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Abstract

Bacterial biofilms are a cause of contamination in a wide range of medical and
biological areas. Ultrasound is a mechanical energy that can remove these
biofilms using cavitation and acoustic streaming, which generates shear forces
to disrupt biofilm from its surface. The aim of this narrative review is to
investigate the literature on the mechanical removal of biofilm using acoustic
cavitation to identify the different operating parameters affecting its removal
using this method. The properties of the liquid and the properties of the
ultrasound have a large impact on the type of cavitation generated. These
include gas content, temperature, surface tension, frequency of ultrasound
and acoustic pressure. Many of these parameters require more research to
understand their mechanisms in the area of ultrasonic biofilm removal and
further research will help to optimise this method for effective removal of
biofilms from different surfaces.

Key words: Ultrasonic cleaning; Biofilm Removal; Biofilm Cavitation
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Uses of Ultrasonic Biofilm Removal

Biofilm is a coagulated mass of bacterial microorganisms adhered to a
surface(2003, Costerton, et al. 1999, Flemming, et al. 2016). Biofilms can form
on any non-sterile surface when moisture is present. They are problematic in
many areas ranging from oral biofilms in the mouth to biofilm infections on
medical devices (Bjarnsholt 2013, Costerton, et al. 1999, Salta, et al. 2016).
Therefore, the removal of these biofilms without causing damage to
surrounding surfaces such as biomaterials is generating interest (Costerton, et
al. 1987, Gupta, et al. 2016, Percival, et al. 2015, Veerachamy, et al. 2014, Wu,
et al. 2015). Biofilms are often highly tolerant of traditional antimicrobials
such as antibiotics, possibly because it may be difficult for antimicrobials to
penetrate into the biofilm structure (Bjarnsholt 2013, Wu, et al. 2015), the
antibiotics are only effective on metabolically active bacteria, or the antibiotic
action may be antagonised by environmental conditions in the biofilm due to
nutrient depletion or the build-up of waste products (Stewart and Costerton
2001). It has been suggested that a combination of antimicrobials with physical
biofilm disruption via shear stresses could be an effective biofilm management
strategy(Koo, et al. 2017). One method of physically disrupting biofilms is by
using ultrasound where it produces phenomena such as cavitation and
microstreaming. Cavitation is the generation and collapse of gas or vapour
bubbles in a liquid, which can be used to remove debris from surfaces(Young
1999). Cavitation has been investigated for ultrasonic cleaning in a range of
industries, for example to remove marine biofouling or food contamination
(Chahine, et al. 2016, Fink, et al. 2017, Oulahal, et al. 2007, Salta, et al. 2016).
Ultrasonic cavitation can also be used in the healthcare sector to remove
biofilms, for example oral biofilms on teeth and dental implants, biofilms on

wounds, or biofilms on medical instruments (Birkin, et al. 2015, Chahine, et al.
3
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2016, Chen, et al. 2007, Erriu, et al. 2014, Felver, et al. 2009, Howlin, et al.
2015, Pishchalnikov, et al. 2003, Rivas, et al. 2012, Walmsley, et al. 2010,
Walmsley, et al. 2013, Wang and Cheng 2013). Koo et al. highlight the
advantages of physical biofilm removal: it reduces the probability of
antimicrobial resistance because the physical disruption means that less
antimicrobials are required, and physical biofilm removal can be easily
combined with various antimicrobial agents or nanoparticles(2017). However,
current challenges in this area are that the influence of ultrasound waves on
biofilm cleaning is not well understood, and the viscoelasticity of biofilms can
make them difficult to disrupt(Koo, et al. 2017, van Wijngaarden 2016,
Verhaagen and Rivas 2016). There are a range of cavitation bubble phenomena
which are thought to contribute to the cleaning process, such as cloud
cavitation, shock waves, micro-jets, microstreamers, acoustic streaming and
microstreaming(Verhaagen and Rivas 2016).

Ultrasound has been shown to have both antimicrobial and growth-enhancing
effects on bacteria, which have been addressed in other reviews (Erriu, et al.
2014, Yu, et al. 2012). Therefore the specific focus of this review is on the
ability of ultrasound to physically disrupt biofilms. The review does not focus
on ultrasound contrast agents, but on cavitation due to intrinsic nuclei in the
fluid medium. The exact mechanisms of how cavitation can clean surfaces are
not fully understood and a consensus is yet to be reached on what parameters
are the most important for further investigation, even for simpler cases where
a solid surface is being cleaned (Verhaagen and Rivas 2016). The mechanisms
of how pressure waves interact with a viscoelastic surface such as biofilm have
been studied even less(Koo, et al. 2017). A gap in the knowledge has been
identified between the basic cavitation phenomena and the practical
applications(Lauterborn and Mettin 2015). Therefore it is important to
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understand which parameters will optimise cleaning with cavitation for clinical
biofilm removal. The mechanical properties of the ultrasound such as
frequency and acoustic pressure, and the properties of the fluid, such as
surface tension and temperature, can be tailored for more effective disruption
of biofilms. The impact of such parameters on ultrasonic biofilm removal in
particular requires more research, and has been addressed in the present

review.

Aims and Objectives

The aims of this review are to:

1. Investigate the current literature on mechanical biofilm removal with
cavitation and identify what parameters affect ultrasonic biofilm
disruption.

2. Determine areas for further research which could increase the amount
of cavitation and help to make ultrasonic biofilm removal a more

efficient process.

Methods

The Web of Science Core Collection Database was searched using the terms
biofilm cavitation ultraso*, medical cavitation ultraso*, dental ultraso*,
bubble* biofilm, biofilm removal cavitation, ultrasonic cleaning, cavitation
clean and ultraso™ biofilm from 1980 to July 2018. The factors considered
when searching the literature involved the inclusion of English language
articles which studied the use of ultrasonic cavitation to mechanically remove
bacterial biofilms from surfaces. Accordingly, studies which used ultrasound
probes without cavitation for biofilm removal have not been included. Studies

where cavitation was not generated acoustically were also excluded. In
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addition, ultrasound studies which evaluated the antibacterial effect of
ultrasound on bacteria and biofilm have not be included as the focus of the
review is on the ability of cavitation and associated bubble dynamics to

mechanically disrupt biofilms.

Acoustic cavitation Cleaning Bubble Dynamics

Acoustic cavitation occurs when the local pressure of a liquid falls below the
saturated vapour pressure (SVP), which can happen when ultrasound is applied
to the fluid(Young 1999). This negative pressure required to form a cavity in a
liquid is called the cavitation threshold (Lauterborn and Mettin 2015). When
this occurs, during the rarefaction phase of the propagating ultrasound wave,
bubbles grow from small pockets of gas (nuclei) present in the liquid (Brennen
2013). The bubbles grow until the ultrasound wave reaches the compression
phase, when the pressure increases (Plesset and Prosperetti 1977). This forces
bubble oscillation. There are two types of cavitation: inertial or non-inertial
(Plesset and Prosperetti 1977) (Figure 1).

In non-inertial cavitation, bubbles oscillate repeatedly at low energy
(Lauterborn and Mettin 2015). This pulsation usually occurs when the bubbles
are in a low amplitude sound field (Leighton 2012).

If the cavitation is inertial, bubbles repeatedly collapse with high energy and
regrow during each cycle, in which the radius of the bubble expands to at least
twice the initial size. Due to this limited period, there is no mass transport of
permanent gas through the bubble-liquid interface. This lack of gas causes
transient bubbles to implode very violently, releasing high amplitude shock
waves and high velocity micro jets upon collapse (Brennen 2013, Leighton
2012). They can also fragment into smaller bubbles upon collapse(Leighton
2012). If the ultrasound is closer to the resonance frequency of a non-inertial
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cavity, it can turn into an inertial cavity over time, when it stops oscillating
around an equilibrium radius and starts to grow via rectified diffusion (Young
1999). Inertial cavitation is more likely to occur at a higher acoustic pressure
amplitude (lzadifar, et al. 2018), although other factors also determine
whether cavitation will be inertial or non-inertial, such as host fluid properties,
initial bubble size and acoustic frequency.

A range of bubble and fluid flow phenomena which may be contributing to
biofilm disruption have been identified (Figure 2), although it is unknown
exactly which of these are occurring during biofilm removal. The current
mechanisms identified as contributing to cavitation cleaning are described
below.

When a cavitation bubble is generated near a rigid boundary, a liquid jet is
formed during bubble collapse that penetrates the opposite bubble wall and
impacts the boundary (Figure 2). Physically the jet is caused by a high pressure
zone at the base of the jet which occurs during the collapse of the bubble. It is
believed that the jet imposes a localised high shear force on the surrounding
biofilm, lifting it off the surface (Verhaagen and Rivas 2016). The combined
effect of many microbubbles can break up and detach particles from a surface.
Blake et al. showed that a bubble must be attached to the surface for the jet to
strike the boundary (Blake and Gibson 1987). Ohl et al. speculated that the
microjet has the largest influence on bubble cleaning because it causes a
higher shear stress at the surface (Ohl, et al. 2006). However, they used laser
generated bubbles which may behave differently to acoustically generated
cavitation bubbles.

Cavitation clouds are clusters of cavitating bubbles (Figure 2). High velocity
microjets can only help to clean when emitted by the bubbles on the edge of
the cavitation cloud if it is in contact with the biofilm, as microjets within the
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cloud are directed towards the surrounding bubbles. van Wijngaarden et al.
concluded that cleaning from cavitation bubble clouds mainly occurs from the
generation of shock waves from the collapsing bubbles (2016), however
Lauterborn et al. point out that bubble dynamics in cavitation clouds and
clusters needs further research(2015).

Shock waves are another major contributor to surface cleaning and are
generated during the collapse of an inertial bubble. They can fragment the
biofilm on the surface to remove it, but they also have the potential to
damage the surface being cleaned, so to prevent this their intensity should be
controlled (Verhaagen and Rivas 2016).

Microstreamers are ribbons of cavitating microbubbles. They are affected by
Bjerknes forces and can migrate towards a pressure node or a pressure
antinode, depending on their size in relation to the bubble resonant radius
(Leighton, et al. 1990, Wu, et al. 2013). Reuter et al. found using high speed
imaging that streamers impacted the surface to be cleaned perpendicularly
and may aid in the cleaning (2017). They also showed that bubbles which were
in contact with the surface contributed to cleaning.

Acoustic streaming is fluid flow caused by momentum transfer from the
acoustic wave to the liquid it is propagating in (Nowak, et al. 2015) with a
range up to the order of cm(Boluriaan and Morris 2003, Wiklund, et al. 2012).
It may assist in the removal of biofilm which is loosely attached to a surface
due to the generation of drag forces and shear forces. Microstreaming is fluid
flow occurring around growing and collapsing cavitation bubbles, at a similar
range to that of the cavitation bubble diameter (Brotchie, et al. 2009,
Lamminen, et al. 2004, Leighton 1995). If the biofilm is within this range, it can
be dislodged by drag forces produced by the microstreaming flow(Lamminen,
et al. 2004). In addition, microstreaming and acoustic streaming transport
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detached debris away from the surface that is being cleaned(Lamminen, et al.
2004).

Biofilm removal using cavitation is affected by properties of the fluid, the
ultrasound and the biofilm. For example, increasing the viscosity of the fluid
increases the cohesive forces between the molecules. Therefore this raises the
cavitation threshold as the pressure required for a bubble to grow has to
overcome these forces (Chemat, et al. 2017). The following sections outline
how the properties of the fluid and the ultrasound affect the amount of
cavitation occurring, and show how altering these properties will influence

biofilm removal.

Methods of Quantifying Biofilm Removal

To evaluate the efficiency of a method which physically disrupts biofilms, it is
important to accurately calculate efficiency of biofilm disruption. This has been
done with biological methods such as measuring the dried biomass, semi-
quantitative staining, protein/DNA quantifying, or using standard microbial
culture techniques to assess the remaining viable bacteria(Hadi, et al. 2010,
John, et al. 2014, Kite, et al. 2004, Park, et al. 2013, Qian, et al. 1996). Biofilm
removal efficiency has also been determined directly using imaging techniques
such as confocal laser scanning microscopy, light microscopy, bioluminescence
imaging, scanning electron microscopy and macroscale photography(Agarwal,
et al. 2014, Clegg, et al. 2006, Cruz, et al. 2011, Fricke, et al. 2012, Hagi, et al.
2015, Li, et al. 2012, Nance, et al. 2013, Salles, et al. 2007, Schwarz, et al. 2006,
Sedgley, et al. 2004, Tawakoli, et al. 2015, Vickery, et al. 2004, Whittaker, et al.
1984, Wu, et al. 2011, Zhang and Hu 2013). Many studies use imaging
techniques qualitatively, or semi-quantitatively, for example by segmenting the
images using manual thresholding, which leads to high operator bias(Cruz, et
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al. 2011, Salles, et al. 2007, Schwarz, et al. 2006). However recent studies have
used more accurate segmentation methods such as machine learning, which
are reproducible and not prone to operator-induced variability(Vyas, et al.

2016).

Fluid Properties Contributing to Ultrasonic Biofilm Removal

Surface Tension

Adding a surfactant reduces the surface tension of the liquid and lowers the
cavitation threshold because the cohesive forces between the molecules of the
liquid are weaker. Therefore the pressure drop has to be lower for cavitation
nuclei to grow during the rarefaction stage(Chemat, et al. 2017). As cavitation
is happening at a lower pressure amplitude, less power is applied(Chemat, et
al. 2017).

Single cavitation bubbles grow at a faster rate when a surfactant is added to
water (Ashokkumar and Grieser 2007). Multiple cavitation bubbles grow via
two methods: rectified diffusion and bubble coalescence. Adding a surfactant
reduces the number of coalescence events, so bubbles mainly grow via
rectified diffusion. Consequently more time is required for the same amount of
active cavitation bubbles to build up. Yet there is still a larger number of
cavitation bubbles when a surfactant is present compared to water
(Ashokkumar and Grieser 2007). Further research can be done to investigate

different surfactants and how they affect biofilm removal for such purposes.

Gas Content

Cavitation bubbles can grow from gases inside the liquid which behave as

nuclei(Brennen 2013). The effect of adding microbubbles to the liquid whilst
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applying ultrasound to increase cavitation and hence promote biofilm removal
has been the subject of investigation.

The presence of microbubbles or dissolved gas lowers the cavitation threshold
and allows cavitation to occur quicker and at a lower power(Caupin and
Herbert 2006, Cracknell 1980, Halford, et al. 2012). In addition, applying
ultrasound will cause a liquid to degas(Chemat, et al. 2017). When a free
cavitation bubble grows, gases dissolve into it because of the low pressure
gradient(Chemat, et al. 2017). When the bubble collapses, its surface area
decreases so rapidly that the gas inside does not have time to escape and
dissolve back into the liquid(Chemat, et al. 2017). Therefore by adding gas
bubbles the amount of nucleation sites will not be depleted when ultrasound is
applied.

To increase the stability of bubbles in water, encapsulated microbubbles can
be used instead of free air bubbles (Wiklund, et al. 2012). They have a gas core
encased in a stabilising shell composed of a protein, lipid, polymer or
surfactant. Encapsulated microbubbles have traditionally been used as
contrast agents in ultrasound imaging and have also been researched for drug
delivery (Kiessling, et al. 2012, Liu, et al. 2006). Research has also been
conducted on the use of encapsulated microbubbles combined with antibiotics
for enhanced antimicrobial efficacy on biofilms (Dong, et al. 2018, Dong, et al.
2017, Halford, et al. 2012, He, et al. 2011, Zhu, et al. 2013). Goh et al.
experimentally showed that biofilm could be disrupted using ultrasound
combined with microbubble contrast agents (Goh, et al. 2014).

Halford et al. used a high speed camera to image bubbles formed in an
artificial dental root canal when ultrasound was applied(2012). Biofilm is
difficult to remove from root canals due to their irregular shape, therefore
cavitation bubbles may be able to disrupt bacteria from such surfaces more

11
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effectively. Halford et al. observed larger bubbles when the root canal models
were inside a microbubble emulsion compared to water, although they do not
specify the exact diameters of the bubbles observed. The microbubble
emulsion also contained the surfactant Triton X-100, therefore it is unclear
whether the increased bubble size occurred due to the gas content or the
surface tension and further work using microbubbles with different outer shell
compositions can be done to understand this. In addition, the surfactant Triton
X-100 is untypical to produce microbubbles and it is toxic to tissue (Jahan, et al.
2008, Koley and Bard 2010). Halford et al. also repeated the experiment with
Enterococcus faecaclis biofilm, which they removed from root canals using the
microbubble emulsion in combination with ultrasonic agitation from an
endodontic file. They found less colony forming units compared to the control
(no treatment), which indicates either more biofilm being mechanically
removed due to the cavitation or an antibacterial effect of the microbubble
emulsion.

Dong et al. compared biomass after treating biofilms with 1 MHz ultrasound
only or with ultrasound combined with encapsulated microbubbles(2017). The
acoustic intensity was 0.5 W/cm” and the duty cycle was 50%. Biomass was
measured by drying, staining with Crystal Violet and measuring the absorbance
of the samples after treatment. They found that there was less biofilm
remaining compared to the untreated controls when microbubbles were used
with the ultrasound and suggested that the microbubbles could have reduced
the cavitation threshold. Crystal Violet staining is a standard test to determine
the amount of biofilm(Christensen, et al. 1985), however not washing and
heating the biofilms to 65°C before staining in their test is not typical and this
may have adhered previously unattached (planktonic) bacteria into the biofilm,
altering the results. In addition, samples in their test were not measured

12
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before treatment because crystal violet staining is not compatible with that, so
there is the assumption that the control biofilms grew the same as the treated
biofilms, although in this paper the controls showed minimal variability.
Agarwal et al. have done a similar study using 5-10um diameter microbubbles
inside an ultrasonic bath operating at 42 kHz (2014). They measured the fixed
biomass of samples by calculating the dried mass of the biofilm. Using this
method it is not possible to compare the same samples before and after
treatment and the difference in the amount of initial biofilm on each sample
could have altered the results. However, as above, Agarwal et al. did show the
variability in the untreated control biofilms to be minimal. They found that
there was 75% less biomass compared to the untreated controls when
ultrasound was used in combination with microbubbles, whilst only 10% less
biomass with only ultrasound and 38% less biomass with only microbubbles.
Agarwal et al. also noted that the microbubbles disappeared 2s after applying
the ultrasound pulse(2014).

Microbubbles were applied continuously for 15 minutes, while ultrasound was
applied for 2 seconds every 2 minutes during the microbubble sparging

The advantages of this method are that the cavitation is less likely to cause
damage because it is applied intermittently. The disadvantage is that it would
be difficult to apply this method clinically, where rapid biofilm removal within a
few seconds is desired.

Liu et al. suggest that a high bubble density as well as gas filled bubbles can
hinder cavitation by causing acoustic attenuation which results in energy
loss(2014). In addition, because the bubbles are filled with gas rather than
vapour, their collapse strength is lower because the gas cushions the implosion
(Capote and de Castro 2007, Hammitt 1980, Liu, et al. 2014). Birkin et al.
noticed in experiments that the sound speed changes in the range of 868-1063

13
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ms™ associated with a strongly cavitating field as the void fraction of gas
around 2.9 x 10° to 4.2 x 10 % (2003). However further study is needed to
find the threshold in terms of the volume fraction occupied by bubbles in the
liquid. As some gas bubbles are required to act as nucleation points for
cavitation inception, Liu et al. suggest that the optimal oxygen content range
for cavitation is 3.17 to 5.12 mgL™ (2014). Ferrell et al. noted that it is more
likely to have microjets and shock waves in partially degassed water (2002).
Many of the studies evaluated have not specified the gas content of the fluid
used, therefore it is unclear how much of an effect this has on increasing
biofilm removal. It would be useful to conduct studies where the gas content is
varied from a degassed state through to adding microbubbles to the fluid to
determine which concentration results in more biofilm removal. Robinson et
al. studied this using an artificial biofilm model and found no difference in the
amount of cavitation occurring between tap water and water with added
microbubbles, but found that less cavitation occurred in degassed
water(2017). This is as expected, since the cavitation threshold would have
increased. There was no significant difference in the amount of artificial biofilm
removed when using the degassed water in comparison to the saturated
water. This was measured by using image analysis to calculate the area of
hydrogel in each frame of a high speed video.

The removal will also depend on the biofilm and its attachment to the
substrate, since a larger force would be required to detach biofilm which has a
higher adhesive strength. Therefore further work could be done on biofilms
with different levels of attachment and to find the optimum gas content of the
fluid to maximise its removal with cavitation. This approach will allow
ultrasonic cavitation to be optimised for specific biofilm removal applications.
For clinical applications such as dental cleaning or superficial wound

14
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debridement, a device can be used to add gas bubbles to the water before it is
delivered to the area to be cleaned.

The type of gas inside the bubble also affects the cavitation collapse force and
therefore the cleaning ability. For encapsulated microbubbles, a fluorocarbon
gas core is typically used because it has a low diffusion coefficient to enable
stability against dissolution (Wiklund, et al. 2012). For free bubbles, a more
soluble gas will lower the surface tension more and cause more bubble
nucleation(Rooze, et al. 2013). However this may cause less intense bubble
collapse, so experiments with different gas mixtures can be conducted to

understand how they influence biofilm removal (Rooze, et al. 2013).

Vapour Pressure and Temperature

The vapour pressure, defined as the pressure of a vapour in contact with its
liquid form, can affect the force of the bubble implosion. The collapse of a
cavitation bubble is less intense in high vapour pressure solvents, due to the
stronger cushioning effect of the vapour with high vapour pressure (Chivate
and Pandit 1995). The selection of the liquid medium depends on the type of
application (Gogate and Pandit 2001). Applications such as biofilm removal
from tissue in vivo need less intense cavitation to prevent tissue damage so
liquids with a higher vapour pressure can be used. Liquids with a lower vapour
pressure can be used for applications such as biofilm removal from rigid
biomaterials or surgical instruments, which can withstand more intense
cavitation. The vapour pressure can be lowered by decreasing the temperature
of the fluid, but this also causes its surface tension and viscosity to increase,
which raises the cavitation threshold (Chemat, et al. 2017).

Cavitation occurs most intensely between 7 to 20 °C and radically decreases

above 30 °C (Niemczewski 2014). This is thought to be because water degasses
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when heated so there are less cavitation nuclei present(Niemczewski 2014). As
acoustic energy in a liquid can be dissipated into heat energy, cavitation will
cause the liquid to heat up. Therefore in biofilm removal experiments, the
temperature must be monitored to ensure that the cavitation is not affected
(Capelo-Martinez 2009).

What remains unclear is to what degree the temperature affects ultrasonic
biofilm elimination. Therefore further work can be done to measure the
amount of biofilm disruption at different temperatures, using the temperature
range given by Niemczewski et al. as a guideline (2014). Although it may be
difficult to control temperature for some clinical applications, such as for in
vivo biofilm removal, it may be feasible in others, for example where an

ultrasonic bath is used to remove biofilm from surgical instruments.

Ultrasound Properties Contributing to Ultrasonic Biofilm Removal

Type of Ultrasound: Transducer/Probe

Different mechanisms have been researched to deliver acoustic ultrasound to
biofilms. Some of these include a high intensity focussed ultrasound (HIFU)
beam (Bigelow, et al. 2009, Khoo, et al. 2016, Xu, et al. 2012), an ultrasound
transducer immersed in the fluid(Lombardo, et al. 2017, Mott, et al. 1998,
Nishikawa, et al. 2010, Oulahal, et al. 2007, Thiruppathi, et al. 2014, Xu, et al.
2012, Zips, et al. 1990), a sonotrode/ultrasonic probe: a rod vibrated
ultrasonically at its resonant frequency (Cracknell 1980, Gartenmann, et al.
2017, Macedo, et al. 2014, Vyas, et al. 2016) and an acoustically activated
water stream(Birkin, et al. 2015, Howlin, et al. 2015, Salta, et al. 2016).

The advantage of using ultrasound transducers combined with a water tank or
an ultrasound bath for biofilm removal is that the experimental setup is easier,

and the frequency and power can be easily altered by using different
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transducers. This could translate clinically to remove biofilm from surgical
instruments and medical devices. However this method would not be feasible
for use in all applications, for example in removing biofilm from medical
devices such as prosthetic joints and dental implants in vivo, because it would
be difficult to immerse these in liquid(Birkin, et al. 2015).

Cavitation can also be delivered through a narrow ultrasonic probe/horn
immersed in a solution (Capelo-Martinez 2009). The vibrating probe then
generates cavitation inside the fluid it is immersed in. Examples include dental
applications such as ultrasonic scalers and endodontic files. In these
applications the cavitation is not currently used clinically but it is being
researched as a biofilm removal method (Ahmad, et al. 1988, Gartenmann, et
al. 2017, Macedo, et al. 2014, Pecheva, et al. 2016, Thurnheer, et al. 2014, Van
der Sluis, et al. 2007, Vyas, et al. 2016, Walmsley 1988) (Figure 3). The
disadvantage of using a narrow probe/horn is that the cavitation intensity
rapidly decreases with distance, since its disturbance to the liquid flow decays
rapidly away from the probe/horn. Nevertheless this could prevent collateral
damage.

The Starstream instrument (Ultrawave, Cardiff, UK) uses an ultrasonically
activated water stream to remove biofilm (Birkin, et al. 2015, Howlin, et al.
2015, Salta, et al. 2016). The main advantage of this is that it does not restrict
the size of the object, enabling biofilm removal from larger objects which
cannot fit inside an ultrasonic bath(Salta, et al. 2016). Biofilms and proteins can
shield microorganisms on medical devices from sterilisation (Hadi, et al. 2010).
The Starstream device can remove protein on surgical stainless steel surfaces
as well as oral biofilms in vitro (Birkin, et al. 2015). It is likely that the
Starstream could also be used for biofilm removal from surgical instruments,
although further research is needed to confirm this. A disadvantage of this
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technique is that it is not suitable for small applications where the location of
the cavitation must be precisely controlled, such as for dental debridement. It
also uses large volumes of water (2L/min), therefore for use in the mouth a
lower water flow rate is required.

Blondin et al. compared an ultrasonic bath to an ultrasonic probe for extracting
biofilms from sand and found that the probe was more effective for this
application (2001). Similar research could be done in other areas by evaluating
the removal effectiveness using a transducer and a probe to determine which

method is most effective.

Frequency and Intensity

A higher cavitation intensity (>10 W/cm?) is required to remove biofilms
attached to a surface (Erriu, et al. 2014). Low frequency ultrasound (<500 kHz
as defined by Erriu et al. (2014) ) produces more intense cavitation because
there is more time for bubbles to grow during the rarefaction phase of the
ultrasound (Chemat, et al. 2017, Izadifar, et al. 2018).

In the kHz range, different ultrasound frequencies have been investigated to
determine which causes the most effective cleaning. Mott et al. investigated
the effect of frequency on the amount of biofilm removed. Using infra-red
absorbance measurements before and after application of the ultrasound, they
found that ultrasound at 20 kHz (~7 W transducer power, two 30s pulses)
removed more biofilm than ultrasound at 33 kHz and 150 kHz (35-40 W
transducer power) (1998). Further studies investigating frequency changes
between 10 to 200 kHz could help to determine whether there are differences
in biofilm removal at this lower frequency range, as this range is used during

ultrasonic cleaning of surfaces (Fuchs 2015).
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Acoustic Pressure

A study has investigated the effect of cavitation at 26 kHz with different
acoustic pressure amplitudes in the range 36-76 kPa (Kim and Kim 2014). High
speed imaging showed that the pressure amplitude affected the bubble
structures. Micro-jets were only seen when the acoustic pressure was lower
than the non-inertial pressure value. When the acoustic pressure increased, it
either caused oscillation of spherical bubbles (non-inertial cavitation), or
inertial cavitation , where bubble clouds were observed. High speed imaging
has shown that inertial cavitation occurs around dental ultrasonic scaler tips
and endodontic files and this is able to disrupt biofilm(Van der Sluis, et al.
2007, Vyas, et al. 2016). The effect of changing the acoustic pressure on
biofilm removal has not yet been investigated therefore further research in
this area could help to improve cleaning efficiency, for example by conducting
high speed imaging studies of biofilm removal to visualise the effect of the
different bubble structures on the disruption of the biofilm structures. This
would give further information on how inertial and non-inertial cavitation
bubbles affect biofilms and which types of bubbles cause the most biofilm

removal.

Biofilm Properties Contributing to Ultrasonic Biofilm Removal

Viscoelasticity

As most biofilms are viscoelastic, the bubble dynamics may be different
compared to near a rigid boundary. The biofilm properties will also have an
effect on its removal. Viscoelastic biofilms can deform when forces are applied
without detaching from the surface (Macedo, et al. 2014), therefore larger

shear forces may be required for removal. Studies have measured the biofilm
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adhesive pressures, for example using microbead force spectroscopy(Lau, et al.
2009), but these have not been compared to the acoustic pressure and the
pressures generated by the different cavitation cleaning mechanisms. Research
is required in this area to give insights into the specific mechanisms in action
during biofilm removal as well as to aid in identifying the optimal ultrasound
parameters for elimination of different biofilms.

Some fundamental cavitation research has shown that a bubble developing a
jet near a single thin elastic membrane points away from the boundary, as
would happen near a free surface. Near a stiff membrane (high elasticity),
bubble jets point towards the membrane as would happen near a rigid
boundary. Therefore mineralised biofilms such as dental calculus may behave
as a rigid boundary. (Brujan, et al. 2001)(Shervani-Tabar, et al. 2013). Ohl et
al. modelled the dynamics of a non-equilibrium bubble near hard and soft
tissues using a simplified model (Ohl, et al. 2009). They found that the Young’s
modulus, Poisson ratio and density affected the bubble dynamics. When near
soft tissue the bubble spilt into smaller bubbles, which formed opposing jets
under certain conditions. Near hard tissue, the bubbles formed jets which
collapsed towards the surface. Curtiss et al. investigated the interaction
between a bubble and a tissue layer (Curtiss, et al. 2013). They describe how a
toroidal bubble can re-expand, causing tissue to peel away from a rigid surface.
Further research can be done on this to understand the interactions between
microjets and biofilms. In addition, the gap between the applications of
cavitation cleaning and fundamental cavitation research can be closed further
by researching into acoustic cavitation with fluid flow(Lauterborn and Mettin

2015).
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Limitations of the review

A limitation inherent to the design of this review is that studies on the
antibacterial effect of ultrasound on biofilms were excluded, along with studies
on the enhancement of antibiotic effects on biofilms with ultrasound. These
may also have observed a mechanical removal effect that has not been
included in this review. In addition, only studies using acoustically generated
cavitation have been included. Other methods such as laser generated
cavitation and shockwaves have not been included in this review on acoustic

cavitation but they may also disrupt biofilm.

Areas Where Further Research is Needed

This narrative review showed that there is much debate on the mechanisms
underlying the ability of ultrasonic cavitation to clean surfaces. Further
research should be directed in this area to assist in the understanding of the
disruptive effect on biofilms. Specifically, further research on biofilm removal
with acoustic cavitation can be done using liquids with lower surface tension or
different gas contents, or at low temperatures or low acoustic frequencies, as
these factors can increase cavitation. It is also important to observe and
understand how fluid flow and associated stresses affect biofilm removal.
More realistic physical and numerical models are expected for simulating the
intricate interactions among the dynamics of cavitation bubbles, the associated
liquid flows and the deformation and removal of biofilm. Advanced imaging
techniques and correlative imaging can be effectively used to investigate
these, although if imaging techniques are used quantitatively, it is important to
use image-processing methods that ensure accurate quantification of biofilm

removal.

21



550
551
552
553
554
555
556
557
558

559

560
561
562
563

Conclusion

Cavitation is an unpredictable phenomenon but when it occurs it has a strong
disruptive action on the biofilm and the research on this topic will lead to
enhanced biofilm removal techniques in healthcare applications. Itis
important to optimise cavitation by influencing the different parameters such
as bubble collapse intensity and activity within the fluid that the ultrasound is
generated in and this requires further research in understanding the

mechanisms involved.
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Figure Legends
Figure 1: Schematic showing the processes of inertial cavitation (a) and non-
intertial cavitation (b) taking place when ultrasound is applied. Reproduced

with permission from lzadifar et al. (2018)

Figure 2: Schematic showing the different methods in which cavitation can
cause mechanical biofilm removal. The white arrow indicates the direction of
ultrasound insonification. Micro-jets point away from the biofilm if it is soft
(low elasticity), as shown in the figure, but they point towards the biofilm if it is

‘stiff’ (high elasticity) (e.g. mineralised biofilms).

Figure 3: Scanning electron microscopy images of S. mutans biofilm on dental
implant-type surfaces, before and after treatment with an ultrasonic scaler at
low power (no cavitation occurring) (a,b) and medium power (cavitation
occurring)(c,d). The blue overlay shows the automatic detection of bacteria.

Reproduced from Vyas et al. (2016)

References

Agarwal A, Jern Ng W, Liu Y. Removal of biofilms by intermittent low-intensity
ultrasonication triggered bursting of microbubbles. Biofouling 2014; 30:359-65.

Ahmad M, Ford TP, Crum L, Walton A. Ultrasonic debridement of root canals: acoustic
cavitation and its relevance. J. Endod. 1988; 14:486-93.

Ashokkumar M, Grieser F. The effect of surface active solutes on bubbles in an acoustic
field. Physical Chemistry Chemical Physics 2007; 9:5631-43.

Bigelow TA, Northagen T, Hill TM, Sailer FC. The destruction of Escherichia coli biofilms
using high-intensity focused ultrasound. Ultrasound in medicine & biology 2009;
35:1026-31.

Birkin P, Offin D, Vian C, Howlin R, Dawson J, Secker T, Hervé R, Stoodley P, Oreffo R,
Keevil C. Cold water cleaning of brain proteins, biofilm and bone—harnessing an
ultrasonically activated stream. Phys. Chem. Chem. Phys. 2015; 17:20574-79.

23



595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

Birkin PR, Leighton TG, Power JF, Simpson MD, Vincotte AM, Joseph PF. Experimental
and theoretical characterization of sonochemical cells. Part 1. Cylindrical reactors and
their use to calculate the speed of sound in aqueous solutions. The Journal of Physical
Chemistry A 2003; 107:306-20.

Bjarnsholt T. The role of bacterial biofilms in chronic infections. APMIS 2013; 121:1-58.

Blake JR, Gibson DC. Cavitation Bubbles Near Boundaries. Annu. Rev. Fluid. Mech. 1987;
19:99-123.

Boluriaan S, Morris PJ. Acoustic streaming: from Rayleigh to today. International Journal of
aeroacoustics 2003; 2:255-92.

Brennen CE. Cavitation and Bubble Dynamics: Cambridge University Press, 2013.

Brotchie A, Grieser F, Ashokkumar M. Effect of power and frequency on bubble-size
distributions in acoustic cavitation. Phys. Rev. Lett. 2009; 102:084302.

Brujan E-A, Nahen K, Schmidt P, Vogel A. Dynamics of laser-induced cavitation bubbles
near an elastic boundary. J. FI. Mech. 2001; 433:251-81.

Capelo-Martinez J-L. Ultrasound in chemistry: analytical applications: John Wiley & Sons,
20009.

Capote FP, de Castro ML. Analytical applications of ultrasound: Elsevier, 2007.

Caupin F, Herbert E. Cavitation in water: a review. Comptes Rendus Physique 2006; 7:1000-
17.

Chahine GL, Kapahi A, Choi J-K, Hsiao C-T. Modeling of surface cleaning by cavitation
bubble dynamics and collapse. Ultrason. Sonochem. 2016; 29:528-49.

Chemat F, Rombaut N, Sicaire A-G, Meullemiestre A, Fabiano-Tixier A-S, Abert-Vian M.
Ultrasound assisted extraction of food and natural products. Mechanisms, techniques,
combinations, protocols and applications. A review. Ultrasonics sonochemistry 2017;
34:540-60.

Chen H, Li X, Wan M, Wang S. High-speed observation of cavitation bubble cloud structures
in the focal region of a 1.2 MHz high-intensity focused ultrasound transducer.
Ultrason. Sonochem. 2007; 14:291-97.

Chivate M, Pandit A. Quantification of cavitation intensity in fluid bulk. Ultrason.
Sonochem. 1995; 2:S19-S25.

Christensen GD, Simpson WA, Younger J, Baddour L, Barrett F, Melton D, Beachey E.
Adherence of coagulase-negative staphylococci to plastic tissue culture plates: a
quantitative model for the adherence of staphylococci to medical devices. J. Clin.
Microbiol. 1985; 22:996-1006.

Clegg MS, Vertucci FJ, Walker C, Belanger M, Britto LR. The effect of exposure to irrigant
solutions on apical dentin biofilms in vitro. J. Endod. 2006; 32:434-37.

Costerton JW, Cheng K, Geesey GG, Ladd TI, Nickel JC, Dasgupta M, Marrie TJ. Bacterial
biofilms in nature and disease. Annual Reviews in Microbiology 1987; 41:435-64.

Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common cause of persistent
infections. Science 1999; 284:1318-22.

Cracknell A. 1980 Ultrasonics, Wykeham: London.

Cruz PC, Andrade IMd, Peracini A, Souza-Gugelmin MCMd, Silva-Lovato CH, Souza RFd,
Paranhos HAFO. The effectiveness of chemical denture cleansers and ultrasonic
device in biofilm removal from complete dentures. Journal of Applied Oral Science
2011; 19:668-73.

Curtiss G, Leppinen D, Wang Q, Blake JJJoFM. Ultrasonic cavitation near a tissue layer.
2013; 730:245-72.

Dong Y, LiJS, Li P, Yu JL. Ultrasound Microbubbles Enhance the Activity of Vancomycin
Against Staphylococcus epidermidis Biofilms In Vivo. J. Ultrasound Med. 2018;
37:1379-87.

24



645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693

Dong Y, XuY, Li P, Wang C, Cao Y, Yu J. Antibiofilm effect of ultrasound combined with
microbubbles against Staphylococcus epidermidis biofilm. Int. J. Med. Microbiol.
2017; 307:321-28.

Erriu M, Blus C, Szmukler-Moncler S, Buogo S, Levi R, Barbato G, Madonnaripa D, Denotti
G, Piras V, Orru G. Microbial biofilm modulation by ultrasound: Current concepts
and controversies. Ultrason. Sonochem. 2014; 21:15-22.

Felver B, King DC, Lea SC, Price GJ, Damien Walmsley A. Cavitation occurrence around
ultrasonic dental scalers. Ultrason. Sonochem. 2009; 16:692-97.

Ferrell GW, Crum LA. A novel cavitation probe design and some preliminary measurements
of its application to megasonic cleaning. J. Acoust. Soc. Am. 2002; 112:1196-201.

Fink R, Oder M, Strazar E, Filip S. Efficacy of cleaning methods for the removal of Bacillus
cereus biofilm from polyurethane conveyor-belts in bakeries. Food Control 2017;
80:267-72.

Flemming H-C, Wingender J, Szewzyk U, Steinberg P, Rice SA, Kjelleberg S. Biofilms: an
emergent form of bacterial life. Nature Reviews Microbiology 2016; 14:563-75.

Fricke K, Koban I, Tresp H, Jablonowski L, Schroder K, Kramer A, Weltmann K-D, von
Woedtke T, Kocher T. Atmospheric Pressure Plasma: A High-Performance Tool for
the Efficient Removal of Biofilms. PLoS One 2012; 7:e42539.

Fuchs F. Ultrasonic cleaning and washing of surfaces. Power Ultrasonics: Elsevier, 2015.
577-600.

Gartenmann SJ, Thurnheer T, Attin T, Schmidlin PR. Influence of ultrasonic tip distance and
orientation on biofilm removal. Clinical oral investigations 2017; 21:1029-36.
Gogate PR, Pandit AB. Hydrodynamic cavitation reactors: a state of the art review. Reviews

in chemical engineering 2001; 17:1-85.

Goh BHT, Conneely M, Kneuper H, Palmer T, Klaseboer E, Khoo BC, Campbell P. High-
Speed Imaging of Ultrasound-Mediated Bacterial Biofilm Disruption. In 6th
European Conference of the International Federation for Medical and Biological
Engineering 2014. Springer, Cham 2015. 533-536.

Gupta P, Sarkar S, Das B, Bhattacharjee S, Tribedi P. Biofilm, pathogenesis and
prevention—a journey to break the wall: a review. Arch. Microbiol. 2016; 198:1-15.

Hadi R, Vickery K, Deva A, Charlton T. Biofilm removal by medical device cleaners:
comparison of two bioreactor detection assays. J. Hosp. Infect. 2010; 74:160-67.

Hégi TT, Klemensberger S, Bereiter R, Nietzsche S, Cosgarea R, Flury S, Lussi A, Sculean
A, Eick S. A Biofilm Pocket Model to Evaluate Different Non-Surgical Periodontal
Treatment Modalities in Terms of Biofilm Removal and Reformation, Surface
Alterations and Attachment of Periodontal Ligament Fibroblasts. PLoS One 2015;
10:e0131056.

Halford A, Ohl C-D, Azarpazhooh A, Basrani B, Friedman S, Kishen A. Synergistic effect of
microbubble emulsion and sonic or ultrasonic agitation on endodontic biofilm in vitro.
J. Endod. 2012; 38:1530-34.

Hammitt FG. Cavitation and multiphases flow phenomena: McGraw-Hill, 1980.

He N, Hu J, Liu H, Zhu T, Huang B, Wang X, Wu Y, Wang W, Qu D. Enhancement of
vancomycin activity against biofilms by using ultrasound-targeted microbubble
destruction. Antimicrob. Agents Chemother. 2011; 55:5331-37.

Howlin R, Fabbri S, Offin D, Symonds N, Kiang K, Knee R, Yoganantham D, Webb J,
Birkin P, Leighton T. Removal of dental biofilms with an ultrasonically activated
water stream. J. Dent. Res. 2015; 94:1303-09.

Izadifar Z, Babyn P, Chapman D. Ultrasound Cavitation/Microbubble Detection and Medical
Applications. Journal of Medical and Biological Engineering 2018:1-18.

25



694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

Jahan K, Balzer S, Mosto P. Toxicity of nonionic surfactants. WIT Transactions on Ecology
and the Environment 2008; 110:281-90.

John G, Becker J, Schwarz F. Rotating titanium brush for plaque removal from rough
titanium surfaces—an in vitro study. Clinical oral implants research 2014; 25:838-42.

Khoo BC, Ohl S-W, Klaseboer E. High Intensity Focused Ultrasound (HIFU) for Biomedical
and Dentistry Applications, In: Kyriacou E, Christofides S, and Pattichis CS, eds. XIV
Mediterranean Conference on Medical and Biological Engineering and Computing
2016. Cham: Springer International Publishing, 2016. 738-41.

Kiessling F, Fokong S, Koczera P, Lederle W, Lammers T. Ultrasound microbubbles for
molecular diagnosis, therapy, and theranostics. J. Nucl. Med. 2012; 53:345.

Kim T-H, Kim H-Y. Disruptive bubble behaviour leading to microstructure damage in an
ultrasonic field. J. Fl. Mech. 2014; 750:355-71.

Kite P, Eastwood K, Sugden S, Percival SL. Use of In Vivo-Generated Biofilms from
Hemodialysis Catheters To Test the Efficacy of a Novel Antimicrobial Catheter Lock
for Biofilm Eradication In Vitro. J. Clin. Microbiol. 2004; 42:3073-76.

Koley D, Bard AJ. Triton X-100 concentration effects on membrane permeability of a single
HeLa cell by scanning electrochemical microscopy (SECM). Proceedings of the
National Academy of Sciences 2010; 107:16783-87.

Koo H, Allan RN, Howlin RP, Stoodley P, Hall-Stoodley L. Targeting microbial biofilms:
current and prospective therapeutic strategies. Nature Reviews Microbiology 2017,
15:740.

Lamminen MO, Walker HW, Weavers LK. Mechanisms and factors influencing the
ultrasonic cleaning of particle-fouled ceramic membranes. Journal of Membrane
Science 2004; 237:213-23.

Lau PC, Dutcher JR, Beveridge TJ, Lam JS. Absolute quantitation of bacterial biofilm
adhesion and viscoelasticity by microbead force spectroscopy. Biophysical journal
2009; 96:2935-48.

Lauterborn W, Mettin R. Acoustic cavitation: bubble dynamics in high-power ultrasonic
fields. Power Ultrasonics: Elsevier, 2015. 37-78.

Leighton T. Bubble population phenomena in acoustic cavitation. Ultrason. Sonochem. 1995;
2:5123-S36.

Leighton T. The acoustic bubble: Academic press, 2012.

Leighton TG, Walton AJ, Pickworth MJW. Primary bjerknes forces. European Journal of
Physics 1990; 11:47.

Li J, Hirota K, Goto T, Yumoto H, Miyake Y, Ichikawa T. Biofilm formation of Candida
albicans on implant overdenture materials and its removal. J. Dent. 2012; 40:686-92.

Liu L, Yang Y, Liu P, Tan W. The influence of air content in water on ultrasonic cavitation
field. Ultrasonics sonochemistry 2014; 21:566-71.

Liu Y, Miyoshi H, Nakamura M. Encapsulated ultrasound microbubbles: therapeutic
application in drug/gene delivery. J. Control. Release 2006; 114:89-99.

Lombardo L, Martini M, Cervinara F, Spedicato GA, Oliverio T, Siciliani G. Comparative
SEM analysis of nine F22 aligner cleaning strategies. Prog. Orthod. 2017; 18:26.

Macedo RG, Robinson JP, Verhaagen B, Walmsley AD, Versluis M, Cooper PR, van der
Sluis LWM. A novel methodology providing insights into removal of biofilm-
mimicking hydrogel from lateral morphological features of the root canal during
irrigation procedures. International Endodontic Journal 2014; 47:1040-51.

Mermillod - Blondin F, Fauvet G, Chalamet A, Creuzé des Chatelliers M. A comparison of
two ultrasonic methods for detaching biofilms from natural substrata. International
review of hydrobiology 2001; 86:349-60.

26



743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790

Mott I, Stickler D, Coakley W, Bott T. The removal of bacterial biofilm from water - filled
tubes using axially propagated ultrasound. J. Appl. Microbiol. 1998; 84:509-14.

Nance WC, Dowd SE, Samarian D, Chludzinski J, Delli J, Battista J, Rickard AH. A high-
throughput microfluidic dental plaque biofilm system to visualize and quantify the
effect of antimicrobials. Journal of Antimicrobial Chemotherapy 2013; 68:2550-60.

Niemczewski B. Cavitation intensity of water under practical ultrasonic cleaning conditions.
Ultrason. Sonochem. 2014; 21:354-59.

Nishikawa T, Yoshida A, Khanal A, Habu M, Yoshioka I, Toyoshima K, Takehara T,
Nishihara T, Tachibana K, Tominaga K. A study of the efficacy of ultrasonic waves
in removing biofilms. Gerodontology 2010; 27:199-206.

Nowak T, Cairds C, Batyrshin E, Mettin R. 2015 Acoustic streaming and bubble translation
at a cavitating ultrasonic horn. AIP Conference Proceedings: AIP Publishing, 020002.

Ohl C-D, Arora M, Dijkink R, Janve V, Lohse D. Surface cleaning from laser-induced
cavitation bubbles. App. Phys. Lett. 2006; 89:074102.

Ohl S, Klaseboer E, Khoo BJPiM, Biology. The dynamics of a non-equilibrium bubble near
bio-materials. 2009; 54:6313.

Oulahal N, Martial-Gros A, Bonneau M, Blum L. Removal of meat biofilms from surfaces by
ultrasounds combined with enzymes and/or a chelating agent. Innov. Food Sci.
Emerg. Technol. 2007; 8:192-96.

Park J-B, Jang YJ, Choi B-K, Kim K-K, Ko Y. Treatment With Various Ultrasonic Scaler
Tips Affects Efficiency of Brushing of SLA Titanium Discs:. Journal of Craniofacial
Surgery 2013; 24:e119-e23.

Pecheva E, Sammons R, Walmsley A. The performance characteristics of a piezoelectric
ultrasonic dental scaler. Med. Eng. Phys. 2016; 38:199-203.

Percival SL, Suleman L, Vuotto C, Donelli G. Healthcare-associated infections, medical
devices and biofilms: risk, tolerance and control. J. Med. Microbiol. 2015; 64:323-34.

Pishchalnikov YA, Sapozhnikov OA, Bailey MR, Williams JC, Cleveland RO, Colonius T,
Crum LA, Evan AP, McAteer JA. Cavitation Bubble Cluster Activity in the Breakage
of Kidney Stones by Lithotripter Shockwaves. Journal of Endourology 2003; 17:435-
46.

Plesset MS, Prosperetti A. Bubble dynamics and cavitation. Annu. Rev. Fluid. Mech. 1977;
9:145-85.

Qian Z, Stoodley P, Pitt WG. Effect of low-intensity ultrasound upon biofilm structure from
confocal scanning laser microscopy observation. Biomaterials 1996; 17:1975-80.

Reuter F, Lauterborn S, Mettin R, Lauterborn W. Membrane cleaning with ultrasonically
driven bubbles. Ultrason. Sonochem. 2017; 37:542-60.

Rivas DF, Verhaagen B, Seddon JRT, Zijlstra AG, Jiang L-M, van der Sluis LWM, Versluis
M, Lohse D, Gardeniers HIGE. Localized removal of layers of metal, polymer, or
biomaterial by ultrasound cavitation bubbles. Biomicrofluidics 2012; 6:034114.

Robinson J, Macedo RG, Verhaagen B, Versluis M, Cooper P, van der Sluis L, Walmsley A.
Cleaning lateral morphological features of the root canal: the role of streaming and
cavitation. International endodontic journal 2017.

Rooze J, Rebrov EV, Schouten JC, Keurentjes JT. Dissolved gas and ultrasonic cavitation—a
review. Ultrason. Sonochem. 2013; 20:1-11.

Salles AES, Macedo LD, Fernandes RAG, Silva - Lovato CH, Paranhos HdFO. Comparative
analysis of biofilm levels in complete upper and lower dentures after brushing
associated with specific denture paste and neutral soap. Gerodontology 2007; 24:217-
23.

27



791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840

Salta M, Goodes L, Maas B, Dennington S, Secker T, Leighton T. Bubbles versus biofilms: a
novel method for the removal of marine biofilms attached on antifouling coatings
using an ultrasonically activated water stream. Surface Topography: Metrology and
Properties 2016; 4:0340009.

Schwarz F, Papanicolau P, Rothamel D, Beck B, Herten M, Becker J. Influence of plaque
biofilm removal on reestablishment of the biocompatibility of contaminated titanium
surfaces. J. Biomed. Mater. Res. A 2006; 77:437-44.

Sedgley C, Applegate B, Nagel A, Hall D. Real-Time Imaging and Quantification of
Bioluminescent Bacteria in Root Canals In Vitro. J. Endod. 2004; 30:893-98.

Shervani-Tabar M, Aghdam AH, Khoo B, Farhangmehr V, Farzaneh BJFDR. Numerical
analysis of a cavitation bubble in the vicinity of an elastic membrane. 2013;
45:055503.

Stewart PS, Costerton JW. Antibiotic resistance of bacteria in biofilms. The lancet 2001;
358:135-38.

Tawakoli PN, Sauer B, Becker K, Buchalla W, Attin T. Interproximal biofilm removal by
intervallic use of a sonic toothbrush compared to an oral irrigation system. BMC oral
health 2015; 15:91.

Thiruppathi K, Lakshmi P, Sudarsan K, Rajapan D, Kirubagaran R. A study on the effect of
pulsed power ultrasound waves on marine biofouling. Indian J. Geo-Mar. Sci. 2014;
43:2169-74.

Thurnheer T, Rohrer E, Belibasakis GN, Attin T, Schmidlin PR. Static biofilm removal
around ultrasonic tips in vitro. Clin. Oral Investig. 2014; 18:1779-84.

Van der Sluis L, Versluis M, Wu M, Wesselink P. Passive ultrasonic irrigation of the root
canal: a review of the literature. International Endodontic Journal 2007; 40:415-26.

van Wijngaarden L. Mechanics of collapsing cavitation bubbles. Ultrason. Sonochem. 2016;
29:524-27.

Veerachamy S, Yarlagadda T, Manivasagam G, Yarlagadda PK. Bacterial adherence and
biofilm formation on medical implants: a review. P. I. Mech. Eng, H. 2014; 228:1083-
99.

Verhaagen B, Rivas DF. Measuring cavitation and its cleaning effect. Ultrason. Sonochem.
2016; 29:619-28.

Vickery K, Pajkos A, Cossart Y. Removal of biofilm from endoscopes: evaluation of
detergent efficiency. American Journal of Infection Control 2004; 32:170-76.

Vyas N, Sammons RL, Addison O, Dehghani H, Walmsley AD. A quantitative method to
measure biofilm removal efficiency from complex biomaterial surfaces using SEM
and image analysis. Sci. Rep. 2016; 6:32694.

Walmsley AD. Applications of ultrasound in dentistry. Ultrasound in Medicine & Biology
1988; 14:7-14.

Walmsley AD, Felver B, Lea SC, Lumley PJ, King DC, Price GJ. 2010 Identifying cavitation
around dental ultrasonic instruments. 39th International Congress on Noise Control
Engineering: INTER-NOISE, 6593-600.

Walmsley AD, Lea SC, Felver B, King DC, Price GJ. Mapping cavitation activity around
dental ultrasonic tips. Clinical Oral Investigations 2013; 17:1227-34.

Wang C, Cheng J. Cavitation microstreaming generated by a bubble pair in an ultrasound
field. J. Acoust. Soc. Am. 2013; 134:1675-82.

Whittaker C, Ridgway H, Olson BH. Evaluation of Cleaning Strategies for Removal of
Biofilms from Reverse-Osmosis Membranes. Applied and Environmental
Microbiology 1984; 48:395-403.

Wiklund M, Green R, Ohlin M. Acoustofluidics 14: Applications of acoustic streaming in
microfluidic devices. Lab on a Chip 2012; 12:2438-51.

28



841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862

Wu H, Moser C, Wang H-Z, Hagiby N, Song Z-J. Strategies for combating bacterial biofilm
infections. International journal of oral science 2015; 7:1.

Wu TY, Guo N, Teh CY, Hay JXW. Theory and fundamentals of ultrasound. Advances in
ultrasound technology for environmental remediation: Springer, 2013. 5-12.

Wu YT, Zhu H, Willcox M, Stapleton F. The Effectiveness of Various Cleaning Regimens
and Current Guidelines in Contact Lens Case Biofilm Removal. Investigative
Opthalmology & Visual Science 2011; 52:5287.

Xu J, Bigelow TA, Halverson LJ, Middendorf JM, Rusk B. Minimization of treatment time
for in vitro 1.1 MHz destruction of Pseudomonas aeruginosa biofilms by high-
intensity focused ultrasound. Ultrasonics 2012; 52:668-75.

Young FR. Cavitation World Scientific, 1999.

Yu H, Chen S, Cao P. Synergistic bactericidal effects and mechanisms of low intensity
ultrasound and antibiotics against bacteria: a review. Ultrason. Sonochem. 2012;
19:377-82.

Zhang Y, Hu Z. Combined treatment of Pseudomonas aeruginosa biofilms with
bacteriophages and chlorine. Biotechnology and Bioengineering 2013; 110:286-95.

Zhu C, He N, Cheng T, Tan H, Guo Y, Chen D, Cheng M, Yang Z, Zhang X. Ultrasound-
targeted microbubble destruction enhances human B-defensin 3 activity against
antibiotic-resistant Staphylococcus biofilms. Inflammation 2013; 36:983-96.

Zips A, Schaule G, Flemming H. Ultrasound as a means of detaching biofilms. Biofouling
1990; 2:323-33.

29



