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• HIFU’s acoustic waves and heat formed disrupt bacterial cell walls.
• HIFU, especially for 120s, efficiently eliminates E. faecalis biofilms.
• HIFU treatment exhibits better biofilm penetration and detachment than NaOCl.
• HIFU maintains dentine structure and mineral content without altering its integrity.

HIGHLIGHTS

Objective: High-intensity focused ultrasound (HIFU) has demonstrated significant efficacy in eradicating 
bacteria from substrates emerging as a promising solution for root canal disinfection. This in-vitro study in-
vestigated the effects of HIFU on reducing intracanal bacteria and its impact on the chemical and mechanical 
properties of root dentine. It also aimed to demonstrate acoustic wave penetration and distribution within 
the root canal system (RCS) and characterize the associated temperature changes.

Methods: Eighty-two extracted premolar teeth with single canals, infected with Enterococcus faecalis (E. fae-
calis) and cultured for two weeks, were randomly assigned to four groups: negative control, 4% sodium hypo-
chlorite (NaOCl), 60 s HIFU, and 120 s HIFU (operated at 250 kHz/20W). Post-treatment, biofilm samples were 
collected from the root canals to assess viable bacterial cells using colony-forming unit (CFU) and 3-[4,5-di-
methylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assays. The root canal surfaces were subsequent-
ly examined using scanning electron microscopy, confocal laser scanning microscopy (CLSM), microhardness, 
and Raman spectroscopy. Acoustic wave penetration, distribution, and temperature changes within the RCS 
were examined using CLSM and thermal camera. 

Results: HIFU at 60 s and 120 s consistently demonstrated superior anti-bacterial efficacy against E. faecalis 
biofilms compared to 4% NaOCl. MTT and CFU assays revealed a significant reduction in biofilm viability, 
particularly at 120 s of HIFU exposure (p<0.05). CLSM and SEM analyses demonstrated enhanced penetration 
and detachment of biofilms, as well as improved smear layer removal and preservation of dentinal tubules, es-
pecially at 120 s of HIFU exposure. HIFU treatment did not adversely affect the amide/mineral content of root 
dentine or its surface microhardness. Additionally, HIFU enhanced acoustic wave propagation and resulted in 
a controlled increase in temperature within the root canal over time. 

Conclusion: This minimally invasive approach shows promise for removing bacterial biofilms in the RCS, po-
sitioning HIFU as a valuable adjunctive treatment for enhancing root canal disinfection.

Keywords: Acoustic wave, bacterial reduction, Enterococcus faecalis, high-intensity focused ultrasound (HIFU), 
root dentine, sodium hypochlorite
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INTRODUCTION
Intra-radicular bacterial infection is recognized as the primary 
cause of both primary and post-treatment apical periodonti-
tis, highlighting the critical importance of complete root ca-
nal disinfection for the success of both initial treatment and 
retreatment procedures (1, 2). Although attaining complete 
bacterial eradication remains an ultimate goal, its clinical re-
alization is considerably challenging owing to bacterial per-
sistence within the root canal system (RCS). This persistence is 
evidenced by residual biofilms on unprepared dentinal walls 
and irregularities (3, 4) in the main canal lumen, bacterial in-
vasion of the dentinal tubule (5), and microbial resistance to 
disinfecting irrigants and medicaments (6, 7).

These challenges prompted the consideration of adjunct disin-
fection protocols aimed at enhancing the efficacy of irrigants. 
These protocols range from simple agitation to more sophisti-
cated approaches such as photodynamic therapy and the Pho-
ton-Induced Photoacoustic Streaming technique (6, 8, 9). These 
interventions aim to achieve maximal reduction of residual in-
tracanal bacteria. Sodium hypochlorite (NaOCl) remains the gold 
standard for disinfection, but its efficacy is contingent on factors 
such as concentration, volume, and exposure time (10). While 
longer exposure times improve bacterial reduction, excessive 
exposure can lead to the dissolution of the organic dentine ma-
trix and structural damage to the root (11, 12). Additionally, even 
with extended exposure, NaOCl struggles to penetrate complex 
anatomical regions such as lateral canals and apical deltas, high-
lighting the need for careful control of its application (13–15).

The evolution of high-intensity focused ultrasound (HIFU) for 
disrupting bacterial biofilms from a substrate with minimal 
surface damage, achieved through the generation of cavita-
tion bubbles, represents an advancing field in dental research 
(16–18). The primary effect of HIFU arises from inertial cavita-
tion, a phenomenon occurring at high intensities that involves 
the vigorous acceleration and collapse of oscillating bubbles. 
This process results in elevated fluid shear rates at the bacterial 
cell membrane (17). The concentrated energy released during 
the collapse of cavitation bubbles can have significant conse-
quences for bacterial cell integrity. This includes mechanical 
damage due to pressure and pressure gradients, shear forces 
generated by microstreaming, chemical attacks arising from 
the formation of free radicals, and the production of bactericid-
al hydrogen peroxide (19–21). Moreover, HIFU has the capabil-
ity to remove the smear layer, reveal the dentinal tubules, and 
produce a textured dentine surface with increased exposure 
time (22). All these effects, however, are dependent on the tar-
geted tissue and the HIFU operation parameters. Despite ad-
vancements in root canal disinfection, complete bacterial erad-
ication remains elusive due to microbial persistence within the 
dentinal tubules and resistance to conventional irrigants. While 
HIFU presents a promising non-invasive alternative for biofilm 
disruption, its efficacy in achieving deep dentinal penetration 
and its potential effects on root dentine integrity require fur-
ther investigation to optimize its clinical applicability.

This in-vitro study aimed to investigate the effect of HIFU 
on intracanal bacterial reduction and its effect on inducing 

chemical and/or mechanical changes in root dentine. In ad-
dition, it aimed to demonstrate acoustic wave penetration 
and distribution within RCS and to characterize the associat-
ed temperature changes.

MATERIALS AND METHODS

Sample Size Calculation
The sample size was determined utilizing G*Power 3.1.9.7 
(HHU, Düseldorf, Germany) based on the specified parameters: 
for ANOVA with one-way analysis, using an effect size of f=0.4, 
α err prob=0.05, and power=0.8 (23, 24). Consequently, the 
minimum required sample size for the study was 76 samples. 

Tooth Selection
Ethical approval from the institutional review boards (Univer-
sity of Western Australia Human Research Ethics Committee 
grant #RE 2019/RA/4/20/5863) was obtained, and the study 
was conducted in accordance with the Declaration of Helsinki. 
Eighty-two human single-rooted mandibular premolars with 
single-root canals were included in this study. Teeth with in-
complete root formation, root caries, root fractures, or external 
root resorption were excluded. Preoperative 2D radiograph-
ic images were taken to confirm that the teeth had a single 
canal with no internal root resorption or previous root canal 
treatment. Following this, the teeth were disinfected in a 0.5% 
chloramine-T solution for 24 h and stored in a 0.1% thymol 
solution, then refrigerated at 4°C until use. Before experimen-
tation, the teeth were autoclaved for 15 min at 121°C.

The teeth were decoronated with a diamond blade (0.3 mm 
thickness) using a slow-speed diamond saw (IsoMet, Buehler, 
Düsseldorf, Germany) under water cooling, and the root lengths 
were adjusted to a standardized length of 12 mm. The root ca-
nals were instrumented to 1 mm short of the root apex up to 
stainless-steel K-files size #40 (Maillefer Instruments SA, Ballai-
gues, Switzerland) while irrigating with 1% NaOCl (DentaLife, 
Victoria, Australia). Further, the root canals were flushed with a 
sterile saline solution, followed by irrigation with a 17% EDTA 
solution for 1 min to eliminate the smear layer. Subsequently, 
the specimens were thoroughly washed with distilled water in 
an ultrasonic bath, to have less deleterious effects on dentine 
microstructure and remove the canal wall smear layer (17).

E. Faecalis Growth and Root Canal Inoculation
The bacteria were cultured according to a previously de-
scribed protocol (16, 17). E. faecalis (NCTC 8213) was grown 
overnight in Brain-heart Infusion (BHI) broth (Sigma-Aldrich, 
Australia) at 37°C and subsequently adjusted to 108 CFU/mL 
concentration. Each root canal specimen was individually 
positioned upright in sterile 48-well plates containing 400 µL 
of BHI media. Subsequently, 100 µL of the prepared bacterial 
suspension was added to each well and allowed to grow for 
two weeks under aerobic conditions at 37°C and 100 rpm to 
facilitate biofilm formation. To provide nutrients, the growth 
medium was replenished every 48 h. Following a two-week 
incubation, E. faecalis biofilm development was confirmed 
by scanning electron microscopy (SEM) on randomly select-
ed specimens, ensuring biofilm formation at all levels of the 
root canals prior to treatment (25).
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Samples Grouping
Out of 82 samples, a total of 76 teeth were randomly allocat-
ed into four groups (n=19 each) using computer-generated 
randomization in Excel (Microsoft, Redmond, WA, USA). The 
remaining 6 teeth were used for the HIFU penetration/distri-
bution and temperature change experiments. The four groups 
were defined as follows: the Negative control group (NC) with 
no intervention, the Positive control group (PC) which un-
derwent irrigation with 4% NaOCl (26, 27) using convention-
al needle irrigation with double side-vented needles (Henry 
Schein, Australia) for 1 min at a flow rate of 0.2 mL/s (28), and 
two experimental groups exposed to HIFU for 60 s and 120 s.

HIFU Experimental Setup and Root Canal Exposure
Figure 1 shows the HIFU experimental setup. In brief, a 64 mm 
bowl-shaped piezoelectric ceramic transducer with a resonance 
frequency of 250 kHz (H-115, Sonic Concepts Inc, WA, USA) 
equipped with a transparent polycarbonate collimating cone, 
with a height of 50 mm and diameter of 3.1 mm was used in the 
study. The transducer has a geometrical focus of 63.2 mm, and a 
focal depth of 51.74 mm, respectively. A custom-made electrical 
matching network was connected between the Terminal Power 
Output (TPO) (Sonic Concepts Inc, WA, USA) and the transduc-
er. The collimating cone was filled with degassed water using 
syringe connections, and the opening was covered with a poly-
urethane membrane, fixed around the edges of the transducer 
using an O-ring to secure the seal. The geometry of the cone 
enabled the center of the focal spot to be on the membrane.

Following the two-week incubation of the root canal specimens, 
BHI media was removed, and the specimens were gently rinsed 
with sterile phosphate-buffered saline (PBS). Subsequently, 100 
µL of ultrasound coupling gel (sterile) was applied to the surface 
of the specimens before exposing them to varying HIFU expo-
sure. The HIFU device was operated at an output power of 20 W in 
continuous mode, achieving a peak focal pressure of 1.12 MPa_
Pk, for two different exposure times: 60 s, and 120 s (HIFU param-
eters were determined based on our preliminary investigations).

Microbiological Evaluation

MTT and colony forming unit (CFU) assay
After treatment, the metabolic activity of E. faecalis biofilms was 
evaluated using a 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide (MTT) assay kit (0.5 mg/mL MTT solution) (Sig-
ma-Aldrich, Australia), following the manufacturer’s guidelines. 
To release the bacteria remaining attached, the treated root ca-
nals (n=7) were subjected to ultrasonication for 10 min in vials 
containing 500 µL of distilled water. The bacterial suspension 
was then aliquoted in triplicates into a 96-well plate, with each 
well receiving 100 µL of the suspension. Then, 10 µL of MTT re-
agent was added to each well, and the plate was covered and 
incubated at 37°C for 4 h. Following incubation, the reagent was 
aspirated, and 100 µL of the solubilizing solution was added, and 
subjected to incubation overnight at 37°C (17). Absorbance at 
600 nm, with a reference wavelength of 700 nm, was measured 
using a spectrophotometer (SunriseTM, Tecan, Switzerland).

Figure 1. The schematic illustration depicts the experimental setup of HIFU for intracanal bacterial reduction 
in root canal dentine (250 kHz, 20W). The HIFU setup includes a terminal power output (TPO), a 50Ω 
matching network, and a focused ultrasound transducer operating at 250 kHz. The transducer features a col-
limating cone filled with degassed water, connected to a circulating water system via syringe connections. The 
opening of the cone is sealed with a polyurethane membrane, secured with an O-ring around the transducer’s 
edge. A thermal camera, positioned perpendicular to the root canal specimen interface, was used to measure 
the heat distribution during HIFU exposure
HIFU: High-intensity focused ultrasound
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To further confirm the viability of the bacteria after treatment, 
a CFU assay was conducted as outlined in previous methods 
(16). In brief, treated root samples (n=7) were placed in vials 
containing 500 µL of sterile distilled water and subjected to 
ultrasonication for 10 mins to detach the adhered bacteria. 
Upon ultrasonication, 100 µL of the solution was serially dilut-
ed, plated on BHI agar plates, and incubated for 24 h at 37°C. 
The number of viable colonies was determined using the fol-
lowing formula (17):

Volume of culture plated (mL) 
CFU/mL=

Number of colonies × Total dilution factor

Confocal laser scanning microscopy (CLSM)
After treatment, the root canal specimens (n=3 per group) 
were stained for 10 mins with LIVE/DEADTM BaclightTM Bacterial 
Viability Kit (ThermoFisher Scientific, MA, USA) containing the 
dyes Propidium iodide (PI) and Syto9 following manufacturer’s 
guidelines. The samples were washed with 500 µL of PBS, fol-
lowed by fixation for 10 mins using 4% paraformaldehyde solu-
tion. Post-fixation, the root canal specimens were split longitu-
dinally using a mallet and chisel. The split quadrants (n=12 per 
group) were visualized using Nikon AI Si Confocal Microscopy 
(Nikon Instruments Inc, NY, USA). The excitation wavelength 
for Syto9 and PI was centered at ~485 nm, whereas the fluo-
rescence intensity was measured at ~530 nm (green) and ~630 
nm (red), respectively. Three different locations (coronal, mid-
dle, and apical) on each specimen were scanned layer-by-layer 
(z-stack) and combined to get a representative image. 

Scanning Electron Microscopy (SEM)
Post-treatment the root canal specimens from each group 
were longitudinally split by employing a mallet and chisel into 
two halves (n=3 per group; total after splitting (n=6 per group). 
The specimens were then dehydrated through a sequence of 
increasing ethanol concentrations using a PELCO BioWave mi-
crowave at 250 W (Ted Pella, Inc., USA). After dehydration, the 
samples were mounted on aluminium stubs with copper tape 
and coated with platinum (~3 mm) using a Polaron SC7640 
sputter coater (Quorum Technologies Ltd, U.K). Representative 
SEM images of each root canal were captured at 7500x mag-
nification using Zeiss 1555 VP-FESEM (Carl Zeiss, Oberkochen, 
Germany) operated at an accelerating voltage of 10 kV. 

SEM images of the apical regions of the root canal were used 
to semi-quantitatively assess the smear layer coverage on 
root canal walls across the treatment groups. Five specialists 
independently examined and calibrated the images in a sin-
gle-blind manner using a scoring system developed by Gut-
mann et al. (29). The scoring criteria were as follows:

Score 1: minimal or no smear layer, covering less than 25% of 
the specimen; with dentinal tubules patent and clearly visible. 
Score 2: mild to moderate or patchy smear layer, covering 25-
50% of the specimen; with many dentinal tubules patent and 
visible. Score 3: moderate amounts of dispersed or aggregated 
smear layer, covering 50–75% of the specimen; with minimal 
or no patency or visibility of dentinal tubules. Score 4: heavy 
smear layer, covering over 75% of the specimen; with no pat-
ent or visible dentinal tubules. 

Raman Analysis of the Root Canal Dentine
A Raman microscope (WITec alpha 300RA; Germany) equipped 
with a laser that emitted light at an excitation wavelength of 765 
nm was used to analyze and determine the chemical compo-
sition of the root canal surface after exposure to varying HIFU 
parameters. The Raman microscope was configured to perform 
a full scan across the range of 300–1800 cm−1. Treated root ca-
nal specimens were split longitudinally into two halves (n=6 per 
group; total after splitting n=12 per group) and mounted on a 
glass slide. Multiple random sites were then examined using a 
20× objective lens. Spectra were collected with an integration 
time of 1 s and 40 accumulations, employing 600 lines/mm graft-
ing. The mineral and organic bands present on the surface of the 
root canal dentine within each specimen were investigated.

Vickers Microhardness Testing of the Root Canal Dentine
The surface microhardness of the treated root canal specimens 
split longitudinally into two halves (n=6 per group; total after 
splitting n=12 per group) was measured using a Microhard-
ness tester (Duramin-40; Struers, Australia). The measurements 
were taken at two specific locations: 500 μm and 1000 μm from 
the pulp-dentine interface (30). During each measurement, 5 
indentations were made on the surface. A force of 100 g was 
applied perpendicularly to the indentation surface for a dwell 
time of 10 s. The reported result represents the average value 
obtained from these indentations for each specimen.

HIFU Penetration/Distribution and Temperature Change 
within RCS
Prepared and sterilized teeth (n=8 with a total of four surfaces 
per group) without bacterial inoculation were used to visual-
ize the penetration/distribution pattern of HIFU and associated 
temperature changes within the RCS. The root canal specimens 
were injected with ultrasound gel containing Fluorescein iso-
thiocyanate (FITC) dye and subjected to the same HIFU setup 
with varying times of 60 s and 120 s. Each specimen was then 
split longitudinally into quadrants and was visualized using 
Nikon AI Si Confocal Microscopy (Nikon Instruments Inc, NY, 
USA) to evaluate the penetration distance attained with HIFU 
exposure. Concurrently, temperature variations in the root ca-
nal specimens during the experiment were monitored and re-
corded using an infrared thermal imaging camera (Optrix PIX), 
and its dedicated software packages (Optrix PIX Connect) (31, 
32). The camera was positioned perpendicularly to the speci-
men and captured continuous thermal images throughout 
the treatment. The resulting images were analyzed to evaluate 
temperature fluctuations, which were consistent with those ob-
served during the course of the experiments, and the average 
values were calculated to ensure reliable data interpretation. 

Statistical Analysis
Statistical analysis was conducted utilizing SPSS Statistics (ver-
sion 23.0, Armonk, USA). The Shapiro-Wilk test (p>0.05) was 
employed to assess the normality of data distribution, while 
Levene’s test (p>0.05) confirmed the homogeneity of variance. 
Given that the data followed a normal distribution, results were 
expressed as mean ± standard deviation and analyzed using one-
way ANOVA followed by Tukey’s post-hoc test. For determining 
statistical significance, the threshold was set at 0.05 (p<0.05). 
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RESULTS

MTT and Colony-forming Units Assay
The metabolic activity of E. faecalis biofilm across all experi-
mental groups is illustrated in Figure 2a. Notably, there was a 
significant decrease in the relative metabolic activity observed 
in the HIFU treatment groups when compared to the control 
group (p<0.001). To further confirm the anti-bacterial effects 
among the treatment groups, a CFU assay, expressed as log10 

CFU/mL, was conducted (Fig. 2b). The analysis of variance 
showed a noteworthy reduction in CFU/mL when comparing 
the control group to 120 s of HIFU (p<0.05). Furthermore, the 
Tukey test indicated that the log10 CFU/mL of remaining bac-
teria was significantly higher in the 4% NaOCl and 60 s HIFU 
group, in comparison to 120 s of HIFU (p<0.05).

Confocal Laser Scanning Microscopy (CLSM)
Representative images illustrating the penetration of E. fae-
calis biofilms into the dentinal tubules of the coronal, middle, 
and apical parts of the root canal are depicted in Figure 3a. In 
the fluorescent image of the control group, (Fig. 3a (i-iii)) all 
the bacteria emitted green fluorescence, indicating that they 
were viable, with no signs of red fluorescence (signifies dead/
damaged bacteria) within the dentinal tubules. Conversely, 
the extent of red fluorescence within the dentinal tubules var-
ied in the 4% NaOCl and HIFU treatment groups. Treatment 
with 4% NaOCl (Fig. 3a (iv-vi)) for 1 min was significantly less 
effective in eliminating bacteria present in the coronal, mid-

dle, and apical regions when compared to the HIFU-treated 
groups. Exposure to HIFU for 120 s (Fig. 3a (x-xii)) caused a 
shift from predominantly green bacterial fluorescence to red, 
signifying the most substantial bacterial inhibition, and was 
able to penetrate deep within the dentinal tubules. 

Scanning Electron Microscopy (SEM)
The SEM images of the control group revealed that E. faecalis 
formed a complex biofilm structure, surrounding the bacteria 
within a dense and heavy matrix. These structures firmly attach 
to the root canal wall, concealing the dentine surface with the 
dentinal tubules being mostly indiscernible (Fig. 3b (i-iii)). When 
treated with 4% NaOCl, there was a noticeable disruption of the 
biofilm interconnections, but it remained attached to the root 
surface (Fig. 3b (iv-vi)). However, after 120 s of HIFU exposure 
(Fig. 3b (x-xii)), there was a substantial improvement in the 
disruption of the well-organized biofilm structure. Minimal E. 
faecalis biofilm remained within the root canal, extending up 
to the apical part (Fig. 3b xii). Additionally, with 120 s of HIFU 
exposure, it appeared that the smear layers were removed, ex-
posing the dentinal tubules, and creating a textured surface on 
the dentine, extending from the coronal to the apical part (Fig. 
3b (x-xii)). Utilizing the Gutmann et al. (29) rating system, inter-
group comparisons at the apical level revealed a statistically sig-
nificant difference in smear layer removal effectiveness among 
the treatment groups (p<0.001) (Fig. 3c). Specifically, 120 s of 
HIFU exposure demonstrated superior efficacy compared to 4% 
NaOCl in removing both the smear layer and E. faecalis biofilm.

Figure 2. Bar charts of (a) MTT assay measuring the % of bacterial viability among the treated groups. (b) Log number of bacteria (CFUs) in an 
mL after different treatments. Data are presented as the mean±standard deviation. Significant differences (dissimilar letters indicate significant 
difference) between control and treatment groups (p≤0.05). (c) CFU plates, which serve as visual representations of the antibacterial effectiveness 
exhibited by the treatment groups
NaOCI: Sodium hypochlorite, HIFU: High-intensity focused ultrasound, MTT: 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide, CFU: Colony-forming unit

ba

c
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Figure 3. (a) Represent z-stacked confocal images (10X mag) of the root canal (coronal, middle, and apical) of the 
treatment groups (All bars represent 100 µm). (b) Represent the SEM images of the coronal, middle, and apical parts 
of the root canal after exposure to different treatment parameters. (Mag x7500) (All bars represent 2 µm). Red 
arrows- indicate disruption of the highly interconnected biofilm network. (c) The bar graph illustrates the intergroup 
comparison of remaining smear layer scores at the apical level among the treatment groups, as observed from SEM 
images (dissimilar letters indicate a significant difference at p≤0.001)
NaOCI: Sodium hypochlorite, HIFU: High-intensity focused ultrasound, SEM: Scanning electron microscope, 

a

b

c
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Raman Analysis
The characteristic Raman spectra of root canal dentine of the 
treatment groups are displayed in Figure 4a. After treatment 
with HIFU, it was observed that the root canal dentine specimens 
exhibited an elevated amide/mineral intensity ratio. Notably, the 
most prominent band at 960 cm-1 was associated with the sym-
metric stretching mode of v1PO4

3-, while bands at 429 cm-1 and 
588 cm-1 corresponded to v4PO4

3-, at 1254 cm-1 to Amide III, at 
1442 cm-1 to CH2 wag, and the peak at 1683 cm-1 to Amide I. The 
intensities at 960 cm-1, 1254 cm-1, 1442 cm-1, and 1683 cm-1 were 
more pronounced for the HIFU treatment groups (Fig. 4b, c). 

Vickers Microhardness Testing
Mechanical properties of the root canal surface that under-
went treatment were measured and expressed as mean± 

standard deviation, using Vickers microhardness (VH) (Fig. 4d). 
Among the treatment groups, the root canal surface treated 
with 4% NaOCl exhibited the lowest VH value, measuring 
22.84±2.64, in comparison to the other treatment groups. 
However, following 120 s of HIFU exposure, the VH value sig-
nificantly increased to 39.71±1.7, and this increase was statisti-
cally significant when compared to the other groups (p<0.05). 
This observed rise in VH values for specimens exposed to HIFU 
could potentially be linked to the removal of the smear layer, 
as demonstrated in the SEM images (Fig. 3b (x-xii)). 

HIFU Penetration/Distribution and Temperature Change 
Within RCS
The infiltration of ultrasound gel containing FITC into the RCS 
under varying HIFU exposure conditions is illustrated in Fig-

Figure 4. (a) Raman spectroscopic analysis obtained 
from different root canal dentine specimens acquired in 
the region of 300 cm-1 and 1800 cm-1 for the treatment 
groups. The major mineral and organic peaks are anno-
tated. (b) Spectral contribution of the mineral peak at 
960 cm-1. (c) Normalized Raman spectrum of the amide 
and C-H alkyl group of the treatment groups. (d) The 
bar chart demonstrates Vickers microhardness at 100gf 
for 10s of the treatment groups. Significant differenc-
es (dissimilar letters indicate significant difference) be-
tween control and treatment groups (p≤0.05)
NaOCI: Sodium hypochlorite, HIFU: High-intensity focused 
ultrasound

a

d

b

c
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ure 5a. The CLSM images reveal that in the control group (Fig. 
5a (i, ii)), the penetration of FITC-incorporated ultrasound gel is 
limited to approximately ~98±15.8 µm in the coronal part and 
about ~43.5±6.5 µm in the apical part of the RCS. However, 
when the specimens are exposed to HIFU (Fig. 5a (iii-vi)), there is 
a time-dependent increase in how far the gel can infiltrate both 
horizontally and vertically within the RCS. Simultaneously, ther-
mal images of the root canal specimen were recorded to visual-
ize the temperature change occurring within the system. Figure 
5b iii shows that exposure to 120 s of HIFU resulted in a localized 
temperature increase (~42.3±1.5°C) within the RCS when com-
pared to the control (~35±2°C) (Fig. 5b (i)). Importantly, the tem-
perature at the external root surface remained below 26±1.25°C, 
ensuring the safety and integrity of surrounding structures. 

DISCUSSION
This study investigated the effect of high-intensity focused ul-
trasound (HIFU) on the reduction of intracanal E. faecalis biofilm 
and evaluated its chemical and mechanical effects on the den-
tine surface for potential application in root canal treatment. E. 
Faecalis was the organism of choice, in this study, due to its asso-
ciation with various forms of periapical diseases (33). The physio-
logical characteristics and structural nature of E. Faecalis biofilm, 
including its enhanced ability to invade dentinal tubules and ad-
here strongly to dentine collagen, provide augmented protec-

tion against antimicrobial agents (34, 35). Therefore, E. faecalis 
poses a therapeutic challenge to clinicians due to its propensity 
for acquiring and transferring antimicrobial drug resistance (36). 

In this study, the anti-bacterial effectiveness of all treatments was 
evaluated by assessing two key parameters: metabolic activity, 
measured through MTT, and the ability to form new colonies 
(CFU). NaOCl is a potent disinfecting agent known for its an-
ti-bacterial action against E. faecalis biofilm (26, 27). Despite its 
widespread use as a root canal irrigant, the optimal concentra-
tion of NaOCl in clinical endodontics remains controversial, with 
recommendations ranging from <1% to >5% (6, 37). In this study, 
a 4% NaOCl was used based on evidence indicating that concen-
trations above 5% can lead to significant degradation of the or-
ganic dentine matrix and severe caustic effects on apical tissues 
(38, 39). However, our findings indicate that treatments involving 
varying times of HIFU exposure, especially 120 s, demonstrated 
superior efficacy in biofilm removal compared to irrigation with 
4% NaOCl, as evidenced by reduced metabolic activity and bac-
terial colony formation (Fig. 2 a, 2b).

Exposure to different treatments can render some cells non-vi-
able, although they may exhibit limited respiration for a brief 
period (17). Hence, the CFU assay was performed concurrently 
with the MTT assay. Although NaOCl exhibited some anti-

Figure 5. (a) Representative CLSM images (10X mag) showing the ability of HIFU waves to penetrate within 
the dentinal tubules and across the RCS (All bars represent 50 µm) (double-sided arrows display the penetra-
tion distance), (b) Thermal images of the root canal specimen demonstrating the heat distribution within the 
RCS during HIFU treatments. The white arrow represents the temperature change occurring within the RCS; 
the yellow arrow indicates the temperature change at the external surface of the root canal
HIFU: High-intensity focused ultrasound, CLSM: Confocal laser scanning microscopy, RCS: Root canal system
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bacterial activity compared to the control, it fell short of com-
pletely eradicating or disrupting the bacterial biofilm from the 
root canal wall and proved ineffective in penetrating dentinal 
tubules to eliminate the bacteria residing within. Conversely, the 
anti-bacterial effect observed following HIFU exposure is likely 
attributed to the generation of mechanical shock waves, which 
disrupt bacterial cell walls and lead to the formation of reactive 
oxygen species (ROS) such as OH·, HO2·, O·, and H2O2. These ROS 
can cause damage to bacterial membranes, proteins, DNA, and 
RNA (40–42). Moreover, the creation of shock waves results in 
increased conversion of acoustic energy to heat, which prop-
agates throughout the sample due to thermal diffusion (42). 
Elevated temperatures can weaken the bacterial cell envelope, 
rendering them more susceptible to cavitational effects (43).

The CLSM technique was further performed to investigate the 
spatial distribution of bacteria within the coronal, middle, and 
apical parts of the root canal. Additionally, SEM was utilized to 
examine the biofilm adherence and structure on the root canal 
surface. The CLSM and SEM images provided supporting evi-
dence for the bacterial count reduction. These images revealed 
that the treatment methods involving HIFU with different ex-
posure times exhibited improved penetration and detachment 
of biofilm when compared to NaOCl irrigation (Fig. 3a).

Following a 120 s treatment with HIFU, the root canal surface 
topography demonstrated an increased detachment of the 
densely interconnected bacterial structures within the canal. 
In contrast, while NaOCl managed to disrupt the biofilm orga-
nization, bacteria remained adhered to the root canal, result-
ing in alterations to the canal surface (Fig. 3b). This is significant 
because the persistence of microorganisms in the canal sys-
tem can lead to root canal treatment failure. Consequently, it 
underscores the limited efficacy of irrigants alone in fully erad-

icating bacteria from the dentinal tubules (44). Contrarily, the 
findings from Vyas et al. (18) indicate that the advantage of uti-
lizing HIFU, as opposed to other methods, primarily lies in the 
ability of acoustic waves' capacity to deeply penetrate denti-
nal tubules and disrupt biofilm structure, ultimately detaching 
bacteria from the surface. Furthermore, because bacteria have 
limited opportunity to adapt to sustained mechanical waves, 
HIFU treatment poses a lower risk of resistance development 
(45). Further, to better understand the penetration/distribu-
tion and temperature change of HIFU within the RCS, the root 
canal specimens were injected with ultrasound coupling gel 
containing the FITC stain and subjected to varying HIFU treat-
ment times. The treated samples were then visualized using 
CLSM to assess the acoustic wave distribution pattern and the 
distance the waves can penetrate within the dentinal tubules. 

Thermal imaging was also performed to monitor the genera-
tion of heat during the procedure, as observed by Canney et al. 
(42). The CLSM images demonstrate that HIFU exposure for 60 s 
and 120 s facilitated the penetration of the stained ultrasound 
gel deep within the dentinal tubules throughout the entire RCS, 
in contrast to the control (Fig. 5a). Studies have demonstrated 
the ability of chemical irrigants to penetrate deep into the den-
tinal tubules is generally restricted to around 160 µm (46, 47). 
However, this study has presented promising findings regarding 
the use of HIFU to detach or eliminate bacteria residing deep 
within the dentinal tubules, achieving a depth of approximately 
~1176±42 µm. In addition, the thermal images reveal a notice-
able increase in localized temperature and heat dissipation with-
in the RCS during HIFU exposure, attaining a peak temperature 
of 42.3°C during 120 s of HIFU treatment. Moreover, the external 
root surface temperature remained below 26±1.25°C at 120 s of 
HIFU exposure, which is within the tolerance threshold of the 
surrounding structures, thus preserving their structural integrity 

Figure 6. Diagram of the postulated anti-bacterial mechanism of HIFU against E. faecalis biofilm in root canal
HIFU: High-intensity focused ultrasound
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(Fig. 5b) (48). These results suggest that the potential removal 
and destruction of bacteria from the RCS may be attributed to a 
combined effect of the elevated temperature and the propaga-
tion of acoustic waves occurring during HIFU exposure (Fig. 6).

Raman spectroscopy was performed as a quantitative method 
for assessing the chemical composition of dentine and provides 
valuable insights into the amide/mineral content. The results 
obtained through Raman spectroscopy revealed a decrease 
in the peak height and area of 960 cm-1 for the NaOCl group. 
In contrast, specimens exposed to HIFU exhibited the highest 
peak intensities in the phosphate band compared to the con-
trol. Amide bands present in the Raman spectrum are indicative 
of the stability of the collagen structure, attributed to hydrogen 
bonding between glycine and proline (49). The Amide I, Amide 
III, and CH2 wagging peaks are clearly identifiable in the Raman 
spectra of both the control and HIFU-exposed groups, as shown 
in Figure 4c. However, these peaks showed a reduction in inten-
sity in the NaOCl group. The decrease in the Amide I (1683 cm-1) 
peak in the NaOCl group suggests potential damage or removal 
of the collagen fibril, and the lower intensity of CH2 wag implies 
decreased concentrations of proteins, lipids, and carbohydrates 
(50). In contrast, the increased concentrations of Amide I, Am-
ide III, CH2 wag, and PO4

3- suggest that treatment with HIFU 
could possibly reverse dentine deproteination.

Examining the surface microhardness provides indirect insights 
into mineral changes in dental hard tissues. The findings in this 
study, align well with the microscopic (Fig. 3c) and spectroscop-
ic analysis (Fig. 4a-c). Notably, exposure to 120 s of HIFU resulted 
in a significant increase (p<0.05) in surface hardness compared 
to the control group (Fig. 4d). This increase in surface hardness 
could potentially be attributed to the ability of HIFU to remove 
the smear layer (Fig. 3c), revealing the underlying dentine, and 
facilitating better penetration of the acoustic waves, as visual-
ized by SEM images and CLSM. On the other hand, utilization of 
NaOCl solution for 1 min led to a decrease in the surface hard-
ness values of the root canal, probably due to the dissolution of 
exposed organic components of the dentine. The changes in 
intensity ratios and altered surface hardness profile observed 
in the HIFU-treated groups suggest that HIFU exposure has 
the potential to not only destroy or detach bacteria but also to 
remove the smear layer and demineralized surfaces, thereby 
exposing the healthy dentine underneath, which contributes 
to better sealer penetration and enhanced root canal filling. 
Further investigations are warranted to gain a deeper under-
standing of how HIFU enhances microhardness and the relative 
intensity of demineralized root canal dentine substrates.  

 This study showed the promising anti-bacterial effect of HIFU 
exposure on E. faecalis biofilms and demonstrated acoustic 
wave penetration/distribution with the associated temperature 
change inside the RCS within the used exposure parameters and 
set-up. However, the results presented are obtained from a lab-
oratory model, which is the main limitation of this study. More 
clinically relevant HIFU exposure set-up and parameter re-val-
idation are required as a step forward toward the potential of 
translating this technology to clinical endodontics. Also, further 
investigation on a multi-species biofilm should be conducted. 

CONCLUSION
In-vitro experiments utilizing HIFU with a frequency of 250 kHz 
and an output power of 20 W demonstrated significant anti-bac-
terial efficacy against E. faecalis biofilms. The efficacy of this treat-
ment was found to be positively correlated with the duration of 
exposure, up to 120 s. Importantly, this anti-bacterial effect was 
achieved without causing detrimental changes to the amide 
and mineral content of root dentine or compromising its surface 
microhardness. These findings highlight HIFU as a promising 
minimally invasive technique for the effective removal of bacte-
rial biofilms within the RCS, suggesting its potential as a valuable 
adjunct to conventional root canal disinfection methods. 
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