns of proteins were maintained [66].

Conclusion

Under the experimental conditions of this in vitro study, it is
possible to conclude that the use of quaternary ammonium
silane disinfectants is effective and has contributed in ensuring
a significant decrease in microbial growth of biofilms. This
antibacterial effect also correlated with the changes in Raman
vibrations specific to the concentration of QAS used. The
treatment of acid-etched dentine with 2% QAS cavity disin-
fectant for 20 s has antimicrobial efficacy ensuring a signifi-
cant decrease in microbial growth of biofilms. The underlying
results related to antimicrobial action by 2% QAS against
bacterial growth show strong potential for development of
safer disinfectants in adhesive dentistry.
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