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ABSTRACT

Biological effects are known to occur with ultrasound energy at kilohertz frequencies. This
has led to research into its use as a non-invasive tool for tissue healing and repair. The aim of
this research is to investigate the in vitro application of kilohertz ultrasound and to measure
the biological responses using models of dental pulp cells which play an important role in
dental repair. Ultrasound emitted from a longwave therapy instrument (DuoSon, SRA
Developments Ltd) was characterised and measured identifying the range and intensity of the
field. These measurements, coupled with biological data, identified the difficulties when
conducting research with kilohertz ultrasound in vitro and indicated that the use of multi-well
culture plates is not appropriate when investigating the effects of kilohertz ultrasound in cell
culture. An improved method for in vitro kilohertz ultrasound application was devised
enabling the investigation of non-thermal ultrasound effects on primary human dental cells.
Cell proliferation, viability and gene expression, including the dental-related and
biomechanically-responsive gene, dentine matrix protein-1, responded in a dose-dependent
manner with respect to the duration of ultrasound application. At seven days after the
application of kilohertz ultrasound, mineral formation was not found in in vitro human dental
pulp cultures, however, sham control samples demonstrated few small deposits with the same
culture time period. The challenges of maintaining viable primary cell cultures in vitro
precluded longer culture times, which may have demonstrated an effect of kilohertz
ultrasound. This finding highlights the complexity of the biophysical interaction of kilohertz
ultrasound with cells and demonstrates the need for further clarification of specific ultrasound
settings for optimal therapeutic application. This study has demonstrated a positive effect of
kilohertz ultrasound on human dental pulp cells and has identified methods to improve in
vitro cell culture models to capture robust data to develop a novel therapy for dental repair.
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CHAPTER 1

INTRODUCTION
1.

1

1.1

ULTRASOUND

The human auditory sensory organ is capable of sensing vibrations when particles oscillate at
a frequency within the range of 20 Hz and 20,000 Hz. This is known as acoustic sound. The
detection of particles oscillating at a frequency greater than 20,000 Hz is categorised as
ultrasound. This is outside the detectable range of human hearing but can be sensed by certain
species of the animal kingdom, such as dogs, bats and dolphins.

1.1.1

GENERATION, PROPAGATION AND PHYSICAL PROPERTIES OF A
SOUND WAVE

Particle oscillation at a frequency greater than 20,000 Hz can be generated naturally by many
animals. Bats and dolphins navigate using ultrasound and echolocation. These animals emit
ultrasound and listen for their echoes as the ultrasonic wave is reflected from objects in their
vicinity. Dogs are unable to generate ultrasound, but they can hear sound at ultrasonic
frequencies. Ultrasound is produced by dog whistles where the air blown through the whistle
is made to vibrate at high frequencies only heard by the animal. Ultrasound can also be
generated by converting electrical energy into mechanical energy via a transducer. Two
methods to generate ultrasound in this way utilise magnetostrictive or piezoelectric
technologies. Industrial uses of ultrasound include non-destructive testing of materials to
identify imperfections, motion sensing technology such as parking sensors in vehicles and
range finding for underwater navigation. The most commonly used application of ultrasound
in the medical field is ultrasonography. This is used to produce a real-time image of organs
and tissues, such as the unborn foetus or the heart and its blood vessels. It can also be used to

2

guide surgery for tumour removal or stent placement. Ultrasonography can be considered a
safer method of diagnostic testing compared to conventional imaging techniques which
utilises X-rays because ultrasound does not deliver ionising radiation to the patient (Barnett et
al. 2000). In the field of physiotherapy, ultrasound has been used in the treatment of soft
tissue injuries (ter Haar et al. 1987) involving muscles and tendons (Speed 2001) as well as
hard tissues such as bone fractures (Heckman et al. 1994).

Magnetostriction is the change in dimension of a metal when exposed to a magnetic field and
was first observed by James Joule (Joule 1842). The piezoelectric effect was first documented
nearly 40 years later, in 1880, by brothers Jacques and Pierre Curie (Curie and Curie 1880).
The Curie brothers initially observed that certain crystals, such as quartz, would generate
electricity when placed under compression or tension stress. They later demonstrated the
converse was true when crystals were exposed to an electrical current (Curie and Curie 1881).

An ultrasound wave is generated when these materials are made to change shape more than
20,000 times a second. The resulting oscillatory action creates a wave of pressure arising from
the material which displaces the surrounding particles. Energy is transferred through the
vibration of particles. Such motion is only possible in a medium composed of particles such
as gas, liquid, solid or plasma. Sound cannot travel in a vacuum. The rate of particle
displacement is related to the frequency at which the material is vibrating and generates
localised areas of compression followed by rarefaction of particles in the medium. Sound
waves are mechanical pressure waves, and the energy is transferred from particle to particle.
There is no net movement of the particle and it is the energy that is transferred along the wave
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(O'Brien 2007). A typical sound wave follows a sinusoidal pattern as shown in Figure 1.1
which demonstrates its oscillatory nature.

The frequency of a sound wave can be calculated using Equation 1. The amplitude determines
the degree by which the sound wave oscillates and therefore particle displacement (Hykes et
al. 1985).

Equation 1.
𝑓𝑓 =

𝑣𝑣
𝜆𝜆

Where wavelength is represented by lambda (λ), velocity (v) is the speed of the sound wave
and frequency (𝑓𝑓).

The frequency of the sound wave remains constant, whether in the same medium, or as it
propagates from one type of medium to another (Cracknell 1980a). However the velocity of
the sound wave is dependent on the density and compressibility of the medium it is travelling
through (Hykes et al. 1985). Material density and sound velocity values from Table 1.1 show
that materials with particles organised into solids have a higher sound velocity compared to
liquids and gases.

4

Figure 1.1 A sine waveform showing two properties of a sound wave; (A) wavelength, (B)
amplitude. Two wavelengths are shown.

A

B
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Acoustic impedance is the degree by which a material restricts the flow of ultrasound,
essentially the momentum of ultrasound through the material (Hykes et al. 1985). Dense
materials, such as enamel, exhibit a faster ultrasound transmission speed resulting in a larger
acoustic impedance value (Table 1.1). The relationship of a material’s acoustic impedance,
density and the speed at which ultrasound propagates through it is demonstrated by Equation
2.

Equation 2.
𝑍𝑍 = ρ𝑣𝑣

Where acoustic impedance is represented by Z, velocity (𝑣𝑣) is the speed of the sound wave
and density (ρ).
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Table 1.1 Acoustic properties of biological materials in different physical states. Adapted
from various sources (Blodgett 2002, Hykes et al. 1985, Lees 1971).
Acoustic Impedance
Material

3

Density (kg/m )

Velocity (m/s)
(kg/m2s × 106)

Air

1.2

330

0.0004

Water (20 °C)

1000

1480

1.48

Liver

1060

1550

1.64

Muscle

1080

1580

1.70

Fat

952

1459

1.38

Dentine

2000

3800

7.6

Enamel

3000

6250

18.8

Bone

1912

4080

7.8
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1.1.2

ATTENUATION AND DEFLECTION OF ULTRASOUND

A collection of sound waves travelling in a similar direction can be considered to be a beam
of sound. When the frequency of each wave is greater than 20,000 Hz, it is considered to be
an ultrasound beam. As the ultrasound propagates through a medium, the amplitude of each
wave within the beam is reduced. This is called attenuation and is a result of the medium
absorbing energy from the wave and deflection of the wave by reflection, refraction,
diffraction and scattering (Cracknell 1980b).

Much of the absorbed energy is converted to heat and dissipated from the medium (ter Haar
1999). The degree to which the energy of the ultrasound beam is absorbed is determined by
the frequency of the ultrasound wave and the properties of the medium in which it is
travelling. The absorption of ultrasound and hence the production of heat in biological tissues
is also dependent upon its molecular composition. The amount of absorption in biological
tissues increases as a function of protein content (Goss et al. 1979). However, estimating the
overall temperature rise in these tissues is complex and should also take into account the
balance between heat loss and heat gain as a result of the thermal conductivity and the degree
of vascular perfusion (Barnett et al. 1997, Miller et al. 2012). Higher viscosity materials will
require more energy to move their particles compared to those materials with a lower
viscosity, which in turn generates heat. The rate of energy absorption is directly related to the
frequency of the ultrasound wave. At higher frequencies, particles do not get the time to
return to their normal resting positions once exposed to an ultrasound wave. Hence, particle
movement will occur against the force of a particle returning to its rest position. Changing the
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direction of a particle already in motion requires more energy which is absorbed by the
material and lost as heat (Hykes et al. 1985).

Deflection of ultrasound waves usually occur at a medium boundary, where the wave passes
from one type of material to another. A wave is reflected if there is a significant mismatch in
the acoustic impedance between two materials (Hykes et al. 1985). Table 1.1 shows the
acoustic impedance of some biological materials. The greatest mismatch would occur when a
wave is travelling from one physical state to another, such as gas to liquid or liquid to solid. If
the medium boundary is perpendicular to the direction the wave is travelling, the reflected
wave would travel back in the opposite direction towards the source of the wave. The
reflected wave has the effect of causing either constructive or destructive interference,
enhancing or nullifying, respectively, the incident ultrasound wave (Hykes et al. 1985). This
is known as a standing wave (O'Brien 2007).

The independent advisory group on non-ionising radiation (Health Protection Agency)
reported that the potential for the generation of standing waves within the human body as a
result of an ultrasound field is very rare (AGNIR 2010). However Schlieren imaging has
demonstrated the presence of standing waves during the application of 500 kHz ultrasound to
a cadaver human skull submerged in water but found no evidence of standing waves when
ultrasound with a frequency of 2 MHz was applied (Azuma et al. 2004). The study concluded
that the increased attenuation of high frequency ultrasound prevented significant reflection at
the soft-hard tissue interface. Lower frequency ultrasound demonstrates better penetration and
thus more potential for reflection and standing wave generation (O'Reilly et al. 2010). A
biological study utilising 300 kHz ultrasound to treat stroke with transcranial
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sonothrombolysis was halted after brain haemorrhages were discovered in five patients
(Daffertshofer et al. 2005). A simulation study based on the biological study later identified
standing waves as a possible cause of the injury and simulations using 2 MHz ultrasound
demonstrated a significant reduction in standing waves (Baron et al. 2009). Transcranial
sonothrombolysis requires the use of high intensity focused ultrasound and the risks of
standing wave generation are high. Low-power applications of ultrasound (Table 1.2) pose a
much lower risk of in vivo standing waves. Using a low intensity and keeping the source of
ultrasound in motion helps to reduce the risks of generating a standing wave.

1.1.3

THE ULTRASOUND BEAM

To generate a beam of ultrasound, the dimensions of the transducer should be higher than the
wavelength of sound being produced. Energy is applied to the piezoelectric material
producing a dimensional change which in turn generates multiple mechanical pressure
ultrasound waves at the transducer face. The number of individual waves generated is
dependent on the wavelength and the surface area of the transducer face. If the diameter of the
transducer face was equal to one wavelength, only one wave would be generated. The
ultrasound beam is a collection of these individual ultrasonic waves which interact with each
other close to the transducer face (Huygens’ principle). This region is called the near field or
the Fresnal zone. Within this zone there is a lack of homogeneity resulting in both increased
and decreased energy levels in the ultrasound beam as shown in figure 1.2 (Hykes et al.
1985). Equation 3 describes the relationship between the velocity and frequency of an
ultrasound wave and how this relates to the length of the near field from the transducer face
for an unfocussed transducer.
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Equation 3.
𝑑𝑑 2 𝑓𝑓
𝐿𝐿 =
4𝑣𝑣

Where 𝐿𝐿 is the length of the near field, velocity (𝑣𝑣) is the speed of the sound wave, frequency
(𝑓𝑓) and diameter (𝑑𝑑) of the transducer face.
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Figure 1.2 Diagrammatic representation of an ultrasound beam indicating the position of the
near field and far field relative to the transducer face. The diagram also shows a
typical intensity profile versus distance from the transducer face (Hykes et al.
1985).
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1.1.3.1

MEASURING ULTRASONIC ENERGY

Energy is expressed as a Joule (𝐽𝐽) and combined with a period of time as Joules per second
(𝐽𝐽/𝑠𝑠), is the equivalent to 1 watt (𝑊𝑊) (O'Brien 2007). The total amount of energy exerted by a
beam of ultrasound per second is called the acoustic power and is expressed in watts (Zeqiri
2007). The intensity describes the amount of energy transferred through a unit cross-sectional
area per second with the unit W/cm2. The intensity of ultrasound refers to a specific area
within the ultrasound beam and whilst this value is not homogenous in the near field, due to
wave interaction, there is better reproducibility of the intensity measurement in the far field or
Fraunhofer zone as shown in Figure 1.2 (Hykes et al. 1985).

Depending on the electrical input, transducers are able to emit ultrasound in a continuous
beam, or in repeating packets of energy producing a pulsing beam. A pulsed beam will reduce
heat generation when a high frequency or a high power ultrasound beam is used. Due to these
variations and the inhomogeneity of the ultrasound beam, recording the energy output of an
ultrasound transducer is not straightforward. The terms; spatial peak, spatial average, pulse
average and temporal average can be used to describe the intensity of the ultrasound beam.
Spatial peak (SP) and spatial average (SA) values refer to the maximum intensity and average
intensity (respectively) in the ultrasound field. Temporal average (TA) refers to a
measurement taken over a period of time, and when using a pulsed beam of ultrasound, the
term pulse average (PA) should be used. This terminology allows standardisation for the
reporting of ultrasound energy (ter Haar 2007, Wu and Nyborg 2006).
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The energy levels of an ultrasound beam can be recorded using devices that detect changes in
pressure. A hydrophone converts pressure to electrical voltage using the piezoelectric effect.
The voltage measurements are recorded and interpreted by an oscilloscope and the core
frequency of the ultrasound beam can be calculated. The hydrophone must first be calibrated
against a reference hydrophone to determine its accuracy and thus generate a calibration
factor or sensitivity level for a range of predetermined ultrasonic frequencies. These values
are used to carry out the calculations to determine the intensity level. It is assumed that the
frequency of ultrasound generated by the transducer is a single component however multiple
frequencies can exist within a single ultrasound beam. This requires the use of a
deconvolution method, such as Fourier Transform, to ensure the correct intensity is calculated
from measurements of the ultrasound field (Zeqiri 2007).

1.1.4

THE EFFECTS OF ULTRASOUND ON BIOLOGICAL TISSUES

Ultrasound waves are used in diagnostic medicine to visualise internal structures within the
human body and this imaging modality is termed ultrasonography. Ultrasound waves are
reflected at tissue boundaries (section 1.1.2) and the transducer which emits the initial
ultrasound beam also receives the reflected waves. The ultrasound waves received by the
transducer are converted into electrical signals and an image is generated. Ultrasound waves
used in ultrasonography are generated with a frequency usually greater than 2.5 MHz,
however the frequency used is related to the depth of the area in the body that requires
investigation. The ultrasonic examination of internal organs such as the liver or kidney use
low (<3 MHz) ultrasound frequencies whilst investigations of more superficial tissues such as
muscles, mammary glands and neonatal investigations can be carried out with higher
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frequencies (>2.5 MHz). These higher frequencies also improve the resolution of the image
(O'Brien 2007). Ultrasonography is considered a safe diagnostic tool with no irreversible
biological effects. However, the interaction of ultrasonic waves with biological tissues has the
potential to cause harm due to the heating and mechanical effects of ultrasound with highpower applications (Table 1.2) (Child et al. 1990, Connor and Hynynen 2004, Daffertshofer et
al. 2005). The risk of harm with low-power applications (Table 1.2) is low (Miller et al.
2012). The risks of these effects are reduced by limiting the duration of the examination and
in some instances, ensuring the transducer is kept in motion to prevent an accumulation of
heat. Ultrasound beams used in ultrasonography are pulsed and are regulated to ensure the
spatial peak temporal average (SPTA) intensity used for investigation is set at 720 mW/cm2.
This reduces the energy of the ultrasound beam decreasing the occurrence of heating and
mechanical effects (ter Haar 2011a).

Whilst it is intended for the ultrasound used in ultrasonography to have very little interaction
with biological tissues, ultrasonic energy can generate physical interactions in biological
tissues via heating and mechanical effects resulting in a therapeutic benefit. Therapeutic
ultrasound is a general term describing the use of ultrasound to produce a healing or curative
effect in biological tissues. There are two broad categories for the applications of therapeutic
ultrasound; high-power and low-power (Table 1.2). This study will consider low-power
therapeutic ultrasound, focusing on its application and mechanisms for the repair and
regeneration of biological tissues.
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Table 1.2 Applications of therapeutic ultrasound in biological tissues (Ahmadi et al. 2012,
Mason 2011, ter Haar 2007).
High-power

Low-power

Ablation therapy

Drug activation

(High Intensity Focused Ultrasound)

(Sonodynamic therapy)

Extra-corporeal Shockwave Therapy

Drug delivery

(e.g. Lithotripsy)

(Sonophoresis & Sonoporation)

Sonothrombolysis

Gene therapy
Physiotherapy
Tissue repair / regeneration

16

1.1.4.1

HEATING EFFECTS

A heating effect is created when ultrasound interacts with biological tissues as a result of
absorption of the wave energy. Decreasing the frequency of the ultrasound wave allows for
better penetration of tissues and in turn reduces heating as there is less energy absorption.
Both increasing the time that ultrasound is applied and using a continuous ultrasound beam
(opposed to a pulsing beam) increases the heating effect in tissues. The adsorption of the
wave energy results in an increase in blood flow and tissue extensibility. This produces a
beneficial effect which has been used to treat a range of disorders including reducing joint
stiffness and muscle spasm, modulation of pain and the production of a mild inflammatory
response (Speed 2001).

Robertson (2002) conducted a review of randomised controlled trials where ultrasound was
used to treat pain and promote soft tissue healing (Robertson 2002). These treatments can be
considered to be within the field of physiotherapy which aims to increase tissue temperatures
above 39.6 °C and has been shown to generate a therapeutic physiological effect (Hayes et al.
2004). Robertson (2002) found 24 suitable randomised control studies which utilised lowpower therapeutic ultrasound with a spatial average temporal average (SATA) intensity in the
region of 0.16 and 0.5 W/cm2 (Robertson 2002). Statistically significant improvements in the
group treated with ultrasound where reported in 7 out of the 24 studies (Binder et al. 1985,
Callam et al. 1987, Dyson et al. 1976, Ebenbichler et al. 1999, Ebenbichler et al. 1998,
Hasson et al. 1990, Roche and West 1984) whereas the remaining 17 studies did not report a
significant outcome (Bradnock et al. 1996, Craig et al. 1999, Downing and Weinstein 1986,
Eriksson et al. 1991, Everett et al. 1992, Falconer et al. 1992, Grant et al. 1989, Haker and
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Lundeberg 1991, Hashish et al. 1988, Hashish et al. 1986, Lundeberg et al. 1988, Lundeberg
et al. 1990, Mcdiarmid et al. 1984, McLachlan et al. 1991, Nykanen 1995, Plaskett et al.
1999, ter Riet et al. 1996). Studies which reported a significant outcome showed that 0.2
W/cm2 would be the most appropriate SATA intensity and in all 7 of these studies, ultrasound
was pulsed. Robertson (2002) summarised that whilst this study identified an effective
window of SATA intensity for soft tissue therapeutic use, variables such as the equipment
used, method and site of ultrasound application, the frequency of ultrasound and treatment
times will affect outcomes.

High-power applications, such as ablation therapy for cancer treatment, focus the ultrasound
beam to a specific localised area within biological tissues. This generates localised
hyperthermia and results in coagulative tissue necrosis (Malcolm and ter Haar 1996). This
method has been used for the treatment of solid malignant tumours (Zhou 2011) as well as the
arrest of bleeding from blood vessels around the heart (Vaezy et al. 2001). Whilst ablation
therapy relies on the generation of heat, mechanical effects should not be ignored. Damage to
leukemic cells has been shown with the use of low energy 1.8 MHz ultrasound where no heat
is generated (Lagneaux et al. 2002). A recent study has demonstrated the ablation of brain
tissue in rats by generating localised cavitation and microstreaming using a contrast agent
with low power overlapping applications of ultrasound (McDannold et al. 2016). Ultrasound
at higher frequencies, as used in tissue ablation, has been shown to generate significant levels
of cavitation and the release of energy can result in profound cell and tissue damage (Hill
1971). When considering the effects of ultrasound, both mechanical and thermal effects can
take place at the same time.
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1.1.4.2

MECHANICAL EFFECTS

As well as heating effects, Speed (2001) also proposed non-thermal (also known as
mechanical) effects of therapeutic ultrasound; cavitation and acoustic microstreaming. These
mechanical effects are a result of the changes in pressure generated by an ultrasound wave
(Section 1.1.1). It is postulated that cell membranes and cytoskeletal structures are affected
either directly by the ultrasound wave oscillation, or indirectly via cavitation and acoustic
microstreaming (Baker et al. 2001, Feril and Kondo 2004). The pulsing nature of ultrasound
(frequency) provides a repetitive stimulus that may sufficiently stress the cell into
upregulating its internal cell processes resulting in a biological effect. The subsequent effect
of mechanical stimulation is thought to be the activation of intracellular signalling resulting in
gene transcription (Johns 2002, Scheven et al. 2009b).

Externally, the cellular membrane is composed of a variety of molecules that are sensitive to
mechanical stimulation (Padilla et al. 2014), whilst internally, the cytoskeleton has been
shown to be responsive to differing mechanical load from the extracellular matrix (Geiger et
al. 2001, Robling et al. 2006). Calcium ion channels found in the cell membrane have been
shown to respond to mechanical stimulation affecting the intracellular concentration of
calcium ions (Parvizi et al. 2002). Fluctuations in the concentration of calcium ions have been
shown to trigger differentiation in stem cells (den Dekker et al. 2001, Sun et al. 2007).
Integrin-mediated focal adhesions link the extracellular matrix to the cytoskeleton and allow
for the signalling of mechanical force through protein modulation (del Rio et al. 2009). The
exposure of protein binding sites on the integrin-mediated focal adhesion molecules, as a
result of mechanical stimulation (Whitney et al. 2012) has been shown to activate the
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integrin/phosphatidylinositol 3-OH kinase/Akt pathway (Takeuchi et al. 2008). This pathway
has been linked with increasing cell proliferation and activation of extracellular signalregulated kinases (ERK) and mitogen-activated protein kinases (MAPK) which has been
shown to influence cell migration and the regulation of gene expression (Whitney et al. 2012).
Bandow et al. (2007) has shown that ultrasonic mechanical activation of the angiotensin II
type I receptor found on osteoblasts induces cytokine expression and ERK phosphorylation
activation (Bandow et al. 2007). Stretch activated ion channels (Liedert et al. 2006), G-protein
coupled receptors (Morris et al. 2010) and primary cilia (Malone et al. 2007) have also been
shown to be receptive to mechanical stimulation however their activation of internal cell
processes are as yet unclear. Cell membranes have also been shown to increase their porosity
when stimulated with ultrasound allowing the improved transfer of drugs (sonoporation),
mineral ions and genes to stimulate cell processes (Deng et al. 2004, Mehier-Humbert et al.
2005, Mitragotri 2005).

The application of low intensity ultrasound (considered non-thermal) to osteoblastic cells in
vitro has been shown to upregulate chemokines such as monocyte chemoattractant protein,
macrophage-inflammatory protein and receptor activator of nuclear factor κ-B ligand
(RANKL) (Bandow et al. 2007). Harle et al. (2001) showed the upregulation of alkaline
phosphatase and osteopontin was dependent on the intensity of 3 MHz ultrasound applied to
osteoblasts in vitro (Harle et al. 2001). A later study (Harle et al. 2005) by the same group
found upregulation of transforming growth factor-beta was again dependent on ultrasound
intensity in a similar manner as the first study. The later study also measured the streaming
velocity in culture media using Doppler shift and found an increase in the streaming velocity
with an increase in intensity. Temperature changes were also negligible. These findings
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strongly indicate that mechanical effects have a role in the regulation of gene expression. The
stimulation of microbubbles by ultrasound gives rise to acoustic microstreaming through
cavitation. This mechanical effect has been shown to upregulate genes involved in apoptosis
and ceramide-induced apoptotic pathways in endothelial cells (Al-Mahrouki et al. 2012).

1.1.4.2.1

CAVITATION

Cavitation is the excitation of gas filled bubbles by ultrasonic pressure waves. When
ultrasound passes through the medium, these bubbles will either undergo inertial (transient) or
non-inertial (stable) cavitation depending upon the pressure amplitude of the wave (Wu and
Nyborg 2008). High-pressure amplitudes above a threshold level will result in inertial
cavitation usually resulting in the bubble imploding violently and subsequently releasing
further mechanical energy and highly reactive free radicals (Edmonds and Sancier 1983, Lea
et al. 2005). Non-inertial cavitation allows the bubble to remain intact with only moderate
changes in size and a degree of oscillation (Wu and Nyborg 2008). When a bubble collapses,
the energy produced is extremely high but only for a very small period of time (Ahmadi et al.
2012). Multiple bubbles collapsing continuously can give rise to large energy releases which
can damage tissues. This effect, in conjunction with a focused ultrasound beam, is used in
ablation therapy to generate high temperatures at specific points within the body (ter Haar
2007). Proving the presence of cavitation at therapeutic (low-power) intensities in vivo is
challenging and only a few studies have demonstrated cavitation in vivo (ter Haar et al. 1982,
ter Haar and Daniels 1981). However the findings from these studies have been challenged
due to the interpretation of ultrasound imaging to determine the presence of cavitation
(Watmough et al. 1991). Regardless, high-power applications, such as extra-corporeal
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lithotripsy, are known for inducing cavitation in vivo (Barnett et al. 1997, Coleman et al.
1996, Coleman et al. 1995, Vakil and Everbach 1993). Cavitation generated by an ultrasonic
scaling tip is used to remove hard debris cemented to the tooth surface during a dental scaling
procedure (Lea et al. 2005, Walmsley 1988).

1.1.4.2.2

ACOUSTIC MICROSTREAMING

Acoustic microstreaming has been described as the flow of liquid as a result of non-inertial
cavitation (ter Haar et al. 1987, Wu and Nyborg 2008). Expanding and contracting bubbles, as
a result of the pressure changes within an ultrasound field, can generate intercellular and
intracellular oscillations (Ahmadi et al. 2012, ter Haar 2007). These movements result in a
shear stress being applied to the cells’ membranes and organelles within the cell (Johns 2002,
Laird and Walmsley 1991, Nyborg 1982, Williams and Chater 1980) resulting in the
activation of various mechano-transduction pathways discussed in section 1.1.4.2. Johns
(2002) has proposed that microstreaming stresses biological cells significantly in order for the
cell to respond. The cell membrane can be influenced to affect permeability, adhesion and
proliferation resulting in changes to signalling pathways and gene regulation within the cell
(Johns 2002). Acoustic microstreaming has been shown to take place around ultrasonic dental
scaling tips (Khambay and Walmsley 1999, Laird and Walmsley 1991) where it is employed
to remove plaque and calculus (Walmsley et al. 1984) and has been shown to disrupt the
bacterial biofilm that forms on teeth (O'Leary et al. 1997). Sonothrombolysis utilises acoustic
microstreaming to breakdown clots in the body to reduce the risk of stroke. Saqqur et al.
(2014) undertook a systematic review of the literature and concluded that sonothrombolysis
was a safe and effective method of treatment (Saqqur et al. 2014).
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1.1.4.2.3

FREQUENCY RESONANCE HYPOTHESIS

It is further postulated that the vibrations generated from the ultrasound wave are absorbed by
proteins within the cell, triggering a conformational change. This change may also come
about due to the resonant frequency of each protein matching that of the ultrasound wave. A
conformational change in a protein, such as an enzyme, may activate or deactivate the enzyme
resulting in changes to gene expression and ultimately influencing the biological function of
the cell (Johns 2002). The principles of this theory have been investigated by Chetverikova et
al. (1985). Chetverikova et al found that ultrasound decreased the activity of creatine kinase
and suggested that ultrasound had disrupted the multi-molecular form of this enzyme
(Chetverikova et al. 1985). A more recent study investigating the effectiveness of
sonothrombolysis discovered that whilst fibrinogen activity was upregulated, no
conformational changes were induced (Cherniavsky et al. 2011). Marchioni et al. (2009)
investigated the effect of ultrasound on six proteins; cytochrome, lysozyme, myoglobin,
bovine serum albumin, trypsinogen and α–chymotrypsinogen A. They summarised that
conformational changes in proteins were evident, however rather than resonance, cavitation
resulting in free radical production was the more influential factor (Marchioni et al. 2009).
Whilst the findings from these studies are based on in vitro experiments, in vivo findings are
as yet unreported.
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1.2

DENTAL REGENERATION

Most biological tissues in the human body are able to respond to harmful stimuli to ensure the
structure, functioning and survival of that tissue is maintained. Some of the tooth’s structures
have an inherent capacity to repair but the environment of the oral cavity presents mechanical
and chemical challenges to the survival of dental tissues. Hence the capacity to repair is
limited and there is the potential that the insult will overwhelm the tissue defences leading to
irreversible damage. The different tissues that make up teeth are organised into layers
allowing for each individual tooth to respond effectively to slowly progressing mild stimuli.
Maintaining the biological functions of a tooth will allow for its long-term survival, giving it
the ability to respond to future stimuli. However the mechanism by which ultrasound energy
generates a beneficial response remains unclear. Ultrasound stimulation has been linked to the
differentiation of pulp cells in vitro (Nakashima et al. 2003, Scheven et al. 2009a) whilst in
vivo studies have shown dentine production in association with mechanical distraction (ElBialy et al. 2003). Understanding the various reparative and regenerative processes that occur
within dental tissues is important to support the development of novel therapies and
techniques that prevent the need for complex dental procedures and tooth extractions.

1.2.1

TOOTH STRUCTURE

The crown is that part of the tooth that is directly exposed to the oral environment whilst the
root portion is embedded within the alveolar bone of the jaw. The central compartment of a
tooth is made up of pulp tissue which is encased by dentine but for a small opening at the
apex of the root; the apical foramen. The dentine in the crown of the tooth is covered by
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Figure 1.3 Diagrammatic representation of a coronal cross section through a two rooted
molar tooth. The diagram demonstrates the relationship of the major structures in
a tooth.

Enamel

Primary Dentine
Crown
Secondary Dentine
Pulp

Cementum

Root

Apical foramina
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enamel, whereas in the root, it is covered by cementum (Figure 1.3). Enamel, dentine and
cementum are mineralised tissues whereas the dental pulp is a fibrous connective tissue
containing vascular, neural and connective tissue (Ten Cate 1998). Enamel is considered to be
the hardest mineralised tissue in the human body with a mineral content of 96% and a
hardness similar to steel (Gwinnett 1992, Ten Cate 1998). This covering protects the
underlying structure of the tooth from the recurring processes of mastication, tooth-brushing
and attack from dietary food products, such as acid, however due to its low water and high
mineral content, enamel is a brittle material (Caldwell et al. 1957, Meckel et al. 1965, Staines
et al. 1981). Dentine has a lower mineral content (Mjor 1966), which is comparable to bone,
and although softer than enamel, dentine supports the overlying enamel preventing fracture
under heavy and sudden occlusal load, such as during mastication (Craig and Peyton 1958).
Cementum is considered to be part of the periodontium together with the gingivae,
periodontal ligament and bone which support the tooth in the mouth. The categorisation of
different types of cementum is complex and is based on the presence of cells (cementocytes),
time of formation and the source of collagenous fibres within its matrix. Whilst the role of
acellular cementum is to ensure its attachment to the tooth, cellular cementum is responsible
for replenishing its surface layer adjacent to the periodontal ligament and is adaptive to tooth
wear and movement (Ten Cate 1998). In humans, enamel is secreted and mineralised only
whilst the tooth is developing. Once the tooth has erupted into the oral cavity, the cells
responsible for enamel production, ameloblasts, are lost and no further enamel is deposited
(Ten Cate 1998). Enamel can be lost from the tooth either by dental caries, tooth wear or
trauma. The tooth is unable to generate new enamel and, in order to protect the pulp, the tooth
responds to this stimulation by upregulating the production of dentine at the interface between
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the pulp and the dentine layer (Smith 2002). Unlike ameloblasts, the cells that generate
dentine, odontoblasts, remain at the dentine-pulp complex.

1.2.1.1

DENTINE-PULP COMPLEX

Dentine is secreted and mineralised (dentinogenesis) by odontoblasts which line the entire
internal border of the pulp chamber adjacent to the dentine layer. The shape of this boundary
matches that of the overall form of the tooth resulting in pulp horns in the crown beneath the
peaked cusps of teeth and a taper to the apical foramen at the apex of the root (Figure 1.3).
Nerve and blood vessel branches pass through this opening and supply the pulp tissue which
is composed of collagen fibres, ground substance, fibroblasts, undifferentiated
ectomesenchymal cells, macrophages, lymphocytes and dendritic cells (Ten Cate 1998). Their
main function is to support the production of dentine by odontoblasts in the dentine-pulp
complex. The dentine deposited by the odontoblasts after the root is completed is called
secondary dentine (Figure 1.3). Secondary dentine is produced throughout the lifetime of the
tooth (Baume 1980). Prior to root completion, odontoblasts generate primary dentine which
makes up the majority of the dentine in a tooth (Figure 1.3) (Smith et al. 1995). Dentine
secreted by odontoblasts has a tubular structure to accommodate for the odontoblasts’ cell
processes and can be categorised into intertubular and peritubular (intratubular) dentine. As
the odontoblast migrates towards the centre of the tooth depositing dentine, the cell process
elongates and maintains a tapered tract (dentinal tubule), narrower at its origin, the enameldentine junction, due to peritubular dentine deposition (Garberoglio and Brannstrom 1976,
Mjor 1966, Ten Cate 1998). These tracts are sinusoidal in shape, markedly so in the crown of
the tooth, due to the crowding of odontoblasts as the size of the pulp chamber is reduced by
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the continuous formation of dentine. The reduction of the internal surface area of the pulp
chamber results in a higher tubule density in dentine closest to pulp (inner dentine) compared
to dentine near enamel (outer dentine). Individual dentinal tubules may also be interconnected
by branches which increases the permeability of dentine and provides an effective means of
communication between the dentine-pulp complex, the enamel layer and the environment of
the oral cavity (Pashley 1996). This network of tubules traversing across the entire dentine
layer allows a specific area of the dentine-pulp complex to respond to a stimulus affecting that
part of the tooth. Superficial and mild stimuli, such as tooth-brushing, mastication and cavity
preparation into the outer dentine tend not to trigger a response from the dentine-pulp
complex (Smith et al. 1994). However, cavity preparation close to the pulp, dental caries and
tooth wear involving dentine are significant threats resulting in the production of dentine,
termed tertiary dentine. These repair processes can only continue to respond to stimuli whilst
the living tissue of the pulp remains healthy. Stronger and more severe stimuli, such as trauma
or disease, that exposes the pulp chamber to the oral environment, will result in infection and
ultimately death of the pulp. It is therefore important to understand the repair processes within
teeth and promote the production of tertiary dentine when required to maintain pulp vitality.

1.2.2

TERTIARY DENTINOGENESIS

Whereas the production of primary and secondary dentine is controlled by innate processes
within the developing and mature tooth, tertiary dentine is generated as result of external
stimuli acting on the dentine-pulp complex. Two types of tertiary dentine have been
recognised; reactionary and reparative (Lesot et al. 1993, Smith et al. 1995). Whilst both types
aim to preserve the structural integrity of the pulp chamber and provide a protective barrier to
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prevent the loss of pulp vitality, they are produced by two different cell types. Mild
stimulation would trigger odontoblasts lining the pulp chamber to produce reactionary
dentine. A stronger stimulus may damage these cells resulting in the recruitment of
undifferentiated ectomesenchymal pulp cells and their subsequent differentiation into
odontoblast-like cells. These cells migrate to the damaged area in the pulp and produce
reparative dentine (Figure 1.4).
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Figure 1.4 Diagrammatic representation of the crown portion of a tooth indicating the
process of tertiary dentinogenesis. Reactionary dentinogenesis is shown on the left
side of the tooth where caries has provided a mild stimulus and triggered
odontoblast cells to produce reactionary dentine. On the right, deep cavity
preparation into the pulp has damaged odontoblast cells at the site of the exposure
resulting in odontoblast-like cells producing reparative dentine.
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1.2.2.1

REACTIONARY DENTINOGENESIS

Odontoblasts lining the pulp chamber at the dentine-pulp complex respond to damage to the
hard dental tissues by producing tertiary, reactionary, dentine. Once the root of a tooth has
fully formed, odontoblasts are usually in a relatively quiescent state producing secondary
dentine, however when stimulated, they are required to up-regulate dentine production which
is usually proportional to the severity of the stimulus (Ten Cate 1998). The trigger to initiate
reactionary dentinogenesis is related to the type of damage sustained by the tooth. Carious
destruction of tooth tissue is mainly due to acid producing bacteria found in the oral
environment. These bacteria convert dietary sugars to acid and can be found in high numbers
in the microbial biofilm that adheres to teeth (Marsh and Bradshaw 1995). Effective oral
hygiene measures, such as tooth brushing and interproximal cleaning, can help to prevent
caries by disturbing and removing the dental plaque biofilm. Failure of these measures can
result in the acid dissolution of enamel, destroying its structure, and allowing bacteria access
to the underlying dentine. The destruction of dentine by caries is much quicker compared to
enamel. This is due to a lower mineral content and the presence of dentinal tubules which
allows the bacteria to track down to the pulp. Dissolution of dentine is thought to release
molecules which may have an effect on the dentine-pulp complex resulting in tertiary
dentinogenesis. These bioactive molecules can also be released by restorative procedures.
Both cutting dentine during cavity preparation and the dental materials used to restore the
tooth can produce these molecules (Ferracane et al. 2010, Smith et al. 2012a). Table 1.3 lists
the bioactive molecules released by dentine, and their roles in the regulation of tertiary
dentinogenesis.
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Table 1.3

A selection of bioactive molecules found in dentine and a summary of their
roles in tertiary dentinogenesis (Goldberg et al. 2008, Smith et al. 2001b, Smith
et al. 2012a)
Bioactive molecule

Role in tertiary dentinogenesis

Non-collagenous proteins (NCP)
− Dentine sialoprotein (DSP)
Cell signalling (i.e. stem or progenitor cells

− Dentine phosphoprotein (DPP)

in the pulp).

− Bone sialoprotein (BSP)

Regulation of mineralisation by controlling

− Dentine matrix protein-1 (DMP-1)

the formation of hydroxyapatite crystals.
− Osteopontin (OPN)
(Butler et al. 2003, Butler and Ritchie 1995,
− Matrix extracellular
Fisher et al. 2001).
phosphoglycoprotein (MEPE)
− Osteocalcin (OCN)
Signalling for the upregulation of dentine

Growth factors
− Adrenomedullin (ADM)

secretion.

− Bone morphogenetic protein-7 (BMP-

Cell signalling (i.e. stem or progenitor cells
in the pulp).

7)
− Fibroblast growth factor-2 (FGF-2)

Promotes the differentiation of pulp cells

− Insulin-like growth factor-1 (ILGF-1)

into dentine producing cells.

− Insulin-like growth factor-2 (ILGF-2)

Stimulates mineralisation.

− Platelet derived growth factor (PDGF)

Stimulation of angiogenesis and cell

− Transforming growth factor-β1 (TGF-

proliferation in the dentine-pulp complex.
(Cassidy et al. 1997, Dobie et al. 2002,

β1)

Rutherford et al. 1993, Six et al. 2002,
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− Vascular endothelial growth factor

Sloan and Smith 1999, Smith et al. 1998,
Smith et al. 1994).

(VEGF)

Cell signalling (i.e. stem or progenitor cells

Cytokines
− Interleukin-1β (IL-1β)

in the pulp).

− Interleukin-6 (IL-6)

Regulation of the immune and

− Interleukin-8 (IL-8)

inflammatory response within the pulp

− Interleukin-10 (IL-10)

during the repair process.
Receptor binding to modulate gene
expression.
(Cooper et al. 2010, Levin et al. 1999).

Neuropeptides
− Calcitonin (CT)

Regulation of angiogenic and neurogenic

− Calcitonin gene related peptide (CGRP) events in the pulp.
− Neuropeptide Y (NPY)

Stimulation of osteodentine deposition.

− Substance P (SubP)

(El Karim et al. 2009, Kline and Yu 2009).

− Vasoactive intestinal polypeptide (VIP)
Neurotrophic factors

Neurogenic / neurotrophic effects and may

− Brain-derived neurotrophic factor

promote the differentiation of pulp cells into

(BDNF)

dentine producing cells.

− Glial cell line-derived growth factor

(Arany et al. 2009, de Vicente et al. 2002,
Gale et al. 2011, Mitsiadis and Luukko

(GDNF)
− Nerve growth factor (NGF)

1995, Nosrat et al. 1998).
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A large number of bioactive molecules have been identified to be involved in the process of
tertiary dentinogenesis (Table 1.3) however it has been shown that certain molecules are
critical to the various stages of the repair process. The NCP group are comprised of nonphosphorylated proteins (such as OCN) and phosphorylated small integrin-binding ligand Nlinked glycoproteins (SIBLING) such as DSP, DPP, DMP-1, BSP, OPN and MEPE
(Goldberg and Smith 2004). As a group of proteins, SIBLINGs have been shown to regulate
the process of hydroxyapatite crystal formation by behaving as nucleation factors during
mineralisation (Fisher et al. 2001, Goldberg et al. 1996, He et al. 2003). However individual
proteins within the SIBLING group have been shown to be involved in other aspects of the
repair process. Tartaix et al. (2004) found that DMP-1 was critical to the mineralisation
process due to its role as a signalling molecule and mineralisation inhibitor and nucleator.
This group found that the role DMP-1 plays is dependent on its size, concentration and the
degree of phosphorylation (Tartaix et al. 2004). Feng et al. (2003) found that DMP-1 was
critical in the maturation of predentine (Feng et al. 2003). It has been postulated that DMP-1
may initiate differentiation of undifferentiated mesenchymal cells (Almushayt et al. 2006) and
the molecule is known to be expressed in differentiating odontoblasts (Toyosawa et al.
2004a). Like many of the other SIBLINGs, DMP-1 has also been shown to be involved in the
mineralisation processes of bone and cementum tissues (Gluhak-Heinrich et al. 2003,
MacDougall et al. 1998, Sawada et al. 2012, Toyosawa et al. 2004b). Dentine
sialophosphoprotein (DSPP) is required to regulate dentine mineralisation and is expressed by
odontoblasts (Sreenath et al. 2003) however proteolytic processing of DSPP results in the
generation of DSP and DPP which are found in dentine extracellular matrix (MacDougall et
al. 1997, Ritchie et al. 1995). Whilst both DSPP and DMP-1 are considered to be positive
regulators of mineralisation, it is been suggested that DSPP induces intra-fibril collagen
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mineralisation, whereas DMP-1 induces collagen mineralisation along the collagen fibril axis
(Deshpande et al. 2011). Osteopontin (OPN) has been found entombed within mineralised
dentine and at the junction between pre-existing dentine and newly formed tertiary dentine
(Moses et al. 2006, Qin et al. 2001). Saito et al. (2011) have shown that OPN is found at the
predentine-dentine border prior to odontoblast differentiation suggesting a possible role in the
differentiation process (Saito et al. 2011). A further study by this research group has shown
that OPN is essential for newly differentiated odontoblasts to produce type I collagen;
required for the generation of reparative dentine (Saito et al. 2016). The non-phosphorylated
NCP, OCN, is reported to be present more so in primary dentine compared to secondary
dentine (Gorter de Vries et al. 1987) and expression of OCN is considered to be high in
differentiating odontoblasts (Goldberg et al. 2011, Papagerakis et al. 2002).

Growth factors are considered to be signalling molecules which induce an effect by binding to
cell surface receptors and trigger a series of intracellular processes. These processes may
result in gene expression which can determine cell characteristics and spectrum of activity.
Growth factors play a critical role in stimulating and regulating the processes of tooth
development and repair (Smith et al. 2012a). Growth factors, secreted by odontoblasts (Smith
and Lesot 2001a), are found entombed within the dentine extracellular matrix during
mineralisation (Sloan et al. 2002, Smith et al. 1998). Protein binding improves growth factor
bioavailability (Arai et al. 1996, Kuang et al. 2006, Wakefield et al. 1990) once released from
the mineralised matrix. The presence of growth factor, TGF-β1, in dentine extracellular
matrix has been reported by multiple studies (Cassidy et al. 1997, Finkelman et al. 1990,
Smith et al. 1998) and has been identified as a chemoattractant for pluripotent cells in the
dental pulp (Kwon et al. 2010) and bone (Macdonald et al. 2007). Studies have also shown
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TGF-β1 to initiate differentiation of odontoblast-like cells and dentinogenesis (Hu et al. 1998,
Melin et al. 2000, Sloan and Smith 1999).

The identification of these bioactive molecules assists in understanding the triggering
mechanisms of the repair processes within the dentine-pulp complex. Investigating the
response of bioactive molecules to biophysical factors may yield novel therapies for the
application of ultrasonic energy for tooth repair.

The degree by which the dentine-pulp complex responds to injury is determined not only by
the stimulus, but the age of the tooth and the consistency of the dentine structure. The dentinal
tubule network provides an efficient means of communication, not only for bioactive
molecules to stimulate repair processes, but also for bacteria and their toxins, increasing the
potential for damage. Young teeth tend to have larger pulp chambers and an increased
dentinal tubule density compared to older, heavily restored teeth. Carrigan et al. (1984)
reported that an average of 242,775 tubules/mm2 were found in teeth from people in the 20 to
34 years age group compared to 149,025 tubules/mm2 in the 80 years and above age group
(Carrigan et al. 1984). This is partly due to the deposition of secondary dentine throughout the
lifetime of the tooth but also the production of reparative dentine as a response to tooth wear,
cavity preparation and subsequent restoration. This is more likely to affect tubules in the
crown of the tooth whereas tubules in root dentine are less prone to external stimuli
(Nalbandian et al. 1960). Tubules ultimately become blocked with the continual deposition of
peritubular dentine decreasing the permeability of dentine (Senawongse et al. 2008, Symons
1961). Conversely, whilst it is known that peritubular dentine is deposited on the walls of the
dentinal tubule, it has been shown that there is no correlation between tubule diameter and
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age, however tubule density and age have a strong correlation (Whittaker and Kneale 1979) as
reported by Carrigan et al. (1984). Large pulp chambers have a higher regenerative capacity
owing to a greater number of pulp cells and odontoblasts lining the pulp chamber due to a
large internal surface area. Younger pulps are made up of cells with a higher metabolism with
the ability to respond to injury quicker than older pulp tissue (Morse 1991, Moxham et al.
1998, Murray et al. 2000, Murray et al. 2002b). Repair processes in younger teeth are more
efficient however the dentine structure is less resilient and allows for the rapid spread of
caries to the dental pulp. Upregulation of the repair processes within teeth is important, both
for the young and older tooth, to ensure the vitality of the tooth is maintained.

Research into the therapeutic nature of dental materials and the preparation of cavities prior to
restoration has helped us to increase our understanding of the factors involved that give rise to
the release of bioactive molecules from dentine and the response from the dentine-pulp
complex. Calcium hydroxide and mineral trioxide aggregate (MTA) are two materials used in
modern dentistry that have been shown to extract these molecules from dentine (Graham et al.
2006, Tomson et al. 2007). However cavity preparation agents such as ethylene diamine tetra
acetic acid (EDTA) and phosphoric acid have been shown to be more effective compared to
dental materials to promote the release of bioactive molecules (Ferracane et al. 2013,
Tezvergil-Mutluay et al. 2013, Tomson et al. 2007, Zhao et al. 2000). The thickness of
dentine remaining between the pulp and cavity after preparation; residual dentine thickness
(RDT), has been observed to have a strong influence on the survival of odontoblasts beneath
cavities (About et al. 2001, Camps et al. 2000, Smith et al. 1994, Stanley et al. 1975). Cavities
with an RDT between 0.25 mm and 0.5 mm have demonstrated the presence of more
reactionary dentine compared to an RDT greater or smaller than these dimensions (Murray et
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al. 2002a). Indeed, a distance greater than 0.5 mm does not provide sufficient stimulation to
the odontoblasts to produce a significant response whereas an RDT smaller than 0.25 mm
damages the odontoblasts to the extent that they cannot produce reactionary dentine (Murray
et al. 2002c). Further research in this field will help to further our understanding of the effects
dental disease and their treatments have on teeth and how they are important to preserve the
tooth’s ability to maintain its vitality and protect itself from future harm.

1.2.2.2

REPARATIVE DENTINOGENESIS

The dentine-pulp complex has the capacity to respond to injuries, however severe damage,
usually exposing the pulp, can result in the loss of odontoblasts, which are post-mitotic cells
unable to divide to produce further dentine secreting cells. To continue the healing response
of the tooth, undifferentiated ectomesenchymal pulp cells are recruited to take the place of the
dead odontoblast (Fitzgerald 1979, Fitzgerald et al. 1990, Gronthos et al. 2002, Gronthos et al.
2000, Nakashima 1994, Tziafas et al. 2000). Whilst the events that take place during
reparative dentinogenesis are unclear (Sloan and Waddington 2009), cell labelling studies
have demonstrated that initially, cells deep within the dental pulp below the site of injury
undergo proliferation (Fitzgerald et al. 1990). It is thought that growth factor signalling may
initiate this response (Smith et al. 2012a) and that the cells involved are pluripotent stem cells
that reside in niches within the dental pulp (Gronthos et al. 2000) or may be transported to the
pulp tissue by the blood supply (Stocum 2001). These cells have been found to be highly
proliferative indicating their role in the repair process (Casagrande et al. 2011, Sloan and
Smith 2007). Subsequently, it has been shown that these cells migrate towards the site of
injury and further proliferation takes place (Fitzgerald et al. 1990, Murray et al. 2002a,
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Murray et al. 2002b, Murray et al. 2002c, Tziafas 2004). Finally, these cells differentiate into
odontoblast-like cells which secrete reparative dentine at the site of injury (Figure 1.4) (Smith
et al. 1990). This is also referred to as a dentine bridge, essentially reparative dentine
‘bridging’ the site of injury and producing a physical barrier of tertiary dentine to maintain the
vitality of the pulp. The quality of reparative dentine varies from a tubular structure (as in
reactionary dentinogenesis) to osteodentine which is a calcified tissue with a non-tubular
structure and morphologically has the characteristics of bone (Goldberg and Smith 2004).
Osteodentine is considered porous and can give rise to tunnel defects within the dentine
bridge reducing the ability of the repair process to seal the exposure (Cox et al. 1996). Upon
pulp exposure, the process of reparative dentinogenesis has been shown to occur regardless of
intervention. However controlling infection is an important factor in its success (Cotton 1974,
Kakehashi et al. 1965), as is the degree of inflammation of the pulp tissues (Mjor 2002). A
procedure known as direct pulp capping is performed in dentistry to promote the formation of
a dentine bridge after an exposure. The material traditionally used is calcium hydroxide
however research has shown MTA to provide better treatment outcomes when used as a pulp
capping material (Aeinehchi et al. 2003, Faraco and Holland 2001, Mente et al. 2010, Nair et
al. 2008). MTA has been shown to release calcium hydroxide (Okiji and Yoshiba 2009) and
the nature of the MTA material allows it to provide a better seal, preventing bacterial ingress,
compared to calcium hydroxide resulting in more favourable treatment outcomes (Cox et al.
1999). These materials, whilst ensuring the exposure is sealed, have also been shown to have
antibacterial properties by increasing the pH of the environment to help reduce the amount of
bacteria irritating the pulpal tissue and the ability to promote dental repair by being
biocompatible. It also has the ability to free bioactive molecules (Table 1.3) which are
entombed within the dentine matrix (Graham et al. 2006, Tomson et al. 2007). The release of
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calcium ions from these materials has also been shown to induce mineralisation (Narita et al.
2010).

Whereas in reactionary dentinogenesis, dentine production is upregulated by pre-existing
odontoblasts, the repair process in reparative dentinogenesis is more complex (Smith et al.
1995). It follows the conventional model of tissue healing; haemostasis, inflammation,
proliferation and remodelling (Gosain and DiPietro 2004). The remodelling phase is distinct
in reparative dentinogenesis as dentine is not resorbed, it is only deposited. In the healthy
pulp, exposure of the pulp chamber will result in the formation of a spontaneous blood clot
assisting the tissue healing process. However, the inflammatory status of the pulp is
dependent on the amount of bacteria and irritants that have diffused through the dentine and
stimulated the pulp (Mjor 2002, Seltzer et al. 1963). Achieving haemostasis from an inflamed
pulp is challenging due to vasodilation of blood vessels and increased blood flow. Dental
intervention involves removal of the infected dentine and placement of therapeutic material
over the exposure. This will prevent further bacterial ingress and aims to resolve
inflammation and prevents necrosis of pulp tissue from chronic inflammation. Indeed, a
degree of balance must be achieved between inflammation and its resolution to ensure the
success of the repair mechanisms of the dental pulp. It is known that inflammation is needed
to clear the damaged area of microbes and debris, and for the release of inflammatory
signalling molecules (Staquet et al. 2008) that have been shown to stimulate cell
differentiation and tertiary dentinogenesis after the inflammation has resolved (Bergenholtz
1981, Cooper et al. 2010, Goldberg et al. 2008). Two potent inflammatory markers, tumour
necrosis factor-α (TNF- α) and reactive oxygen species (ROS), that were originally thought to
disrupt the healing process, have now been shown to promote odontogenic differentiation and
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stimulate mineralisation under certain conditions (Lee et al. 2006, Paula-Silva et al. 2009).
Inflammation plays a key role in the repair process and further research is needed to
determine future treatment strategies to promote healing.

The interactions between bioactive molecules and the pulp tissue resulting in reparative
dentinogenesis are still unclear and it is thought that the mechanisms involved are similar to
those that occur during tooth development (Mitsiadis and Rahiotis 2004, Smith and Lesot
2001a). Ultrasonic energy has the potential to stimulate these interactions or directly upregulate cellular responses to enhance the repair processes. Further research in this area has
the potential for the application of ultrasound to stimulate the biological processes involved in
bioengineering teeth.
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1.3

ULTRASOUND ENHANCED BIOLOGICAL REPAIR

An effective ultrasound treatment regime to promote tooth repair aims to provide repeated
mechanical stimulation to cells within the dentine-pulp complex whilst maintaining the
structural integrity of the pulp chamber and the hard tissue structures of the tooth. The
investigation of this potential treatment modality presents many challenges from both the
biological and the physical sciences standpoint. Regardless, the scientific and medical
literature both demonstrate an awareness of a therapeutic effect of ultrasound with biological
repair. The number of studies investigating the effect of ultrasound on tooth repair is limited;
however an abundance of research is available in the literature investigating ultrasound
stimulated bone fracture healing (Claes and Willie 2007, Griffin et al. 2014, Hannemann et al.
2014, Heckman et al. 1994, Khan and Laurencin 2008, Malizos et al. 2006, Rubin et al. 2001,
Watanabe et al. 2010). Many of the processes, such as mineralisation and cell signalling, that
apply to bone repair, may be applicable to dental repair.

Padilla et al. (2014) carried out an extensive review of the possible mechanical effects of
ultrasound that can promote bone fracture repair. Multiple mechanisms were identified with
supporting evidence for the stimulation of gene expression, release of signalling molecules
and mechano-transduction of signalling pathways which influenced and enhanced the stages
of bone healing; inflammation, soft callus formation, bone formation and remodelling (Padilla
et al. 2014). Angiogenesis is a key requirement for healing in biological tissues, and in the
inflammation stage of bone healing, bioactive molecules such as VEGF (Ferrara et al. 2003)
and PDGF (Canalis et al. 1989, Kilian et al. 2004) have been shown to be upregulated and
enhancing angiogenic activity with ultrasound treatment (Doan et al. 1999, Ito et al. 2000,
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Reher et al. 1999, Wang et al. 2004). Cell proliferation is considered to be an important
precursor to healing and studies have shown that ultrasound can upregulate mitogenic activity
in both murine (Gleizal et al. 2006, Li et al. 2003, Suzuki et al. 2009) and human (Doan et al.
1999, Reher et al. 1998, Wang et al. 2004) osteoblasts. Osteogenic growth factors regulate the
bone healing process by influencing cell differentiation, proliferation and tissue maturation.
Ultrasound mediated upregulation of various osteogenic markers may enhance the bone
healing process with various studies having reported an upregulation of alkaline phosphatase
(ALP), bone morphogenetic protein-2 (BMP-2), BSP, collagen type 1 alpha 1 (C1α1), OCN,
osteonectin (ON) and OPN in osteoblast cells (Bozec et al. 2010, Gleizal et al. 2006, Maddi et
al. 2006, Naruse et al. 2003, Yang et al. 2005). Whilst ultrasound has not been shown to
stimulate only a specific single process during bone healing, the combination of cell
proliferation and gene expression demonstrates an anabolic effect to the rate of fracture repair.
Endochondral ossification takes places during bone repair converting the initially formed
callus (cartilage) into bone tissue. Cell differentiation is a prerequisite to soft callus and bone
formation with specific markers, as in dentine mineralisation (Sreenath et al. 2003), having
been identified to regulate bone mineralisation. Runt-related transcription factor 2 (RUNX2)
has been identified to be critical in both intramembranous and endochondral ossification
(Komori et al. 1997, Otto et al. 1997). Encoded by the core-binding factor-1 gene (Ducy et al.
1999), RUNX2 has been shown to be upregulated by ultrasound in osteoblast cell lines and
mesenchymal stem cells (Sant'Anna et al. 2005, Suzuki et al. 2009). A preosteoblast (MC3T3E1) murine cell line treated with ultrasound has reported to demonstrate enhanced mineral
production with increased ALP and matrix metalloproteinase-13 (MMP-13) gene expression
(Unsworth et al. 2007). Ultrasound has also been shown to enhance chondrogenesis with
animal and human studies reporting chrondocyte differentiation from mesenchymal stem cells
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(Lee et al. 2006, Mukai et al. 2005, Schumann et al. 2006). The RANKL protein is thought to
influence bone remodelling by upregulating osteoclastogenesis (Lacey et al. 1998).
Osteoblasts have been shown to increase RANKL gene expression when exposed to
ultrasound (Bandow et al. 2007). This study showed that RANKL gene expression peaked at a
similar time in the repair process to woven bone resorption and the formation of lamellar
bone, indicating a possible enhancement to reducing the duration of fracture repair.

Whilst we have identified that ultrasound can stimulate a response from bone cells, the
mechanism by which this occurs is unclear. Integrins are transmembrane receptors which are
thought to convert mechanical stimulation, such as the mechanical effects of ultrasound, to an
intracellular chemical response (Ingber 1991, Pounder and Harrison 2008). Ultrasound has
been shown to upregulate integrin surface expression in primary murine osteoblasts (Tang et
al. 2006, Watabe et al. 2011, Yang et al. 2005) indicating ultrasound mediated positive
feedback and may explain the stimulation for the changes in cell proliferation, differentiation
and gene expression exhibited by osteoblasts. Signalling pathways involving MAPK have
been identified to be responsive to mechanical stress, and ultrasound (Gao et al. 2016), and
inhibiting their activation has led to preventing ultrasound mediated cell differentiation (Ikeda
et al. 2006, Louw et al. 2013, Ren et al. 2013). Indeed, activation of the integrin-P38 MAPK
pathway in ultrasound treated chondrocytes has shown an increase in extracellular matrix
production (Xia et al. 2015) whilst cell proliferation has been linked to the
phosphatidylinositol 3-OH kinase/Akt pathway (Takeuchi et al. 2008).

Whilst in vitro studies provide a sound basis for scientific research, working with cells in twodimensional culture can limit the potential for investigating the mechanical effects of
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ultrasound. Three-dimensional culture scaffolds better mimic in vivo conditions allowing for
improved cell-to-cell and cell-to-matrix interactions (Mazzoleni et al. 2009). Studies culturing
osteoblasts in three dimensional collagen scaffolds have shown that the MC3T3-E1 cell line
mineralise the extracellular matrix earlier than conventional in vitro culture (Matthews et al.
2014). The porous nature of collagen scaffolds allow for the scaffold to be impregnated with
hydroxyapatite to better mimic bone extracellular matrix (Jones et al. 2010). The number of
ultrasound studies comparing conventional two-dimensional culture and three-dimensional
scaffolds in the literature are limited however Appleford et al. (2007) found that osteoblast
precursor cells cultured on scaffolds increased signalling activity resulting in elevated integrin
expression compared to conventional culture (Appleford et al. 2007). Kang et al. (2011)
cultured MC3T3-E1 preosteoblasts on three-dimensional scaffolds and compared cyclic strain
and ultrasound exposure. They observed that MC3T3-E1 differentiation was significantly
enhanced when both cyclic strain and ultrasound were applied to the three-dimensional
culture (Kang et al. 2011). Cell culture on three-dimensional structures allows for advances to
be made in tissue engineering applications and should be regarded as the way forward for
future work.

At present, low intensity pulsed ultrasound (LIPUS) has been found to be the most effective at
stimulating bone fracture repair. The Food and Drug Administration (FDA) in the United
States of America (USA) and the National Institute for Health and Care Excellence (NICE) in
the United Kingdom (UK) have both approved the use of LIPUS for bone fracture healing
(Higgins et al. 2014, NICE 2010, Roussignol et al. 2012). The frequency of ultrasound used in
LIPUS is commonly between 1 and 3 MHz and it is produced in packets (pulsed) resulting in
low SATA intensities between 30 and 150 mW/cm2. Continuous (non-pulsed) ultrasound at
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these frequencies can produce higher SA intensities (~ 1 W/cm2) and is utilised in
physiotherapy where tissue heating is the mechanism employed to bring about a therapeutic
effect. LIPUS is traditionally pulsed at a ratio of 1:4; 200 µs in every millisecond, thus
repeating at a frequency of 1 kHz. Whilst the core ultrasound frequency of LIPUS is in the
megahertz range, the pulsing effect at a kilohertz frequency may play a role in the biological
effect of ultrasound (Argadine et al. 2006, Man et al. 2012, Sarvazyan et al. 2010).

1.3.1

ULTRASOUND TRANSMISSION IN DENTAL TISSUES

Ultrasound technology has been identified as a useful dental diagnostic tool (Marotti et al.
2013), however the transmission of ultrasound through a tooth poses a significant challenge
due to its non-homogenous and anisotropic multi-layered structure (Ghorayeb et al. 2008,
Hall and Girkin 2004, Singh et al. 2008). Tissue boundaries, such as that found between
enamel and dentine, generate scattering effects as ultrasound is reflected and scattered at the
boundaries of materials with significantly different acoustic impedance (Section 1.1.1 and
Table 1.1). The high density of enamel increases attenuation of the ultrasound beam (Section
1.1.2) resulting in less energy being transmitted to the dentine-pulp complex, the target area
within the tooth for ultrasonic energy to promote dental repair. Ultrasound with a lower
frequency is able to transmit energy more efficiently through dense material, such as enamel,
compared to higher frequencies of ultrasound as discussed in Section 1.1.2. Lowering the
frequency of ultrasound increases its wavelength as it is transmitted through the material
(Equation 1). A study using finite element analysis methodology demonstrated the
transmission of ultrasound at various frequencies through a tooth when applied to the enamel
surface (Ghorayeb et al. 2013). The study found that while ultrasound with a frequency higher
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than 500 kHz is more prone to scattering effects as it is transmitted through the tooth,
ultrasound with a lower frequency (30 and 45 kHz) is able to propagate more efficiently
through the hard tissues to the pulp chamber.

1.3.2

THE EFFECTS OF ULTRASOUND ON DENTAL CELLS

The mechanical effects of ultrasound have been theorised to stimulate bone repair however
the exact mechanism of this treatment modality is still unknown. Bone tissue may lend itself
to ultrasound mediated repair due to its sensitivity to mechanical stimulation (Carter et al.
1987, Huiskes et al. 2000, Perry et al. 2009, Rubin and Lanyon 1984). Distraction osteotomy,
a surgical procedure to correct limb and other abnormalities, places the bone under tensile
stress during the distraction process to elongate the bone. Studies investigating LIPUS and
distraction osteotomy in rabbits found that overall the healing process was accelerated,
however there is a lack of agreement as to which phase of the repair process ultrasound has its
effect (Chan et al. 2006, El-Bialy et al. 2003, Sakurakichi et al. 2004, Tobita et al. 2011).

Whilst the literature includes many studies investigating the effects of ultrasound on dental
cells and tissues, few studies have reported the effects on cells from the dental pulp. AlDaghreer et al. (2012) reported the effects of LIPUS (1.5 MHz, 30 mW/cm2, 1:4 pulse) on in
vitro tooth slice organ culture of human premolar teeth. Odontoblast cell numbers were shown
to significantly increase compared to control after 5 days culture with a single LIPUS
application of 5, 10 and 15 min. However, the application of LIPUS once a day for 5 days
decreased cell numbers (Al-Daghreer et al. 2012). This study also reported that cells from the
single LIPUS application groups were histologically similar, whereas cells from the daily
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application groups had a loss of cellular integrity and tissue architecture. This would indicate
that odontoblasts in vitro culture can endure a single application of LIPUS whereas multiple
exposures, 24 h apart, may be excessive and result in cell damage or death. Further work by
the same group showed that LIPUS application to a human premolar tooth slice organ culture
upregulated the expression of C1α1 and DMP-1 (Table 1.3 Section 1.2.2.1) with a 10 min
ultrasound application and C1α1 could also be upregulated with a 5 min application. Dentine
sialophosphoprotein (DSPP) was shown to be poorly expressed in all groups, with its lowest
levels found in the group where ultrasound was applied for 20 min (Al-Daghreer et al. 2013).
It can be inferred from this work that shorter ultrasound treatments may be more beneficial for
dental repair than the 20 min treatments applied in bone fracture healing using LIPUS. This
research group has also applied LIPUS technology to the mouths of animals in vivo whilst
investigating the effects of LIPUS on tooth movement by orthodontic realignment. After
LIPUS application, the animals’ mandibles were dissected and studied. El-Bialy (2011)
reported that LIPUS application resulted in a dose dependent response in the mineralisation of
dentine (El-Bialy et al. 2011) whilst Al-Daghreer et al. (2014) found an increase in the
number of odontoblasts in the coronal and mid-third of teeth exposed to LIPUS for 20 min
daily for 4 weeks (Al-Daghreer et al. 2014). Indeed, whilst in vitro studies may demonstrate a
positive effect with shorter LIPUS exposure, it may not be immediately transferrable to in
vivo investigations.

Earlier studies have demonstrated biological effects of ultrasound on immortalised cell lines
from dental origin. Scheven et al. exposed mouse odontoblast-like cells from the immortalised
MDPC-23 cell line (Hanks et al. 1998) with ultrasound produced from a dental scaler. Unlike
LIPUS, the ultrasound used in this study was continuous and had a frequency of 30 kHz
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producing an ultrasonic intensity in the range of 0.17 to 0.92 mW/cm2. Cell viability was
shown to reduce with increasing intensity and VEGF expression was upregulated (Scheven et
al. 2009a). A separate study from the same group demonstrated an increase in the expression
of heat shock protein (HSP) 25/27 (Scheven et al. 2007). These findings indicate that dental
cells are responsive to ultrasonic energy with a frequency in the kilohertz range and it is
important to investigate these further. A later study (Man et al. 2012) from the same group
investigated the effects of continuous ultrasound with a frequency of 45 kHz and SATA
intensity of 25 mW/cm2. Cells from the MDPC-23 cell line were exposed with ultrasound and
this promoted cell proliferation, differentiation and the production of a mineralised matrix.
Single ultrasound exposures were found to be more beneficial than multiple exposures in the
upregulation of gene expression specific to dental repair. This correlates with the findings
from a previously discussed study (Al-Daghreer et al. 2012) by the ultrasound research group
at the University of Alberta in Canada and it is interesting that both LIPUS with a 1.5 MHz
frequency and continuous ultrasound with a 45 kHz frequency, resulted in similar outcomes.
Whilst the frequencies used in these studies are different, the intensity of ultrasound applied to
the cells are similar: 25 and 30 mW/cm2. This highlights that the SATA intensity used may be
more relevant than the frequency of ultrasound to generate a biological effect.

Bradnock et al. compared the effects of 45 kHz and 3 MHz ultrasound applications of 5 min
duration when used for the treatment of soft tissue injuries to the ankle (Bradnock et al. 1996).
This prospective randomised trial on 47 human patients showed that treatment outcomes were
improved when the kilohertz ultrasound group was compared to the sham and megahertz
groups; however there was no significant improvement when comparing the MHz and sham
group. Reher et al. (1998) compared the effects of 45 kHz and 1 MHz ultrasound on human
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cells harvested from the oral cavity. Bone and gingival cells were treated with ultrasound for
5 min in vitro with ultrasound at different intensities (1 MHz, pulsed 1:4, 100/400/700/1000
mW/cm2 SAPA and 45 kHz, continuous, 5/15/30/50 mW/cm2 SAPA). Whilst this study
reported that 45 kHz and 1 MHz ultrasound upregulated cell proliferation and collagen
synthesis, megahertz ultrasound appeared to demonstrate a dose-dependent relationship
between ultrasound intensity and cell proliferation; increase in intensity equals an increase in
cell proliferation. This effect was more prominent with bone cells compared with gingival
cells, however, the effects are comparable between the two frequencies (Reher et al. 1998).
Further work by the same research group showed that whilst cell proliferation was increased
in fibroblasts and osteoblasts with both frequencies, 45 kHz ultrasound further enhanced
collagen production in osteoblasts compared to 1 MHz ultrasound (Doan et al. 1999). This
study also showed that whilst cytokine production was upregulated in all three cell types
investigated (osteoblast, fibroblast and monocyte), 45 kHz ultrasound produced the most
significant increase of IL-1β in monocytes. Angiogenesis is an important part of the healing
process and this study demonstrates that angiogenesis-related factors (VEGF and bFGF) were
found to be significantly increased with exposure to both 45 kHz and 1 MHz ultrasound. This
was most significant at the lower intensities for the two ultrasound frequencies. Whilst the
cells treated in this study were not harvested from the dental pulp, these findings corroborate
with those of Scheven et al. (Scheven et al. 2009a) discussed earlier.

Taken together, whilst emerging evidence supports an anabolic effect of ultrasound in dental
tissues, little research has been conducted to investigate the use of ultrasound to stimulate
dental pulp cells and tertiary dentinogenesis. The studies discussed in this section have
demonstrated that ultrasound can stimulate a biological response at a cellular and molecular
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level, but further in vitro investigations are needed to quantify these findings in dental pulp
cells to allow for in vivo controlled trials.

51

1.4

RESEARCH AIMS

The aim of this PhD study was to develop an in vitro cell culture system for the application of
low intensity 45 kHz ultrasound and investigate the mechanical effects of ultrasound as a
potential treatment modality for the repair of the dental pulp.

•

Research Questions:
o Can ultrasound with a frequency of 45 kHz be applied to cells in vitro in a
controlled and reproducible manner?
o Can primary cells cultured in vitro survive exposure to ultrasound with a
frequency of 45 kHz at various intensities?
o Do dental pulp cells respond differently to changes in the duration and
intensity of ultrasound?
o Does ultrasound with a frequency of 45 kHz stimulate dental pulp cells to
express markers to stimulate tertiary dentinogenesis?

•

Objectives:
o To develop and use a system to characterise the ultrasonic output of a
therapeutic ultrasound machine and quantify the dose exposure of ultrasound.
o To develop a system to deliver 45 kHz ultrasound in a controlled and
reproducible manner to cells in vitro culture.
o To investigate the cellular and molecular effects of low intensity 45 kHz
ultrasound on cells derived from the dental pulp of a human tooth.
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CHAPTER 2

MATERIALS AND METHODS
2.
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2.1

ULTRASOUND GENERATION

Ultrasound was generated at a frequency of 45 kHz by a DuoSon longwave therapy
instrument (SRA Developments Ltd, Ashburton, UK). The system was preprogrammed by the
manufacturer to provide 3 customised modes of continuous ultrasonic output at spatial peak
(SP) intensities of 10, 25 and 75 mW/cm2. The instrument was calibrated using a radiation
force balance (SRA Developments Ltd, Ashburton, UK). The DuoSon transducer is
unfocused and the manufacturer reports an effective radiating area of 16.3 cm2 at a frequency
of 45 kHz. A beam plot (Figure 2.1) demonstrates a divergent beam profile with a frequency
of 45 kHz which extends up to 40mm laterally from the central axis of the DuoSon
transducer. The manufacturer also reports a beam non-uniformity ratio (BNR) of less than 6:1.
This is the ratio between the peak and average ultrasonic intensity within the ultrasound field
and determines the quality of ultrasound. The International Electrotechnical Commission
(IEC) standard 60601-2-5:2009 requires that the BNR should be no greater than 8:1 as this
could create potentially damaging ‘hot spots’ in the field. This standard states that the ideal
BNR for a circular plane piston source should be 4:1. As the BNR approaches 1:1 the
intensity within the beam becomes more homogenous providing a more consistent ultrasound
exposure.
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Figure 2.1

Spatial beam plot of the ultrasound field generated from the DuoSon at a
frequency of 45 kHz (reproduced with permission from manufacturer
documentation).
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2.2

ULTRASOUND FIELD CHARACTERISATION

A vacuum degassing chamber was constructed from plastic (Applied Vacuum Engineering,
Bristol, UK) with a curved internal surface to reduce direct ultrasonic reflections. An
acoustically absorbing base was constructed from a combination of rubber and Apltile
SF5048 (Precision Acoustics, Dorchester, UK). A 1.0 mm needle hydrophone probe (Model
1452; Precision Acoustics, Dorchester, UK) connected to a HP Series Submersible
Preamplifier (PA09022, Precision Acoustics, Dorchester, UK) was held in place vertically by
the Apltile SF5048 material. The chamber was filled with 12 l of double distilled deionized
water and air evacuated to achieve a vacuum. The water was degassed for 12 h with a vacuum
of -28 mmHg to eliminate bubbles of air within the water. Their removal will reduce any
scattering effects of the ultrasound. The DuoSon transducer was positioned vertically in line
over the hydrophone, with their central axes aligned, and its movement was controlled by an
XYZ manual travel translation stage (Thorlabs Inc., Newton, NJ, USA) (Figure 2.2). Both the
transducer and needle hydrophone probe were submerged for 4 h prior to use, simulating the
conditions present when the hydrophone was calibrated. Voltage measurements were recorded
using a PC oscilloscope (PicoScope 5203; Pico Technology, St Neots, UK). The hydrophone
and preamplifier were connected to a DC Coupler (DCPS038; Precision Acoustics,
Dorchester, UK) and the signal was passed through a 50 ohm Terminator (TA051 FeedThrough Terminator; Pico Technology, St Neots, UK) prior to connecting to the PC
oscilloscope (Figure 2.2). The transducer face was positioned 50 mm below water level and
maximum voltage measurements and frequency were recorded at 10 vertical points from the
transducer at 1 mm intervals from the transducer face. The transducer was displaced
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Figure 2.2

Annotated diagram illustrating the set-up of equipment for measuring the ultrasound field generated from the DuoSon
longwave therapy instrument.
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horizontally and 10 vertical measurements were taken at a further 5 positions from the
transducer face at 5 mm intervals.

2.3

ULTRASOUND FIELD CALCULATION

The maximum voltage measurements and frequency were recorded for all three of the pre-set
and manufacturers calibrated ultrasound intensities (10, 25 and 75 mW/cm2) and were used to
calculate the SP intensity of the ultrasound field at each horizontal position from the
transducer. Initially, the pressure value was calculated using Equation 4.

Equation 4.
𝑝𝑝 =

𝑉𝑉
𝐾𝐾

Where 𝑝𝑝 is the acoustic pressure, 𝑉𝑉 is the maximum voltage measured and 𝐾𝐾 is the calibration
factor (certificate: U3105, calibration carried out by National Physics Laboratory, London,

UK). The needle hydrophone was calibrated over a frequency range of 10-100 kHz at 5 kHz
intervals. Interpolation was initially used to determine the equivalent calibration factor based
on the frequency recorded during the measurement. Subsequently, the SP acoustic intensity
(𝐼𝐼) was calculated using Equation 5.

Equation 5
I =

1
T prf

∫

p 2 (t )

rc

dt

Where Tprf is the pulse repetition period, 𝜌𝜌 is the density of the propagating medium and 𝑐𝑐 is

the velocity of sound in the same medium (1480 m/s). Hydrophone sensitivity is rarely
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constant as a function of frequency, and interpolation to determine the correct calibration
factor may cause erroneous results. Further analysis using full-waveform deconvolution was
employed and Equation 4 was modified to utilise Fourier transformation. This is shown in
Equation 6.

Equation 6.
ℑ−1 �

ℑ(𝑉𝑉(𝑡𝑡))
� = 𝑝𝑝(𝑡𝑡)
𝐾𝐾(𝑓𝑓)

Intensity was again derived using the acoustic pressure calculated using Equation 6 and
compared with the intensity derived using Equation 4.

2.4

CELL CULTURE

Mouse derived dental pulp cells-23 (MDPC-23) (Hanks et al. 1998, Man et al. 2012, Scheven
et al. 2007) were exposed to 45 kHz ultrasound to investigate the effects on cell viability and
cell proliferation. Primary human dental pulp cells (HDPC) were cultivated from the explant
of human dental pulp tissue and the effect of ultrasound on cell viability, cell proliferation,
gene expression and mineralised nodule formation was investigated.

2.4.1

MOUSE ODONTOBLAST-LIKE (MDPC-23) CELL LINE

An immortalized mouse cell line of odontoblast-like dental pulp cells, MDPC-23 (Hanks et al.
1998, Man et al. 2012, Scheven et al. 2007), was cultured with DMEMsup (Dulbecco’s
modified eagle medium (DMEM; Biosera, UK) containing 4.5 g/l glucose, 10% heatinactivated foetal bovine serum (FBS; Biosera, UK), 1% penicillin/streptomycin (Sigma59

Aldrich®, UK) and a 2 mM concentration of glutamine (GlutaMAXTM-1; Gibco®,
InvitrogenTM, UK). The initial culture of MDPC-23 cells was carried out in 25 cm2 tissue
culture flasks (Appleton Woods, UK) in a humidified incubator (Galaxy S+, RS Biotech Ltd,
UK) with 5% carbon dioxide in air at 37 °C. Subsequently, these cells were sub-cultured into
larger 75 cm2 culture flasks (Appleton Woods, UK) for expansion in preparation for
ultrasound application.

2.4.2

PRIMARY HUMAN DENTAL PULP CULTURE

Human dental pulp tissue was harvested from extracted third molars of healthy individuals
aged between 18 and 40. Teeth that were intact and had a healthy pulp were selected for the
study and ethical approval was obtained from the UK National Research Ethics Service for
the use of human tooth tissue (09/H0405/33). Selected teeth were extracted on the Oral
Surgery department of the Birmingham Dental Hospital after the appropriate informed
consent had been obtained from the patient. Immediately after extraction, the selected tooth
was placed in a sterile universal tube (Fisher Scientific, UK) containing 10 ml of sterile
phosphate buffered solution (PBS). Within an hour of extraction, the tooth underwent a series
of washing steps, to reduce the incidence of microbial infection, in the following order:
•

2 min submerged in a 2% solution of chlorhexidine digluconate (Sigma-Aldrich®, UK)

•

1 min submerged in a 70% solution of ethanol

•

30 s submerged in sterile PBS (repeated 5 times)

The tooth was transferred from each washing step using sterile tweezers. After washing, the
tooth was wrapped in sterile gauze and placed on a sterile metal tray. The tooth was crushed
with a sterilised dental hammer to expose the pulp chamber and access the pulp tissue. The
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pulp tissue was transferred to a 35 mm culture dish (Sarstedt, UK) which contained 2 ml of
DMEMsup without FBS and supplemented with 2.5 mg/l Amphotericin B (AmpB; SigmaAldrich®, UK), using sterile tweezers and immediately after, covered with the lid of the
culture dish. The outside of the culture dish containing pulp tissue was disinfected with a 70%
solution of ethanol and transferred to a laminar flow hood and the pulp tissue was relocated to
another 30 cm2 culture dish containing DMEMsup without FBS and supplemented with 2.5
mg/l AmpB, with a disposable sterile scalpel (Swann-Morton, UK). The pulp tissue was
washed for 30 s in the culture medium and this was repeated a further 3 times transferring the
pulp tissue into a new 30 cm2 culture dish containing DMEMsup without FBS and
supplemented with 2.5 mg/L AmpB. A disposable sterile scalpel was used to transfer the pulp
tissue to a sterile glass microscope slide (Surgipath Europe Ltd) held in a 100 mm culture dish
(Corning®, NY, USA). A drop of DMEMsup supplemented with 20% FBS and 2.5 mg/l
AmpB was added to the pulp tissue to prevent dehydration in the laminar flow hood.
Disposable sterile scalpels were used to cut the pulp tissue into approximately 1 mm3 sections
and transfer the pieces to a 25 cm2 culture flask. The sections of pulp tissue were arranged on
the culturing surface of the culture flask as shown in Figure 2.3. To aid attachment of the pulp
tissue sections to the culture surface and prevent them from floating off, only 1 ml of
DMEMsup supplemented with 20% FBS and 2.5 mg/l AmpB was added to the culture flask.
The culture flasks were individually stored in a culture box (Biosciences Stores, University of
Birmingham, UK) with a vented lid and then placed in a humidified incubator with 5% carbon
dioxide in air at 37 °C. After the sections of pulp tissue had attached to the culture surface of
the 25 cm2 culture flask, the culture medium was topped up with 4 ml of DMEMsup
supplemented with 20% FBS and 2.5 mg/l AmpB. Initial attachment of the sections of pulp
tissue to the culture surface took approximately 24 h. The explant cultures were monitored
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daily and observed for signs of infection. Once attached outgrowth of cells were seen around
the pulp tissues with a light microscope (Zeiss Axiovert 24), as in Figure 2.4, the culture
medium was replenished with DMEMsup supplemented with 20% FBS. The pulp tissue was
removed from its original 25 cm2 culture flask and transferred to a new 25 cm2 culture flask
for attachment and cell proliferation. Methods described earlier in this section were followed.
In the original culture flask (with pulp tissue removed), culture medium was replenished
every 2 to 3 days until the culture flask was confluent and ready for sub-culture
(approximately 3 to 4 weeks) for cell expansion. The initial sub-culture after explant was
considered as passage 1 with subsequent sub-culture as an additional passage. The use of fifty
teeth was approved from the UK National Research Ethics Service (09/H0405/33) and dental
pulp cell populations from individual teeth were kept isolated. Each experiment (with duration
of application as the variable) used cells from a single population.

2.5

IN VITRO APPLICATION OF ULTRASOUND

Ultrasound produced by the DuoSon was applied directly to dental cells in vitro culture by
submerging the transducer head into the culture medium in which the cells were bathed. The
transducer face, where ultrasound is produced, was directed towards the cells attached to the
culture plastic of the well or dish. An advantage of this approach is the lack of an intervening
layer of polystyrene culture plastic which is a boundary, resulting in attenuation, reflection
and scattering of the ultrasound beam (see Section 1.1.2). This method allows for the
investigation of the full output of the ultrasound transducer.
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2.5.1

STATIONARY TRANSDUCER IN A MULTI-WELL CULTURE PLATE

A support structure was constructed out of silicone rubber (Centri Duplika; WHW Plastics,
UK) in a square plastic box to hold in place a six-well culture plate (Costar® tissue-culture
treated; Corning®, Tewksbury, MA, USA) for the application of ultrasound from the DuoSon
transducer. Silicone rubber and a plastic box were used to construct this chamber to absorb
ultrasound that may pass through the bottom of the six-well culture plate and prevent
reflections thereby reducing the incidence of standing waves (Section 1.1.2). Figure 2.5 shows
the stages of construction of the ultrasound absorbing chamber. Modelling wax (Tenatex
Pink; Associated Dental Products Ltd Kemdent Works, UK) was used to construct a scaffold
to allow for a six-well culture plate to be suspended within the chamber allowing for water to
occupy the space below and maintain the temperature of the cells in culture. A base of
silicone rubber was created first and then silicone was poured around the scaffold and six-well
culture plate. The silicone rubber was allowed to set with pressure on the modelling wax
scaffold to ensure chamber and support elements were correctly formed. Once the silicone
rubber had set, the modelling wax scaffold and excess silicone were removed. The chamber
was disinfected with a 70% solution of ethanol and filled with sterilised double distilled
deionised water. The chamber was placed in a humidified incubator with 5% carbon dioxide
in air at 37 °C 24 h prior to use allowing the temperature of the ultrasound absorbing chamber
and the water contained within to stabilise at 37 °C.
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Figure 2.3

Placement of pulp tissue sections in a 25 cm2 culture flask.
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Figure 2.4

Phase-contrast microscope image showing attached HDPC outgrowth from the
dental pulp explant at the top of the image.
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The DuoSon transducer was attached to a scissor lift (VWR, UK) using a G-clamp, clamp
stand and a three pronged clamp. A thermostat controlled hotplate (Bibby, UK) was used to
keep the temperature of the water in the ultrasound absorbing chamber at 37 °C (+/- 1 °C). All
equipment was disinfected with a 70% solution of ethanol immediately before arranging them
in a laminar flow hood to prevent infection as shown in Figure 2.6. Prior to the application of
ultrasound to attached cells in vitro, the face and neck of the DuoSon transducer was rinsed
with DMEMsup without FBS warmed to 37 °C to remove any residue of the disinfectant and
to raise the surface temperature of the transducer so as not to significantly lower the
temperature of the culture medium in which the cells are bathed. A six-well culture plate with
wells containing culture medium and attached cells was mounted into the ultrasound
absorbing chamber and placed on the hotplate. The DuoSon transducer, attached to the scissor
clamp to allow for straightforward insertion and removal, was lowered into the culture well
ensuring the transducer face was submerged in culture media and a space remained between
the transducer shoulder and the opening of the culture well. This positioned the transducer
face 5 mm from the culture surface (Figure 2.7). The required ultrasound mode was selected
on the DuoSon base unit and ultrasound was applied to the cells through the transducer for the
required period of time. The temperature of the water in the ultrasound absorbing chamber
was monitored regularly using a thermometer to ensure the cells attached to the culture
surface of each well were maintained at a temperature of 37 °C (+/- 1 °C).
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Figure 2.5

The stages of construction of the ultrasound absorbing chamber. (A) Modelling
wax scaffold and six-well plate in place on top of silicone rubber base inside
square plastic box. (B) Silicone rubber poured into square plastic box around
modelling wax scaffold. (C) Final set silicone rubber support with excess
silicone and modelling wax scaffold removed. (D) Six-well culture plate in
place within chamber.
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Figure 2.6

Arrangement of equipment in a laminar flow hood for treating biological cells
with ultrasound in six-well culture plates with a stationary transducer. Left to
right ultrasound absorbing chamber on top of a hotplate, DuoSon transducer,
clamp stand, scissor lift, DuoSon base unit.
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Figure 2.7

Transducer positioning in a six-well culture plate. (A) Six-well culture plate
supported by silicone rubber in an ultrasound absorbing chamber containing
sterilised double distilled deionised water at 37 °C (+/- 1 °C) with the
transducer face submerged in culture media. (B) Annotated diagram illustrating
the position of the transducer face from the base of the culture well.
A

B
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Transducer body
Culture well
Transducer neck
Culture medium
Transducer face
5 mm
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Figure 2.7

Transducer positioning in a six-well culture plate. (C) Annotated diagram
illustrating the culture wells used for cell culture (pink) and ultrasound
application (labels) in the experiment where ultrasound is applied to multiple
wells of a six well culture plate (Section 2.5.1.2). (D) Annotated diagram
illustrating the culture wells used for cell culture (pink) and ultrasound
application (labels) in the experiment where ultrasound is applied to a single
well of a six well culture plate (Section 2.5.1.3).

C

D
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2.5.1.1

PREPARATION OF MDPC-23 CELL LINE FOR ULTRASOUND
APPLICATION

Cells from the MDPC-23 cell line were detached from confluent 75 cm2 culture flasks
(Section 2.4.1) by first discarding the culture media in the culture flask and subsequently
washing the attached cells in each culture flask twice with 3 ml sterile PBS with each wash. A
3 ml solution of 2.5 g/l of Trypsin in 0.38 g/l of EDTA (Invitrogen, UK) was added to the
culture flask and incubated in a humidified incubator with 5% carbon dioxide in air at 37 °C
for no more than 10 min. The Trypsin and cell solution was transferred to a 15 ml Falcon tube
(Appleton Woods, UK) containing 3 ml of DMEMsup. The Falcon tube was centrifuged at
800 rpm for 5 min (5804R, Eppendorf, UK) forming a pellet of cells. The supernatant was
discarded from the Falcon tube and the cells were re-suspended in DMEMsup. The cells were
seeded in six-well culture plates (Costar® tissue-culture treated; Corning®, Tewksbury, MA,
USA) at a density of 5×104 cells per well and were incubated in a humidified incubator with
5% carbon dioxide in air at 37 °C for 24 h prior to the start of each experiment.

2.5.1.2

APPLICATION OF ULTRASOUND TO MULTIPLE WELLS OF A SIX-WELL
CULTURE PLATE

MDPC-23 cells were seeded (as described in Section 2.5.1.1) into 12 culture wells equally
divided amongst 3 six-well culture plates. Four culture wells were used in each six-well
culture plate (Figure 2.7C). The same culture wells in each six-well culture plate contained a
monolayer of attached MDPC-23 cells. The three culture wells adjacent to each other in a row
had ultrasound with a frequency of 45 kHz applied at an intensity of 10, 25 and 75 mW/cm2
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respectively for 5 min once every other day for 7 days starting on the second day of the
experiment. On the first day, the culture medium in each culture well with attached MDPC-23
cells was replenished with 9 ml of DMEMsup to facilitate the approximation of the transducer
face to the cells whilst the transducer was submerged within the culture media (Figure 2.7).
The fourth culture well containing cells in each culture plate on a separate row was designated
as the sham control (Figure 2.7C); having the face of the transducer submerged however no
ultrasound was generated. The culture media was replenished in each culture well 24 h after
ultrasound was applied (including control). The experiment concluded on day 7 after 3
episodes of ultrasound application had taken place; cell analysis took place on day 8. This
experiment was repeated three times.

2.5.1.3

APPLICATION OF ULTRASOUND TO A SINGLE WELL OF A SIX-WELL
CULTURE PLATE

MDPC-23 cells were seeded (as described in Section 2.5.1.1) into 36 culture wells equally
divided amongst 12 six-well culture plates. Three culture wells were used in each six-well
culture plate (Figure 2.7D). The same culture wells in each six-well culture plate contained a
monolayer of attached MDPC-23 cells. Only the culture well in the corner (Figure 2.7D) of
each six-well culture plate had ultrasound with a frequency of 45 kHz applied at an intensity
of 10, 25 and 75 mW/cm2 for 5 min once every other day for 7 days starting on the second
day of the experiment. On the first day, the culture medium in each culture well with attached
MDPC-23 cells was replenished with 9 ml of DMEMsup to facilitate the approximation of the
transducer face to the cells whilst submerged within the culture media (Figure 2.7). The
corner culture well containing cells in 3 of the 12 six-well culture plates was designated as the
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control; having the face of the transducer submerged however no ultrasound was generated.
The culture media was replenished in each culture well 24 h after ultrasound was applied
(including control). The experiment concluded on day 7 after 3 episodes of ultrasound
application had taken place; cell analysis took place on day 8. This experiment was repeated
three times.

2.5.2

MOVING TRANSDUCER IN A CULTURE DISH

A system to apply ultrasound in motion to attached cells in a single well culture dish was
devised for the following reasons.
•

To minimise the time cell cultures were kept out of incubation conditions, specifically
a humidified environment with 5% carbon dioxide in air.

•

To prevent the divergent beam of ultrasound with a frequency of 45 kHz (Section 3)
from affecting cells cultured in the adjacent and distant culture wells in the same
multi-well culture plate.

•

To prevent a significant rise in temperature of the culture medium in which the
attached cells are bathed when ultrasound with a frequency of 45 kHz is applied for
more than 5 min (Section 4.1).

•

To reduce the incidence of standing waves by keeping the origin of the ultrasound
beam in constant motion.

The system was designed whereby the DuoSon transducer would be mounted to an electric
motor and appropriate gear head to produce a reproducible path of circular movement at a
controllable speed of 0.5 to 6 rpm whilst the transducer face was submerged in the culture
media of a culture dish. Whilst the transducer was in motion, the system was designed to keep
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the relative position of the transducer constant to avoid the cable connecting the transducer to
the base unit from becoming twisted and entangled. The transducer mount was also designed
to be set at varying diameters of circular movement to allow the system to work with culture
dishes of different diameters. A mechanised apparatus was constructed as per these design
specifications by the Biosciences Workshop, University of Birmingham, UK (Figure 2.8). An
electric motor (Oriental Motor Co Ltd, Japan) connected to a gear head (Oriental Motor Co
Ltd, Japan) and control unit (Oriental Motor Co Ltd, Japan) with an on/off switch and
potentiometer was mounted to a rigid frame. The control unit was secured to a water resistant
enclosure (Eaton Moeller, UK) to the left side of the frame whilst the motor was mounted on
a steel plate on top of the frame. The transducer mount located below the steel plate was
connected to the shaft of the gear head through a hole in the steel plate. The transducer was
secured to the mount of the apparatus using three grub screws and the diameter of rotation
was set to 47 mm placing the transducer equidistant between the centre and the periphery of
the culture dish (Corning®, NY, USA) that had an external diameter of 89 mm. The
potentiometer on the control unit was set exactly half way between ‘low’ and ‘high’ which
generated a rotation speed of 3.5 rpm. Thus the transducer was moving at a speed of 8.6
mm/s. A thermostat controlled water bath (Grant Instruments, UK) containing a
polycarbonate base tray (Grant Instruments, UK) and a 120 mm square piece of acoustically
absorbing polyurethane rubber (Apltile SF5048; Precision Acoustics, Dorchester, UK) was
used to keep the temperature of the cells in the culture dish at 37 °C (+/- 1 °C) (Figure 2.9).
The water bath was filled with 1.5 l of sterilised double distilled deionized water and placed
on top of a scissor lift (VWR, UK) positioned directly below the transducer mount. All
equipment was disinfected with a 70% solution of ethanol immediately before arranging them
in a laminar flow hood to prevent infection as shown in Figure 2.8. Prior to the application of
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ultrasound to attached cells in vitro, the face and neck of the DuoSon transducer was rinsed
with DMEMsup without FBS warmed to 37 °C to remove any residue of the disinfectant and
to raise the surface temperature of the transducer so as not to significantly lower the
temperature of the culture medium in which the cells are bathed. A culture dish containing
culture medium and attached cells was placed in an acrylic bracket (Biosciences Workshop,
University of Birmingham, UK) and transferred to the water bath (Figure 2.9). The water bath
was raised using the scissor lift until the transducer face was submerged in culture media.
This positioned the transducer face 5 mm from the culture surface as shown in Figure 2.9. The
electric motor on the apparatus was switched on using the control panel and the required
ultrasound mode was selected on the DuoSon base unit. Ultrasound was applied to the cells
through the transducer for the required period of time. The transducer moving at 8.6 mm/s did
not generate a visible disturbance in the culture media in the culture dish. The temperature of
the water in the water bath was monitored regularly using a thermometer to ensure the cells
attached to the culture surface of each well were maintained at a temperature of 37 °C (+/1 °C).

2.5.2.1

PREPARATION OF PRIMARY HDPC FOR ULTRASOUND APPLICATION

Primary HDPC were detached from confluent 75 cm2 culture flasks at passage 1, 2 or 3
(Section 2.4.2) as previously described in Section 2.5.1.1. HDPC at passage 2, 3 or 4 were
used for experimentation. The cells were seeded in 100 mm culture dishes (Corning®, NY,
USA) at a density of 5×105 cells per culture dish and were incubated in a humidified
incubator with 5% carbon dioxide in air at 37 °C.

75

Figure 2.8

Arrangement of equipment in a laminar flow hood for treating biological cells
with ultrasound in single well culture dishes with a transducer in motion.
Mechanised apparatus with DuoSon transducer in place over scissor lift and
water bath (left), DuoSon base unit (right). The control unit (inset top right) is
attached to the left of the mechanised apparatus.
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Figure 2.9

Arrangement of equipment and materials in the water bath. (A) View from
above showing the opening of the water bath and in place, culture dish holder,
bracket and acoustically absorbing material.
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Bracket

Figure 2.9

Arrangement of equipment and materials in the water bath (continued).
(B) Annotated diagram illustrating the position of equipment and materials
within the water bath.
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2.5.2.2

APPLICATION OF ULTRASOUND TO A CULTURE DISH

Primary HDPC were seeded (as described in Section 2.5.2.1) into culture dishes. Ultrasound
with a frequency of 45 kHz was applied at intensities of 10 and 25 mW/cm2 for 5, 10, 15 and
20 min once every other day for 7 days starting on the second day of the experiment. Primary
HDPC harvested from the same tooth were seeded into nine culture dishes for each time
duration experiment (5, 10, 15 and 20 min) allowing for three repeats. In total 36 culture
dishes were used for this experiment. Ultrasound was applied in motion (as described in
Section 2.5.2). On the first day, the culture medium in each culture dish was replenished with
50 ml of DMEMsup to facilitate the approximation of the transducer face to the cells whilst
submerged within the culture media (Figure 2.9B). Control culture dishes had the face of the
transducer submerged however no ultrasound was generated. The culture media was
replenished in each culture dish 24 h after ultrasound was applied (including control). The
experiment concluded on day 7 after 3 episodes of ultrasound application had taken place.
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2.6

TEMPERATURE MEASUREMENTS

The apparatus was set up as described in Sections 2.5.1 and 2.5.2. A six-well plate containing
9 ml of DMEMsup and a culture dish containing 50 ml of DMEMsup, were taken from a
humidified incubator with 5% carbon dioxide in air at 37 °C and positioned in the apparatus
as described previously. Pilot studies with a sterilized fine wire thermocouple (RS
Components Ltd. Corby, UK), to enable live temperature readings during ultrasound
application experiments, found inaccurate temperatures were recorded due to the interaction
of the ultrasound beam with the metal wire of the thermocouple. The temperature recorded by
this thermocouple would rise sharply when ultrasound was emitted and then a sudden drop in
temperature would be found when ultrasound application ceased. This was confirmed as an
error with a separate analogue laboratory thermometer by measuring the temperature of the
culture medium at the same time. A rubber insulated thermocouple (TC-PVC-T-24-180;
Omega Engineering Limited, Manchester, UK) which had a larger diameter was used to
measure the temperature rise of the culture medium in the culture dish or well in which the
transducer was submerged. However as this thermocouple could not be sterilized, temperature
measurements could not be carried out whilst cells were in culture. Temperature
measurements were also taken in the adjacent and distant culture well (Figure 2.7D). The
thermocouple was positioned on the culture plastic, at the center of each well. Measurements
were taken every 30 s to ensure specific time points would be recorded to ascertain
appropriate application durations.
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2.7

ASSESSMENT OF CELL VIABILITY AND NUMBER

Cell counts and an assessment of cell viability were undertaken on day 8, 48 h following the
final application of ultrasound. A cell suspension was created as previously described (Section
2.5.1.1) and 20 µl of cell suspension was added to an identical volume of a 0.4% solution of
trypan blue (Sigma-Aldrich, UK) in a 2 ml Eppendorf (Appleton Woods, UK). The contents
of the Eppendorf were gently vortexed (Vortex Genie-2; Scientific Industries, UK) for 3 s and
10 µl of the mixed suspension was added to each of the 2 chambers of a Neubaeur
haemocytometer (Neubaeur, Germany) beneath a glass cover slip. A light microscope (Zeiss
Axiovert 25) with a 10x objective was used to visualise the counting grid and the number of
stained (non-viable) and unstained (viable) cells in a primary square (1 mm2) were counted.
Cell counts were repeated three times for each sample. Cell concentration (per ml) of the
suspension was determined by multiplying the number of cells counted by 104 and the
dilution factor. The percentage of viable cells in the suspension was calculated by dividing the
total number of cells by the number of viable cells.

2.8

MINERALISED NODULES IN PRIMARY HDPC

2.8.1

PREPARATION OF PRIMARY HDPC

Primary HDPC were seeded in 100 mm culture dishes as previously described (Section
2.5.2.1) and 24 h later the culture media was replenished with a solution of freshly made up
culture media containing additives to promote mineralisation; DMEMmin (DMEMsup
supplemented with 10 mM β-glycerol phosphate disodium salt pentahydrate (β-GP; Sigma-
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Aldrich, UK), 50 μg/ml ascorbic acid (AA; Sigma-Aldrich, UK) and 10 nM dexamethasone
(DEX; Sigma-Aldrich, UK). Culture dishes containing HDPC were cultivated for 2 weeks
prior to the application of ultrasound (Section 2.5.2.2).

2.8.2

STAINING MINERALISED NODULES WITH ALIZARIN RED S

Calcium based mineral deposits in attached cell cultures were identified using alizarin red S
(ARS; BDH, UK). An ARS solution was prepared with a concentration of 40 mM adjusted to
a pH of 4.2 using a 10% solution of acetic acid (Sigma-Aldrich, UK). Attached cells in culture
dishes were washed with PBS three times and fixed with a 10% solution of formalin (VWR,
UK) for 30 min. Cells were washed with PBS and 5 ml of the previously prepared ARS
solution was added to the cells in each culture dish. The culture dishes were gently agitated
for 20 min at room temperature, after which the unincorporated ARS solution was gently
aspirated from each culture well. Cells were washed with distilled water twice whilst the
culture dish was gently agitated and then left to air-dry at room temperature. Stained nodules
were visualised using light microscopy and photomicrographs were captured.

2.8.3

MICRO-COMPUTED TOMOGRAPHY

A polychromatic SkyScan-1172 µCT scanner (Bruker, Belgium) was used to identify the
radio-opacity of ARS stained nodules located in HDPC cultures (Section 2.8.2). A tapered
round end diamond bur (Dentsply, UK) was used to cut a 12 mm diameter section of culture
plastic around the stained nodule as the culture dish was too large for the sample area of the
µCT scanner. The cut section of culture plastic was rigidly fixed to a metal stub, to reduce
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unwanted movement during scanning, and then mounted to the rotating turntable within the
specimen area. The samples were analysed in air. A 0.5 mm aluminium filter was used to
reduce the number of low-energy photons to improve image quality and a resolution of 2000
by 1200 pixels was selected with a pixel size of 9 µm. X-rays were produced at an electrical
potential of 40 kV and using an appropriate current for each sample. Each exposure took 700
ms and was undertaken with a rotation step of 0.3 degrees. The scans were reconstructed
using NRecon (Bruker, Belgium) and viewed with CTvox (Bruker, Belgium).

2.8.4

SCANNING ELECTRON MICROSCOPY (SEM) AND ENERGY DISPERSIVE
X-RAY SPECTROMETRY (EDX)

A Zeiss EVO MA10 scanning electron microscope (Zeiss, Germany) was used to identify
surface topology and the elemental content of ARS stained nodules located in HDPC cultures
(Section 2.8.2). Previously prepared samples (Section 2.8.3) were dehydrated overnight and
fixed to aluminium stubs (Agar Scientific, UK). Samples were gold sputter coated under
vacuum for 2 min at 25 mA (Emitech K550X; Quorum Technologies Ltd, UK) after which a
conductive Acheson electrodag tape (Agar Scientific, UK) was applied to the surface of the
coated sample near its periphery and extended to the base of the aluminium stub. SEM images
of ARS stained nodules in each sample were obtained using the secondary and backscattered
modes under vacuum at an accelerating voltage of 5-20 kV. Elemental analysis of the ARS
stained nodules was acquired using energy dispersive x-ray spectrometry (INCA, Oxford
Instruments, UK). The scanning electron microscope imaged the samples using the secondary
electron mode with a working distance of 8.5 mm and an accelerating voltage of 20 kV.
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2.9

GENE EXPRESSION ANALYSIS

2.9.1

PREPARATION OF PRIMARY HDPC

Primary HDPC were seeded in culture dishes as previously described (Section 2.5.2.1) and
prepared for the application of ultrasound with DMEMmin as described in Section 2.8.1.
Ultrasound was applied to primary HDPC in culture over 7 days as described in Section
2.5.2.2. The experiment concluded on day 7 after 3 episodes of ultrasound application had
taken place.

2.9.2

RNA ISOLATION

RNA extraction from primary HDPC was undertaken on day 8, 48 h following the final
application of ultrasound. In total, RNA extraction was carried out from 36 individual
samples; 9 from each time duration experiment (5, 10, 15 and 20 min). Each experiment had 3
samples with 45 kHz ultrasound applied at an intensity of 10 mW/cm2, a further 3 with 45
kHz ultrasound applied at an intensity of 25 mW/cm2 and the remaining 3 were sham control
samples where the transducer face was submerged into the culture media for the same length
of time and conditions but no ultrasound produced (n=3 repeats). The RNeasy mini kit
(Qiagen, UK) was used to isolate RNA from sample cells. The instructions provided with the
kit were followed. Briefly, attached cells were washed and then lysed with 350 µl of a mixture
of 1 ml buffer RLT (supplied with the kit) and 10 µl of beta-mercaptoethanol (β-ME, SigmaAldrich, UK) for 5 min at room temperature with gentle agitation. The resulting lysate was
transferred to a 1.5 ml Eppendorf and homogenised by rapidly pipetting the mixture for 10 s. A
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70% solution of ethanol was chilled on ice and an equal volume (350 µl) was added to the cell
lysate. The mixture was pipetted into a spin column (supplied with the kit) and centrifuged
(Eppendorf 5804R, Eppendorf, UK) at 10,000 rpm for 30 s. The flow-through liquid was
discarded and RNA bound itself to the membrane within the spin column. DNA contamination
was eliminated with the addition of DNase 1 (RNase-free DNase kit, Qiagen, UK). After a series
of washing and centrifugation steps to reduce other contaminants, pure RNA was finally eluted in
RNase-free water. The concentration of RNA was quantified using a spectrophotometer
(Biophotometer Plus; Eppendorf, UK).

2.9.3

REVERSE TRANSCRIPTION

RNA collected as described previously (Section 2.9.2) was used to generate single stranded
cDNA using the Tetro cDNA Synthesis Kit (Bioline, UK). The instructions provided with the
kit were followed. Briefly, 4-5 µg of RNA was added to 1 µl of Oligo (dT)18 Primer Mix, 1 µl
of a 10 mM concentration of dNTP Mix, 4 µl of 5x RT Buffer, 1 µl of Ribosafe RNase
Inhibitor and 1 µl of Tetro Reverse Transcriptase. All components are supplied with the kit
and stored on ice during the reverse transcription process. RNA-free, molecular grade water
was added to make the volume of the mixture up to 20 µl. The mixture was incubated at
45 °C for 30 min to generate the complementary nucleotide pairings with the RNA. The
reaction was terminated by incubating at 85 °C for 5 min to remove the template RNA and
then chilled on ice.

A Microcon centrifugal filter device (Millipore, UK) was used to concentrate cDNA. RNAfree, molecular grade water was added to the cDNA to make the volume of the mixture up to
500 µl. This was placed in the Microcon filter and centrifuged for 2 min at 10,000 rpm. The
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volume of liquid in the filter was checked and if more than 50 µl, the filter was centrifuged
for a further minute at 8,000 rpm. This was repeated as required. When the desired volume
was achieved, the filter was inverted into a 1.5 ml collection tube (Millipore, UK) and
centrifuged at 800 rpm for 1 min. The concentration of cDNA was quantified using a
spectrophotometer (Biophotometer Plus; Eppendorf, UK).

2.9.4

SEMI-QUANTITATIVE REVERSE TRANSCRIPTASE POLYMERASE
CHAIN REACTION (sqRT-PCR)

A BioMix Red kit (Bioline, UK) was used to prepare the primer and cDNA mix prior to
thermo-cycling. Primers (Table 2.1) were initially prepared to a 25 µM concentration prior to
creating the forward and reverse primer mix; 10 µl forward primer, 10 µl reverse primer, 60
µl RNA-free water. Approximately 75 ng of cDNA (less than 2 µl) was added to 12.5 µl of
BioMix Red (supplied with the kit) and 2 µl of the forward and reverse primer mix in a 0.2 ml
PCR tube (Appleton Woods, UK). The total volume of the mixture was made up to 25 µl with
RNA-free water and then gently mixed by pipetting prior to centrifuging to collect all liquid
to the bottom of the PCR tube. Samples were placed in a Mastercycler Gradient Thermal
Cycler (Eppendorf, UK) for denaturation at 94 °C for 5 min. Each sample was held at this
temperature for a further 20 s to continue separation of the DNA strands and make them
available to bind to primers (annealing). Samples were held at the annealing temperature for
each primer (Table 2.1) for 20 s and thereafter the temperature was raised and held at 68 °C
for a further 20 s for primer extension. The combination of each 20 s step is considered a
cycle and this was repeated specific to each primer as shown in Table 2.1. Once the final
cycle had completed, the samples were held at 72 °C for 10 min prior to analysis.
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Prior to this study, the annealing temperature for each primer (Table 2.1) had been optimised
with human dental pulp cells by previous researchers and laboratory technicians in house
(Molecular Biology Laboratory, School of Dentistry, University of Birmingham, UK).
Primers had been sourced and custom designed using the National Centre for Biotechnology
Information Gene database and commercially produced as specified in Table 2.1.
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Table 2.1

Details of the primers used for sqRT-PCR including their corresponding annealing temperatures, cycle numbers, sequences
and source / accession number.
Primer

Collagen type 1 alpha 1

Annealing

Cycle

Primer sequence

Source /

temperature (°C)

Number

(5’  3’)

Accession Number

60

42

F-TGGGAGTGCAAGGATACTCTATATCG

(C1α1)
Dentine matrix protein-1

R-CCCATCCCATCTTCGACGTAC
60

40

(DMP-1)
Dentine sialophosphoprotein

R-GCTGAGCTGCTGTGAGACTG
60

55

(DSPP)
Glyceraldehyde-3-phosphate

60

18-27

60

34

beta 1 (TGF-β1)

F-GGCAGCGAGGTAGTGAAGAG
R-CTGGAGAGGAGCAGAACTGG

60

42

(OPN)
Transforming growth factor

F-TCTAGACGGCAGGTCAGGTCC
R-CCACCCATGGCAAATTCCATG

(OCN)
Osteopontin

F-CCTAAAGAAAATGAAGATAATT
R-TAGAAAAACTCTTCCCTCCTAC

dehydrogenase (GAPDH)
Osteocalcin

F-AGGAGAGACAGCAAGGGTGA

F-TCACCAGTCTGATGAGTCTCACC
R-CACCATTCAACTCCTCGCTTTCC

60

30

F-CGCCTTAGCGCCCACTGCTCCTGT
R-GGGGCGGGACCTCAGCTGCAC
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(Levin et al. 1999,
Myers et al. 1981)
Thermo Hybaid
OR135882-17/18
Invitrogen
262560-X5539
NM004407.1
(Buchaille et al. 2000)
Thermo Hybaid
OR135882-23/24
NM014208.2
Invitrogen
291573-E1540
(Al-Habib et al. 2013)
Invitrogen
373095-X7617
X53698
Sigma Genosys
J04765.1
BC02284
(McLachlan et al. 2003)
Invitrogen
262560-X5543

2.9.5

GEL ELECTROPHORESIS

A 1.5% agarose gel was created by adding 0.9 g of agarose (Web Scientific, UK) to 60 ml of
a 1x solution of tris-acetate-EDTA (TAE) buffer and heating in a microwave (Sanyo, UK).
The heated solution was cooled whilst mixing under running water prior to the addition of 3
µl of a 0.5 µg/ml ethidium bromide solution (Helena Biosciences, UK) to aid visualisation.
The agarose-TAE solution was poured into a gel casting tray and combs were added to create
loading wells. The solution was left at room temperature for 30 mins to set into a gel around
the combs. Gels were placed in an electrophoresis tank containing a 1x solution of TAE
buffer prior to the removal of the combs to ensure bubbles of air did not become trapped
within the wells. The wells were positioned over coloured strips to aid in the loading of 3 µl
of the amplified cDNA (Section 2.9.4) to each well. A 3 µl solution of HyperladderTM IV
(Bioline, UK) was loaded alongside the samples as a reference for size determination of the
target genes. An electrical current was applied at 120 V for approximately 30 to 40 min to
allow for the separation of nucleic acids. The gel was carefully removed from the tank
ensuring it did not tear and was transferred to the G:BOX (Syngene, UK) for visualisation
under ultra-violet light. Images were recorded and subsequently the band intensities for each
target gene were analysed using GeneSnap (Syngene, UK) software. The volume density of
the amplified targets was determined by comparing and normalising the intensity value
against the reference gene (GAPDH) and the volume density was thus expressed as a
percentage of the normalised values.
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2.10

STATISTICAL ANALYSIS

Microsoft Excel (Microsoft Corporation, USA) was used to perform statistical analyses on all
data in this study. Values in this study are expressed as mean ± standard deviation, unless
otherwise stated. Statistical significance was determined with the use of the one way and two

way analysis of variance (ANOVA) test. P values are stated in figures and tables; * (P<0.05),
** (P<0.01), *** (P<0.001).
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CHAPTER 3

ANALYSIS OF THE DUOSON 45 KILOHERTZ
ULTRASOUND FIELD

Data presented in this chapter has been published in part in the Journal of Therapeutic
Ultrasound (Patel et al. 2015). This work is of an interdisciplinary nature where the ultrasound
output measurements were undertaken by the author and the findings were forwarded to
colleagues in the USA for further mathematical interpretation.
3.
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Therapeutic instruments, such as the DuoSon, must be regularly calibrated to ensure their
ultrasonic output complies with that expected from the device (IEC 60601-2-5:2009). Failure
to comply with this standard may potentially result in an unexpected ultrasound exposure
leading to unreliable results and in cases used for therapy, damage to biological tissues or
resulting in the therapy being ineffective. The manufacturer of the therapeutic instrument used
in this study states that the power of the ultrasound generated by the DuoSon has an accuracy
of 20% compared to the measured value. Whilst this complies with IEC 60601-2-5:2009,
confirmation of both the beam profile and accurate ultrasonic output is needed to guide the
design of the experiment set-up in order to relate the ultrasound dose to biological effects.

An objective of this study is to develop a system which was capable of characterising the
ultrasonic output of the DuoSon and quantify the dose exposure of the ultrasound generated.
A custom designed water tank capable of degassing large quantities of water whilst housing a
hydrophone was developed and used to measure the maximum pressure displacement created
by ultrasound with a frequency of 45 kHz at various pre-set levels of intensity. These values
were analysed by an oscilloscope and SP intensities were calculated with post-hoc analysis of
the data.

Maximum voltage and frequency measurements were recorded with the hydrophone at 60
specified positions (Section 2.2) for each of the three pre-set intensity settings (10, 25 and 75
mW/cm2) of ultrasound with a frequency of 45 kHz produced by the DuoSon (Table 3.1).
Whilst no statistical difference was found between the frequencies recorded when ultrasound
with an intensity of 10 and 25 mW/cm2 was generated, a statistical difference (P<0.001) was
found when comparing these groups with the ultrasound produced with an intensity of 75
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mW/cm2. The frequencies recorded using the highest intensity were only marginally higher
compared to those frequencies recorded with the two lower intensities (Table 3.1). This
indicates that the highest intensity output does statistically (P<0.001) affect the frequency of
the ultrasound produced however the affect is of the magnitude of 0.1 kHz or less. It should
be noted that whilst a relatively constant frequency was recorded from the DuoSon
transducer, the frequency was approximately 2 kHz higher than the 45 kHz quoted by the
manufacturer.

Maximum voltage and frequency measurements (Table 3.1) were used to calculate spatial
peak (SP) intensities as described in Section 2.3. Beam plots of calculated intensities are
shown in Figures 3.1A – 3.1C. The data indicate that the measurements recorded where the
transducer and hydrophone were centrally aligned were only marginally higher compared to
the expected manufacturer pre-set intensity; 10.56, 25.70 and 76.04 mW/cm2 calculated
intensities for 10, 25 and 75 mW/cm2 pre-set intensities respectively. Measurements made
horizontally away from the long axis of the transducer showed a gradual reduction of the
average intensity. Figures 3.1A – 3.1C also display the size of the transducer and positioning
of culture wells in a six-well culture plate which are a 1:1 scale with the horizontal axis.
Horizontal measurements show that at 20 and 25 mm from the central axis of the transducer,
the calculated intensities without Fourier analysis were 7.75 and 5.2 mW/cm2 respectively
when an ultrasound beam using the pre-set 10 mW/cm2 mode is selected. An ultrasound beam
produced using the pre-set 25 mW/cm2 mode recorded an average intensity of 19 and 12.5
mW/cm2, and when using the 75 mW/cm2 mode, 61.5 and 58.5 mW/cm2 was recorded at 20
and 25 mm respectively from the central axis of the transducer. The beam plots of the 10 and
25 mW/cm2 modes (Figures 3.1A and 3.1B) are similar in form, as opposed to that of the 75
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mW/cm2 mode (Figure 3.1C). The 75 mW/cm2 mode produces an ultrasound beam which has
a flatter peak. These data imply that when biological cells cultured in dishes of a six-well
culture plate are treated with ultrasound, adjacent culture wells will also be exposed to an
ultrasound field. This finding is based on measurements recorded in ‘free-field’ conditions
and not in the presence of cell culture plates. Biological data from further investigation carried
out with six-well culture plates (Section 4.3) supports this finding.
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Table 3.1 The recorded maximum voltage and frequency of ultrasound produced from the
DuoSon in ‘free-field’ conditions when a 10, 25 and 75 mW/cm2 ultrasound beam
is produced from the transducer. Measurements were taken at 1 mm distances up
to 10 mm vertically from the transducer face at 0, 5, 10, 15, 20 and 25 mm
horizontally from the long axis of the transducer.
DuoSon pre-set intensity (mW/cm2)

Measurement
position

10

25

75

Vertical

Horizontal

Maximum

Frequency

Maximum

Frequency

Maximum

Frequency

(mm)

(mm)

voltage

(kHz)

voltage

(kHz)

voltage

(kHz)

(mV)

(mV)

(mV)

1

0

2.43

47.55

3.75

47.4

6.56

47.52

2

0

2.41

47.57

3.76

47.43

6.50

47.51

3

0

2.43

47.55

3.74

47.43

6.38

47.52

4

0

2.38

47.53

3.76

47.42

6.40

47.52

5

0

2.39

47.52

3.75

47.43

6.43

47.52

6

0

2.49

47.53

3.74

47.42

6.45

47.51

7

0

2.36

47.5

3.74

47.41

6.46

47.5

8

0

2.39

47.47

3.72

47.41

6.47

47.5

9

0

2.36

47.46

3.72

47.4

6.41

47.49

10

0

2.38

47.43

3.70

47.41

6.41

47.47

1

5

2.38

47.58

3.71

47.45

6.50

47.49

2

5

2.37

47.57

3.70

47.43

6.46

47.5

3

5

2.36

47.56

3.70

47.43

6.45

47.5

4

5

2.36

47.55

3.71

47.44

6.43

47.51

5

5

2.36

47.54

3.71

47.43

6.43

47.52

6

5

2.36

47.53

3.70

47.42

6.43

47.52

7

5

2.36

47.52

3.68

47.4

6.44

47.53
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DuoSon pre-set intensity (mW/cm2)

Measurement
position

10

25

75

Vertical

Horizontal

Maximum

Frequency

Maximum

Frequency

Maximum

Frequency

(mm)

(mm)

voltage

(kHz)

voltage

(kHz)

voltage

(kHz)

(mV)

(mV)

(mV)

8

5

2.34

47.5

3.64

47.37

6.35

47.51

9

5

2.32

47.48

3.64

47.36

6.29

47.5

10

5

2.32

47.47

3.63

47.35

6.26

47.5

1

10

2.36

47.54

3.61

47.43

6.48

47.46

2

10

2.36

47.53

3.69

47.42

6.49

47.47

3

10

2.33

47.52

3.65

47.42

6.51

47.48

4

10

2.30

47.53

3.63

47.41

6.49

47.49

5

10

2.29

47.53

3.61

47.4

6.44

47.5

6

10

2.28

47.5

3.59

47.4

6.42

47.5

7

10

2.27

47.45

3.57

47.38

6.37

47.5

8

10

2.26

47.44

3.57

47.36

6.31

47.54

9

10

2.25

47.43

3.54

47.35

6.27

47.51

10

10

2.23

47.43

3.52

47.34

6.24

47.5

1

15

1.93

46.74

3.26

46.82

6.04

47.44

2

15

1.92

46.89

3.17

46.89

6.07

47.44

3

15

1.91

47.08

3.21

46.95

6.07

47.47

4

15

1.99

47.35

3.24

47.3

6.09

47.49

5

15

2.14

47.45

3.30

47.43

6.15

47.49

6

15

2.19

47.46

3.36

47.42

6.24

47.52

7

15

2.26

47.46

3.38

47.42

6.23

47.51

8

15

2.27

47.43

3.47

47.35

6.22

47.53

9

15

2.31

47.41

3.42

47.34

6.20

47.55

10

15

2.25

47.41

3.39

47.31

5.99

47.53
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DuoSon pre-set intensity (mW/cm2)

Measurement
position

10

25

75

Vertical

Horizontal

Maximum

Frequency

Maximum

Frequency

Maximum

Frequency

(mm)

(mm)

voltage

(kHz)

voltage

(kHz)

voltage

(kHz)

(mV)

(mV)

(mV)

1

20

2.09

47.36

3.02

47.16

5.75

47.32

2

20

2.17

47.38

3.16

47.36

5.79

47.39

3

20

2.22

47.37

3.17

47.37

5.80

47.42

4

20

2.21

47.36

3.20

47.41

5.83

47.42

5

20

2.10

47.36

3.26

47.42

5.86

47.45

6

20

2.06

47.35

3.29

47.41

5.88

47.47

7

20

2.01

47.34

3.29

47.42

5.89

47.48

8

20

1.95

47.33

3.30

47.43

5.88

47.5

9

20

1.84

47.3

3.22

47.43

5.62

47.5

10

20

1.81

47.31

3.15

47.44

5.59

47.52

1

25

1.60

47.2

2.54

47.32

5.62

47.3

2

25

1.68

47.22

2.48

47.31

5.66

47.31

3

25

1.70

47.24

2.65

47.31

5.64

47.32

4

25

1.69

47.26

2.69

47.3

5.66

47.38

5

25

1.66

47.29

2.73

47.29

5.71

47.41

6

25

1.69

47.31

2.77

47.3

5.65

47.41

7

25

1.69

47.3

2.73

47.3

5.69

47.42

8

25

1.66

47.3

2.58

47.29

5.58

47.46

9

25

1.65

47.29

2.45

47.28

5.61

47.49

10

25

1.66

47.32

2.37

47.27

5.56

47.53

97

Figure 3.1 Spatial-peak intensity calculated when a 10 (A), 25 (B) and 75 mW/cm2 (C)
ultrasound beam with a frequency of 45 kHz is produced from the DuoSon
transducer. Dimensions of the transducer and culture wells are to a 1:1 scale with
the horizontal axis. A diagrammatic representation of the culture wells in a sixwell culture plate have been superimposed to demonstrate proximity of the culture
wells to each other and their spatial relationship to the ultrasound beam and
average intensities. Intensity without Fourier analysis is shown as mean ± SD
(continued on next page).
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CHAPTER 4

THE EFFECT OF A STATIONARY
TRANSDUCER IN A MULTI-WELL CULTURE
PLATE ON AN ODONTOBLAST-LIKE CELL
LINE

Data presented in this chapter has been published in part in the Journal of Therapeutic
Ultrasound (Ghorayeb et al. 2013, Patel et al. 2015). The author of the present study carried
out the laboratory-based investigations including cell culture, ultrasound application, data
collection from cell culture and temperature measurements, analysis and interpretation of
data.
4.
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The application of ultrasound to in vitro cell culture provides a good opportunity to study the
effects of ultrasound on specific cell types however there is little consensus in the literature
regarding the most optimal strategy for ultrasound application (Hensel et al. 2011, Padilla et
al. 2014). The majority of studies investigating in vitro ultrasound bio-effects in the literature
apply LIPUS ultrasound (Padilla et al. 2014) which utilises a frequency in the megahertz
range however kilohertz ultrasound is known to better penetrate hard dental tissues (Ghorayeb
et al. 2013) and may be more appropriate for investigating ultrasound mediated dental repair.
This present study initially investigated the effects of kilohertz ultrasound on the proliferation
and cell viability of an odontoblast-like cell line (MDPC-23) cultured in six-well culture
plates.

An objective of this study is to develop a system to deliver 45 kHz ultrasound in a controlled
and reproducible manner to cells in vitro culture. Thermal variation and biological effects in
adjacent and distant culture wells were also analysed to determine if this was the most
appropriate set-up to investigate the effects of kilohertz ultrasound on biological cells in vitro
culture. The analysis of temperature changes in culture media determines the ability of the setup apparatus to control the temperature of the culture media whilst providing an indication of
the type of bio-effects which may be taking place (thermal or mechanical). Data from two
experiments are presented in this section. The first experiment (Section 4.2) applied 45 kHz
ultrasound to multiple culture wells of the same six-well culture plate and included the sham
control culture well on the same culture plate (Figure 2.7C). The aim of the second
experiment (Section 4.3) was to determine whether 45 kHz ultrasound applied to one culture
well of a six-well culture plate would affect MDPC-23 cells cultured in the adjacent and
distant culture wells of the same culture plate (Figure 2.7D).
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Pilot studies and previous research treating MDPC-23 with 45 kHz ultrasound indicated that
whilst a single dose of ultrasound with a short duration does not significantly increase MDPC23 cell numbers compared to sham control, multiple treatments separated by at least 24 hours
had a more positive effect (Man et al. 2012). Ultrasound application experiments were carried
out as follows:
Day 0: MDPC-23 cells were seeded in six-well culture plates as described in Section 2.5.1.1
Day 1: culture media replenished
Day 2: ultrasound applied
Day 3: culture media replenished
Day 4: ultrasound applied
Day 5: culture media replenished
Day 6: ultrasound applied
Day 7: culture media replenished
Day 8: experiment halted for analysis.

4.1

TEMPERATURE OF CULTURE MEDIA

Temperature measurements were recorded to assess the capability of the experimental setup
(described in Section 2.5.1) to maintain the temperature of the culture medium bathing cells in
a six-well culture plate at 37 °C whilst in a laminar flow hood and to record any changes in
temperature during the application of ultrasound. The recorded temperatures indicated that
ultrasound with a frequency of 45 kHz, and at the three specified intensities (10, 25 and 75
mW/cm2), did not significantly affect the temperature of the culture medium in culture wells
adjacent to (Figure 4.2A) and distant from (Figure 4.2B) the culture well being treated with
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ultrasound (Figure 2.7D). Figure 4.1 shows the gradual temperature rise in the culture
medium of the culture well with the transducer face submerged. Initially, the temperature of
the culture media dropped by 0.5 °C when the transducer face was submerged into the culture
well. However, as shown by the sham control temperature measurements in Figure 4.1, the
water bath set-up (Section 2.5.1 and Figure 2.7) was able to keep the temperature of the
culture medium stable at 37 °C (±1 °C). The highest of the three intensities, 75 mW/cm2,
produced a temperature rise of 15.9 °C to 52.3 °C after 30 min of ultrasound exposure.
Intensities of 10 and 25 mW/cm2 increased the temperature of the culture medium resulting in
maximum temperatures of 40.7 °C and 43.4 °C respectively over 30 min of ultrasound
exposure. It was observed for the lower two intensities, the temperature rise reached a plateau
before the maximum treatment time of the device was reached. This did not occur at the
highest intensity. After 5 min of ultrasound application, the temperature of the culture media
had risen to 38.3 °C, 39.6 °C and 42 °C with 10, 25 and 75 mW/cm2 respectively. These data
indicate that the application of ultrasound using this method increases the ambient
temperature of the culture medium, and longer times up to 30 min, can generate a significant
temperature rise.
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Figure 4.1 Changes in the temperature of culture media in the corner culture well of a six-well culture plate in which the transducer face
was submerged (n=3, mean ± SD). Temperatures were recorded over 30 min whilst ultrasound with a frequency of 45 kHz was
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Figure 4.2 Changes in the temperature of culture media in the adjacent (A) and distant (B) culture well (n=3, mean ± SD). Temperatures
were recorded over 30 min whilst ultrasound with a frequency of 45 kHz was generated at an intensity of 0 (sham control), 10,
25 and 75 mW/cm2.
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4.2

APPLICATION OF ULTRASOUND TO MULTIPLE WELLS OF A SIX-WELL
CULTURE PLATE

4.2.1

CELL VIABILITY

The application of ultrasound with a frequency of 45 kHz for 5 min at an intensity of 10
mW/cm2 at three time points (day 2, 4 and 6) over a 7 day period did not significantly affect
the viability of odontoblast-like MDPC-23 cells when compared to the sham control (Figure
4.3), however, there was a significant (P<0.05) albeit marginal reduction when 25 mW/cm2
intensity was applied. The highest intensity resulted in the most significant (P<0.01) and
greatest reduction in cell viability when compared to the sham control, however cell viability
was greater than 90%. A significant difference (P<0.01) was also found when comparing the
cell viability of odontoblast-like MDPC-23 cells when exposed to 25 and 75 mW/cm2
compared to 10 mW/cm2. These findings indicate that ultrasound with a frequency of 45 kHz
has an intensity dependent effect on the viability of odontoblast-like MDPC-23 cells in vitro
culture. Post application of ultrasound, cell viability was higher than 90% indicating that
ultrasound with a frequency of 45 kHz did not adversely affect in vitro cultures however
higher intensities are not as well tolerated by MDPC-23 cells compared to the lower
intensities used in this study when applied three times for 5 min over 7 days.
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Figure 4.3 Percentage change in the number of odontoblast-like MDPC-23 cells and viability
after the application of three episodes of 5 min duration of ultrasound with a
frequency of 45 kHz at an intensity of 0 (sham control), 10, 25 and 75 mW/cm2,
separated by 48 h over seven days (n=3, mean ± SD) (* P<0.05, ** P<0.01, ***
P<0.001).
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4.2.2

CELL NUMBER

The results demonstrated that odontoblast-like MDPC-23 cell numbers were significantly
increased following three ultrasound treatments with an intensity of 10 (P<0.01) and 25
mW/cm2 (P<0.05) over a 7 day culture period as compared with the sham control (Figure
4.3). The number of cells remaining, when compared to sham control, was reduced by less
than 12% when ultrasound with an intensity of 75 mW/cm2 was applied. This was not a
statistically significant reduction. However the difference in cell number after the application
of ultrasound with an intensity of 10 and 25 mW/cm2 compared to 75 mW/cm2 is statistically
significant; P<0.01 and P<0.05 respectively. These findings indicate that ultrasound affected
cell proliferation at low-intensity therapeutic intensities in a dose-dependent manner with an
upper threshold where higher intensities adversely affect cell viability and proliferation.

4.3

APPLICATION OF ULTRASOUND TO A SINGLE WELL OF A SIX-WELL
CULTURE PLATE

In this experiment, 45 kHz ultrasound with an intensity of 10, 25 and 75 mW/cm2 was applied
to the corner culture well of a six-well culture plate as described in Section 2.5.1.3.
Ultrasound was not applied to the other culture wells in the same six-well culture plate. An
assessment of cell viability and the number of cells present after the application of three
episodes of ultrasound in three of the culture wells of the six-well culture plates was made.
The culture well in which the transducer face was submerged (corner), the adjacent culture
well (adjacent) and the distant culture well (distant) on the opposite side. The aim of this
experiment was to assess the ability of ultrasound with a frequency of 45 kHz to affect cells
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cultured in culture wells of the same six-well culture plate where ultrasound is applied to only
one of the culture wells.

4.3.1

CELL VIABILITY

Analysis of cell viability from the culture well in which the transducer was submerged has
demonstrated similar results to that found in a previous experiment (Section 4.2.1) in this
research study where ultrasound was applied to multiple culture wells in the same six-well
culture plate. This experiment showed that the highest ultrasound intensity significantly
reduced cell viability compared to the two lower intensities and sham control (P<0.001)
(Figure 4.4). However, with the highest intensity, cell viability was higher than 90%
indicating that 45 kHz ultrasound did not instigate a substantial drop in viable cells. Cell
viability was not significantly affected in the adjacent and distant culture wells compared to
sham control for the two lower intensities however the highest intensity demonstrated a
significant (P<0.05) decrease in the cell viability of MDPC-23 cells compared to sham
control. This indicates that ultrasound with a frequency of 45 kHz at an intensity of 75
mW/cm2 had an effect on MDPC-23 cells cultured in the non-exposed culture wells of the
same six-well culture plate. This effect was more pronounced in the adjacent culture well
compared to the distant culture well, 93.44% and 97.11% respectively, indicating that the
proximity of the culture well to the transducer influenced cell viability.
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Figure 4.4 Percentage change in the number of odontoblast-like MDPC-23 cells and viability
after the application of three episodes of 5 min duration of ultrasound with a
frequency of 45 kHz at an intensity of 0 (sham control), 10, 25 and 75 mW/cm2,
separated by 48 h over seven days to the corner culture well of a six-well culture
plate. Cell viability and number in adjacent and distant wells are also shown (n=3,
mean ± SD) (* P<0.05, ** P<0.01, *** P<0.001).
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4.3.2

CELL NUMBER

Application of 45 kHz ultrasound at the two lower pre-set intensity levels of 10 and 25
mW/cm2 resulted in cell counts from the culture well in which the transducer face was
submerged to be significantly higher than the sham control group (P<0.001 and p<0.01
respectively) suggesting ultrasound-stimulated cell proliferation. The pattern of response to
ultrasound in the culture well in which the transducer face was submerged is similar to the
previous experiment (Section 4.2.2). However in the current experiment the difference in cell
number compared to sham control for the 10 and 25 mW/cm2 intensities was higher (167.2%
and 140.74% respectively) and more significant (P<0.001 and P<0.01 respectively) compared
to the previous experiment (P<0.05). Whereas in the previous experiment, the highest
intensity resulted in a drop in cell number (11.58% compared to sham control), in the current
experiment, the highest intensity resulted in an increase in cell number (2.65% compared to
sham control). These data indicated that applying ultrasound to a single culture well in a sixwell culture plate may result in data that is more precise and reflects the true effect of a
specific intensity and time duration. Applying ultrasound to multiple culture wells of the same
six-well culture plate may reduce the observed effect. No significant findings were reported
from cell counts from the immediately adjacent culture wells, although cell numbers were
marginally increased by approximately 20% and 10% with the two pre-set intensity levels of
25 and 75 mW/cm2 respectively, compared to the sham control (Figure 4.4). Cell numbers in
the distant culture well, were found to be significantly (p<0.01) increased when 75 mW/cm2
intensity ultrasound was used compared to the sham control (Figure 4.4). However, the lower
intensities did not significantly increase cell numbers in the distant culture well as shown in
Figure 4.4. The increase in cell numbers in distant culture wells of six-well plates where 75
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mW/cm2 intensity ultrasound is used, indicates that ultrasound at this intensity has a positive
effect on cell number when the cells are not directly exposed. This suggests that there is
potential for ultrasound with higher intensities to affect other culture wells in the same sixwell plate, with lower intensities, this effect is not significant.
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CHAPTER 5

THE EFFECT OF A MOVING TRANSDUCER IN
A CULTURE DISH ON PRIMARY HDPC

5.
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The data from the previous two sections (Sections 3 and 4) indicate that applying 45 kHz
ultrasound to multi-well culture plates is not appropriate for evaluating dose specific effects of
ultrasound. Furthermore, to enable the application of ultrasound for longer than 5 minutes
without significantly increasing the temperature of the culture media, the apparatus set-up
would need to be re-developed. An objective of this study is to develop a system to deliver 45
kHz ultrasound in a controlled and reproducible manner to cells in vitro culture. The results
presented in this section are based on the use of a mechanised apparatus that provides a
controlled movement of the ultrasound transducer whilst the transducer face is submerged
within the culture media. A larger, single well culture dish is used to enable movement of the
transducer within the culture dish and prevent ultrasound contamination of sample cell
cultures. A further objective of this study is to ascertain the cellular and molecular effects of
low intensity 45 kHz ultrasound on cells harvested from the dental pulp of a human tooth.
Cell proliferation, viability and gene expression of primary HDPC were investigated with the
application of 10 and 25 mW/cm2 intensities of 45 kHz ultrasound. Pilot studies and previous
research treating MDPC-23 with 45 kHz ultrasound indicated that the application of
ultrasound for 30 minutes significantly improved cell proliferation (Man et al. 2012).
Ultrasound was applied to primary HDPC in culture as with MDPC-23 (see time points for
ultrasound application at the beginning of Section 4).

The markers selected for gene expression study from primary HDPC were C1α1, DMP-1,
DSPP, OCN, OPN and TGF-1. Their roles in dentinogenesis and dentine repair as nucleating
factors and signalling molecules have been discussed previously (Section 1.2.2.1) and
adapting their expression in primary HDPC with ultrasound treatment may indicate a potential
dental treatment modality for ultrasound. The expression of C1α1 in primary HDPC is
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investigated as collagen type 1, which is known to be predominant in the dentine matrix and
can be mineralised by hydroxyapatite crystals (Smith et al. 2012a). Increased production of
type 1 collagen may enhance the speed and quality of mineralisation.

5.1

TEMPERATURE OF CULTURE MEDIA

The temperature of the culture media in a culture dish with the transducer face submerged and
in motion was found to be stable at 37 °C (± 1 °C) with the sham control group over the 30
min application period. This shows that the set-up described in Section 2.5.2 could maintain
the temperature of the cells cultured in the culture dish at 37 °C (± 1 °C) whilst in a laminar
flow hood. When ultrasound was produced from the transducer at the three different
intensities, the overall temperature rise was proportional to the intensity of the ultrasound
(Figure 5.1). This pattern is similar to that seen with a stationary transducer submerged in
culture media (Figure 4.1). The highest intensity generated the largest recorded temperature of
39.8 °C after 23 min, whereas the two lower intensities did not record a temperature higher
than 38.2 °C. The highest recorded temperature of the mid-level intensity, 25 mW/cm2, was
reached at a similar time as the strongest intensity, 22 and 23 min respectively, and thereafter
plateaued. The lowest intensity recorded its highest temperature after 16 min 30 s, 37.9 °C,
however conversely to the higher two intensities, the temperature of the culture media steadily
declined to 37.3 °C at 28 min before again rising. The explanation for this difference
compared to the temperature plots of the higher two intensities may be as a result of the small
amount of energy produced by a 10 mW/cm2 intensity being insufficient to warm up the
culture media whilst the thermostat controlled water-bath disengaged its heating element. In
comparison to the experiment with a stationary transducer (Section 4.1) where there was a
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steady increase in temperature right up to the end of the 30 min application period when the
10 mW/cm2 intensity was applied. Whilst the temperature rise for the two lower intensities
was no more than 1.2 °C, the highest intensity resulted in a temperature rise of 2.6 °C over the
30 min application period. The temperature of the culture media can affect the behaviour of
the cells in which they are cultured and this experiment has demonstrated that whilst at lower
intensities, the temperature of the culture media can be kept stable, at higher intensities the
temperature rise is difficult to control. This is also demonstrated with a stationary transducer
(Section 4.1).

5.2

CELL VIABILITY

The application of three 5 min episodes of ultrasound with a frequency of 45 kHz to primary
HDPC in vitro culture did not significantly affect cell viability compared to sham control
(Figure 5.2). Longer application periods demonstrated a significant difference between the
cell viability of the sham control group versus the ultrasound group and the longest periods,
15 and 20 min, showed a significant difference between the two intensities of 45 kHz
ultrasound applied to primary HDPC. The cell viability of the sham control group remained
higher than 98% across all four time period groups. This indicates that the duration of
ultrasound application alone does not affect cell viability in vitro conditions. Cell viability is
affected by a combination of the duration and the application of ultrasound with the longest
duration and highest intensity used in this experiment reducing the cell viability of primary
HDPC to 95.23%. This is statistically significant (P<0.01) however a cell viability of 95% is
considered typical especially as the primary HDPC were kept in atmospheric conditions for
20 mins compared to ideal culture conditions (humidified atmosphere with 5% CO2 in air).
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Figure 5.1 Changes in the temperature of culture media in the culture dish in which the transducer face is submerged (n=3, mean ± SD).
Temperatures were recorded over 30 min whilst ultrasound with a frequency of 45 kHz was generated at an intensity of 0 (sham
control), 10, 25 and 75 mW/cm2. The transducer was moving at a speed of 8.6 mm/s in a circular motion.
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Figure 5.2 Percentage change in the number of primary HDPC and viability after the
application of three episodes of 5, 10, 15 & 20 min duration of ultrasound with a
frequency of 45 kHz at an intensity of 0 (sham control), 10 and 25 mW/cm2,
separated by 48 h over seven days (n=3, mean ± SD) (* P<0.05, ** P<0.01, ***
P<0.001).
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5.3

CELL NUMBER

Cell number data (Figure 5.2) from primary HDPC in culture indicates that the application of
45 kHz ultrasound at an intensity of 10 and 25 mW/cm2 promoted cell proliferation when
applied at three time points with a 5 or 10 min duration. This was a significant effect
compared to sham control with both intensities (P<0.001) and whereas the higher intensity
produced the greater increase in cell number compared to sham control (167%) in the 5 min
group, the lower intensity produced the higher result (133%) in the 10 min group. This trend
continued with the 15 and 20 min groups with the lower intensity ultrasound enhancing cell
proliferation (114% and 112% respectively) compared to the higher intensity (105% and 92%
respectively). The difference in cell number between the two intensities was significant in the
5, 10 and 20 min groups (P<0.01, P<0.001, P<0.001 respectively) whereas the 15 min group
did not demonstrate a significant difference. This indicates a dose-dependent effect of 45 kHz
ultrasound on cell proliferation of primary HDPC. Whilst the highest intensity demonstrated
the greatest difference in cell number compared to sham control (167%), this effect reduced
with increasing duration of ultrasound application, and in the longest (20 min) group, the cell
number percentage compared to sham control was reduced by 8% (P<0.05). This result
coupled with the reduction in cell viability (Section 5.2) demonstrates a negative effect of the
higher intensity ultrasound coupled with a 20 min duration time for primary HDPC in vitro
culture. Conversely the lower intensity promoted cell proliferation (P<0.01) compared to
sham control in the same 20 min group indicating that this effect is dependent on the dose of
ultrasound. The duration of treatment has also been shown to have an effect on the cell
proliferation of primary HDPC with the shorter application groups producing a greater
difference in cell number compared to sham control (Figure 5.2). This indicates that primary
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HDPC in vitro culture produce a greater proliferative response to shorter periods (5 and 10
min) of 45 kHz ultrasound application compared to longer durations (15 and 20 min). The
shortest duration (5 min) of 45 kHz ultrasound application with an intensity of 25 mW/cm2
has been shown to be more effective at enhancing cell proliferation compared to the lower
intensity (P<0.01).

5.4

GENE EXPRESSION BY PRIMARY HDPC

The application of multiple episodes of 45 kHz ultrasound to primary HDPC resulted in the
increased expression of the DMP-1 gene. This result was statistically significant compared to
sham control in all four time groups and with both the 10 and 25 mW/cm2 intensities (Figure 5.3).
Application of 45 kHz ultrasound with the lower intensity resulted in a greater statistical
significance in the 5 (P<0.01), 10 (P<0.001) and 20 (P<0.01) min groups compared to the higher
intensity, whereas the 15 min group demonstrated the same significance (P<0.01). The highest
mean increase of DMP-1 expression was found in the 15 min group compared to sham control.
This was the highest increase for both intensity groups and whereas in the other time groups
where there is a statistical significance between the two intensities, favouring the lower intensity,
there is none in the 15 min group. This indicated that 15 min is the optimal time duration for the
repeated application of 45 kHz for the expression of DMP-1 irrespective of intensity. However,
within the 15 min group there were no significant increases in the expression of the other genes
investigated in this experiment. The two lower duration groups (5 and 10 min) had the most
number of genes that significantly increased their expression as a response to 45 kHz ultrasound.
In the 10 min group, DMP-1 and TGF-β1 expression was increased by both intensities compared
to sham control (statistically significant) however whilst there was a statistically significant
difference between the two intensities for the expression of DMP-1 (P<0.01), there was none for
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Figure 5.3 Gene expression (normalised to GAPDH) as a percentage of sham control (100%) found in primary HDPC after the application of
three episodes of 5, 10, 15 & 20 min duration of ultrasound with a frequency of 45 kHz at an intensity of 10 and 25 mW/cm2,
separated by 48 h over seven days (n=3 culture well cell samples, mean ± SD) (* P<0.05, ** P<0.01, *** P<0.001).
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Figure 5.4 Representative gel images showing relative gene expression found in primary HDPC after the application of three episodes of 5,
10, 15 & 20 min duration of ultrasound with a frequency of 45 kHz at an intensity of 10 and 25 mW/cm2, separated by 48 h over
seven days.
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TGF-β1 indicating that genes expressed in primary HDPC may not respond in the same way to
different ultrasound intensities. In the same time group, OCN and C1α1 demonstrated a
statistically significant (P<0.05) difference between the two intensities however OP did not.
Whereas only four of the five genes studied in this experiment demonstrated a statistically
significant increase in expression in the 10 min group responding to 10 mW/cm2 intensity
ultrasound, all five of the genes in the 5 min group demonstrated a statistically significant increase
compared to sham control with the same intensity (Figure 5.3). Only DMP-1 and C1α1 showed a
statistically significant increase compared to sham control with the higher intensity. The
difference in gene expression was statistically significant for the DMP-1, OCN, OPN and TGF-β1
genes between the two intensities for the 5 min group (P<0.05, P<0.05, P<0.001, P<0.05). These
data indicated that the lower of the two 45 kHz ultrasound intensities studied in this experiment
produced a greater increase in gene expression from primary HDPC in vitro culture when applied
for 5 or 10 min compared to longer 15 and 20 min durations. Longer durations of ultrasound
application have demonstrated a negative or negligible effect on the expression of the genes
studied except for DMP-1. This may indicate that DMP-1 is expressed by a greater proportion of
the cells in the primary HDPC culture that are more resilient to the mechanical stimulation of 45
kHz ultrasound, such as differentiated odontoblast-like cells, compared to less robust cells, such
as precursors, which may be more inclined to increase the expression of the other genes studied.
Whilst the expression of DMP-1, OCN, OPN, C1α1 and TGF-β1 was detected from primary
HDPC in this experiment, DSPP expression was not detected.
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CHAPTER 6

MINERALISED NODULES FROM PRIMARY
HDPC

6.
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It has been demonstrated that the dental pulp has the ability to repair and regenerate dentine
(Smith et al. 1995). The final step of this innate process is the mineralisation of an
extracellular matrix to form hard tissue which can maintain continuity of the pulp chamber to
protect the pulp tissues, enabling the tooth to respond to future threats and prevent the need
for complex dental treatment (Simon et al. 2014). Kilohertz ultrasound has been shown to
enhance the production of mineralised calcium deposits from MDPC-23 cells in vitro culture
and with a more pronounced effect with longer treatment times (Man et al. 2012). However,
LIPUS treatment of human tooth slice organ culture in vitro did not show a significant effect
on predentine layer thickness or gene expression of DSPP (Al-Daghreer et al. 2012, 2013).
One of the research questions for the present study was to investigate whether ultrasound with
a frequency of 45 kHz was able to stimulate dental pulp cells to express markers to stimulate
tertiary dentinogenesis and to see if dental pulp cells responded differently to changes in the
duration and intensity of ultrasound. The data reported in this section demonstrates the
methods used to analyse mineralised nodules found in primary HDPC in vitro culture.
Primary HDPCs were cultured with osteogenic media (DMEMmin) for two weeks prior to the
application of three episodes of ultrasound (Section 2.5.2.2).
Day 0: HDPCs were seeded in 100 mm culture dishes as described in Section 2.5.2.1
Day 1: culture media replenished with DMEMmin
Day 3: culture media replenished
Day 5: culture media replenished
Day 7: culture media replenished
Day 9: culture media replenished
Day 11: culture media replenished
Day 13: culture media replenished
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Day 14: ultrasound applied
Day 15: culture media replenished
Day 16: ultrasound applied
Day 17: culture media replenished
Day 18: ultrasound applied
Day 19: culture media replenished
Day 21: culture media replenished
Day 23: culture media replenished
Day 25: culture media replenished
Day 27: culture media replenished
Day 28: experiment halted for analysis

6.1

ALIZARIN RED S STAINING

Primary HDPC were stained with ARS dye to identify calcium rich deposits (Figure 6.1).
Stained deposits visualised with phase contrast microscopy show a darker central area
surrounded by a circular and well demarcated ARS stained area which appears to sit on top of
the attached primary HDPC (Figure 6.2). The image at the top left of Figure 6.2 appears to
show two circular areas with an obvious cleaving point at polar opposite ends. This may
indicate the fusion of two mineral nodules forming in close proximity to each other, or the
division of a nodule. These deposits were not detected in those cultures where ultrasound was
applied (Figure 6.1B) however sham control culture dishes (Figure 6.1A) demonstrated
deposits stained with ARS dye (Figure 6.1). No discernible correlation could be made
between the numbers of stained nodules, which ranged from 1 to 20 per culture dish, and the
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length of time for sham application of ultrasound. This indicates that 45 kHz ultrasound
prevented the formation of mineral deposits irrespective of the intensity of the ultrasound
beam. Whilst it has been demonstrated in this experiment that primary HDPC cultured with
DMEMmin can generate calcium rich deposits in vitro, the amount of mineral detected with
ARS dye has been nominal.
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Figure 6.1 Representative ARS stained primary HDPC in culture dishes (culture surface
diameter 85 mm) for sham control (A) and ultrasound (B) groups.
A
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B
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Figure 6.2 Phase contrast microscope images of representative ARS stained nodules in
primary HDPC culture.
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6.2

MICRO-COMPUTED TOMOGRAPHY

The radio-opacity of calcium deposits identified by ARS dye staining was investigated with
µCT scanning of sections of the culture dish on which primary HDPC were cultured. Mineral
deposits shown in Figure 6.3 are radio-opaque to varying degrees compared to the
surrounding attached primary HDPC indicating the presence of material that attenuates xrays. The brightness of the radio-opacity in the µCT image mirrors the darker staining found
in the core of ARS stained areas. This may indicate an area of denser radio-opaque material
compared to the rest of the nodule. This is demonstrated in both µCT scans shown in Figure
6.3. Nodules showing a large and darkly stained core compared to the rest of the nodule, as in
Figure 6.4, may indicate a mature nodule with denser material. This can be seen in the lateral
µCT view (inset Figure 6.4) showing a bright and well defined shape that is wider at the base
and is raised to a plateau in the centre. The raised area in the centre of this nodule indicates
that the material in the nodule accumulates on top of itself in layers and this thickness of
material could obscure the light needed in a phase contrast microscope making the core of the
nodule appear darker as in Figure 6.2, 6.3 and 6.4.
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Figure 6.3 Micro-computed tomogram of representative ARS stained nodules in primary
HDPC culture. Inset phase contrast microscope images of same nodules.
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Figure 6.4 Micro-computed tomogram of ARS stained nodule in primary HDPC culture (central in image). Inset phase contrast
microscope image of same nodule and µCT lateral view of radio-opacity (found centrally in large µCT image).
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6.3

SURFACE TOPOLOGY AND ELEMENTAL ANALYSIS

Scanning electron micrographs of ARS dye stained nodules in primary HDPC culture (Figure
6.5) demonstrate a non-uniform surface topology, however, in general each nodule has a
centrally raised area. In some scans, these central areas have been captured ‘intact’ as in the
images top right and bottom right of Figure 6.5. However in some images (middle left of
Figure 6.5) the central area of the nodule has appeared to ‘burst’ leaving a rolled margin
around this area and exposing the culture plastic below. The inset phase contrast microscope
images in Figure 6.5 correlate the shape of the darkly ARS dye stained central areas with the
centrally raised areas found in the SEM images. These images also indicate that the lightly
ARS dye stained areas are also raised compared to the attached primary HDPC grown on the
culture plastic. Processing defects (‘cracking’) can also be seen, such as in images top right
and bottom left of Figure 6.5, as a result of the dehydration process and vacuum generated
during the SEM scan removing any moisture from within the nodule. This may indicate that
the nodule requires moisture to maintain its three-dimensional shape.

Elemental analysis of different aspects of an ARS dye stained nodule in primary HDPC
culture has shown that both the light and dark stained areas of a nodule demonstrate the
presence of calcium whereas the area outside the ARS dye stained nodule does not show
calcium (Figure 6.6 and 6.7). The identification of calcium indicates that the in vitro culture
of primary HDPC is able to undertake the process of mineralisation. Sulphur was detected as
it is included in the chemical composition of the ARS dye used in this experiment. Gold was
shown to be present due to the coating placed prior to scanning and can be seen in SEM
images as bright specks that can be mistaken for debris (Figure 6.8 Spectrum 3 and 5). In a
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Figure 6.5 SEM images of representative ARS stained nodules in primary HDPC culture.
Inset phase contrast microscope images of the same nodules.

137

Figure 6.6 SEM images of a ‘burst’ ARS stained nodule in primary HDPC culture indicating the area of elemental analysis. Element
percentage breakdown by weight is shown below each SEM image.
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Figure 6.7 SEM images of an ‘intact’ ARS stained nodule in primary HDPC culture indicating the area of elemental analysis. Element
percentage breakdown by weight is shown below each SEM image.
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Figure 6.8 SEM images of an ‘intact’ ARS stained nodule in primary HDPC culture indicating the specific points of elemental analysis.
Element percentage breakdown by weight is shown below each SEM image.
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burst nodule the levels of calcium are similar in the core (Figure 6.6 Spectrum 4) as in the
outer region (Figure 6.6 Spectrum 6) of the nodule whereas in an intact nodule the percentage
weight of calcium is slightly higher in the core (Figure 6.7 Spectrum 1) compared to the outer
region (Figure 6.7 Spectrum 6). Point analysis of specific features of an SEM scan found that
certain regions within the core of a nodule demonstrated higher levels of calcium as shown by
Figure 6.8 (Spectrum 4).
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CHAPTER 7

DISCUSSION

7.
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7.1

APPARATUS SET UP FOR THE APPLICATION OF ULTRASOUND

The early use of kilohertz ultrasound for the treatment of disease in dentistry had been limited
to the removal of plaque and calculus from the tooth surface using an oscillating scaler tip
(Walmsley 1988). Later, endodontic files and cutting tips where driven ultrasonically to
improve locating and cleaning root canals during endodontic treatments (Plotino et al. 2007,
Walmsley et al. 1992). The novel approach of utilising kilohertz ultrasound to promote dental
repair is currently in its infancy, however, early work with dental scalers has demonstrated
biological effects on dental pulp cells (Scheven et al. 2009a, Scheven et al. 2007) and further
work employing an ultrasound therapy transducer, designed for the treatment of soft tissue
and bone fracture injuries, has reported positive biological results (Gao et al. 2016, Man et al.
2012, Patel et al. 2015). Kilohertz ultrasound has been demonstrated to transfer efficiently
through the multi-layered structure of a tooth to the pulp chamber (Ghorayeb et al. 2013).
This is in contrast to higher (megahertz) frequency ultrasound, such as that used in LIPUS,
which is more attenuated by the hard tissues of a tooth (Section 1.1.2). The aim of this study
was to investigate the potential of kilohertz ultrasound as a treatment modality for the repair
of the dental pulp. This study has demonstrated that the application of kilohertz ultrasound to
dental cells in vitro culture results in both duration and intensity dependent biological effects.
Whilst it is acknowledged that the heat generated from the application of therapeutic
ultrasound may provide a beneficial effect at a tissue level (Hayes et al. 2004, Robertson
2002, Speed 2001), it is difficult to separate the thermal from the non-thermal (mechanical)
mechanism as the cause of these effects, hence it is largely unclear how cells respond to
ultrasound generated mechanical stimulation (Baker et al. 2001, Feril and Kondo 2004, Johns
2002, Scheven et al. 2009b) albeit the therapeutic effects of pulsing megahertz ultrasound are
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well documented in the literature (Claes and Willie 2007, Griffin et al. 2014, Heckman et al.
1994, Rubin et al. 2001). Eliminating significant thermal variation, as a result of ultrasound
application, allows us to investigate the biological effects which arise as a result of
mechanical stimulation. Controlling the conditions under which ultrasound is applied to in
vitro cell cultures and characterising the ultrasound field is important to ensure that the
experiments are reproducible and the findings are correctly reported. This study identified that
six-well culture plates are not the ideal set-up to study kilohertz ultrasound treatment of cells
in vitro culture because of the divergent nature of the ultrasound beam reaching adjacent
culture wells and the attenuation of the culture plate transmitting ultrasound to distant culture
wells. The study also concluded that the cell proliferation of dental cells is affected by
ultrasound through non-thermal mechanical stimulation only.

The DuoSon transducer produced an ultrasound beam of ultrasound waves vibrating at a
frequency between 46.74 and 47.58 kHz (Table 3.1). The resulting beam was found to have a
wide pattern of dispersion inherent to the nature of kilohertz ultrasound (Figure 3.1) and as a
result of the concave shape of the face of the transducer and the frequency of the ultrasound
waves in the kilohertz range (Drury 2005). This specification of transducer head and
frequency is reported in the manufacturer’s documentation to produce a diverging beam such
that ultrasound can be applied to a large area of the skin in a circular motion and thus reduce
treatment times when used in the therapy for soft tissue injuries. Due to limitations with the
equipment used to measure the ultrasound field from the DuoSon transducer, maximum
voltage and frequency measurements further than 25 mm lateral to the central axis of the
transducer could not be made. However the data and theoretical knowledge of ultrasound
propagation suggests that there could be further lateral propagation. It is important to consider
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that the ultrasound characterisation measurements reported in this study are in ‘free-field’
conditions and thus different to the experiment set-up where ultrasound is applied to attached
cells in vitro culture. Analysis of the effect of ultrasound on MDPC-23 proliferation and
viability in adjacent culture wells of six-well culture plates (Section 4.3 and 7.2.1) provided
biological evidence to support the ultrasound characterisation measurements recorded in
‘free-field’ conditions. These findings have a major influence on future in vitro cell culture
study designs where kilohertz ultrasound is applied to multi-well culture plates. The clinical
implications of a diverging ultrasound field are also relevant in the oral cavity due to the close
proximity of adjacent teeth including the root cementum and surrounding tissues such as the
periodontal ligament and bone. The degree to which an ultrasound beam, with a kilohertz
frequency, diverges could be controlled by the design of the transducer; however, a convex
face on the ultrasound emitting surface has the potential to focus the ultrasound beam,
potentially creating high intensity points within the ultrasound field (Canney et al. 2008). This
technique is utilised in high-power ultrasound applications such as ablation therapy (HIFU)
and lithotripsy where the goal is to necrotise tissue, however this would not be suitable for
tissue repair and regeneration (Mason 2011, ter Haar 2007). A flat faced transducer would
provide the least divergence. Regardless, the application of kilohertz ultrasound to individual
teeth would need to be carefully modelled and optimal conditions to control and limit this
field may be required. A potential innovation for the delivery of ultrasound to specific dental
tissues would involve the miniaturisation of the transducer and implanting it on the tooth
surface or within the tooth after caries removal. This could potentially limit the ultrasound
field however the reduction in size of the transducer prevents the use of kilohertz ultrasound
which requires transducers to have a diameter of a few centimetres to generate the required
wavelength of ultrasound. In this case, megahertz frequency ultrasound, such as that used in
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LIPUS technology, may be more appropriate however more research and development is
needed in this area.

Thermal variation in cell culture medium with ultrasound treatment is a concern since a
temperature rise greater than 5 °C above 37 °C may adversely affect cell viability (Blay and
Price 2010) which may be a confounding factor in the interpretation of data. The observed
rise in the temperature of the culture media following ultrasound application for longer than 5
mins (Figure 4.1) may be due to constructive and destructive interference (standing waves)
that occur as a result of the reflection of the ultrasound beam against the culture plastic.
Moreover, the increase in temperature could be due to the submerged transducer itself.
Utilising a more energy efficient transducer would help to reduce the heat generated during
the application of ultrasound (Richard et al. 2004, Saunders et al. 2004), however such
equipment was not available for this study. Thus to avoid these pitfalls, the initial apparatus
set-up was re-designed to use a single culture dish, with a larger surface area, and with the
transducer in motion. The culture dish set up with the transducer in motion may have reduced
the occurrence of standing waves and thus reduce heat production (Hykes et al. 1985, O'Brien
2007, Reher et al. 1999). The larger volume and increased surface area of the culture media to
the continuously circulating air in the laminar flow hood may have improved the ability of
this set-up to better regulate the temperature of the culture media. Indeed, this new ‘individual
culture dish’ set-up with a moving transducer maintained the cultures at 37 °C (±1 °C)
allowing us to analyse the mechanical effects of kilohertz ultrasound.

The method of ultrasound application used in this study, where the transducer face is
submerged in the culture media of the culture well, is an acceptable method for the
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application of ultrasound to cells in vitro culture (Hensel et al. 2011). Whilst this method of
application has been described in the literature (Doan et al. 1999, Hayton et al. 2005, Ikeda et
al. 2006, Man et al. 2012, Reher et al. 1997, Su et al. 2010, Takayama et al. 2007), attempts
have been made to keep the transducer or culture dish in motion, as in the present study,
during the application of ultrasound (Gao et al. 2016, Maddi et al. 2006). In contrast to these
attempts, where existing laboratory equipment such as a rotating platform or shaker has been
used, the set up described in the present study utilised a custom designed apparatus to provide
a strictly controlled and reproducible movement of the transducer. Whilst the previously
reported attempts may inadvertently mechanically stimulate the cells by moving the culture
dish or plate in which cells are cultured, the set-up described in the present study only moves
the transducer in a pre-determined circular motion within the culture dish, ensuring the
transducer does not touch the culture well periphery, and moves at a speed which ensures
visible waves are not generated within the culture medium which may mechanically stimulate
the attached cells in vitro culture. The moving transducer apparatus described in this study for
the application of ultrasound is the first set-up to demonstrate such a controlled movement of
the transducer in a culture dish meeting the objective of this study to investigate the effects of
mechanical stimulation on attached cells in vitro culture through ultrasound application
without confounding interference of changes in culture medium temperature.

In studies where ultrasound is applied directly to cells in vitro culture, the distance between
the transducer face and the culture surface has been reported to be between 3 and 6 mm (Chiu
et al. 2008, Ikeda et al. 2006, Reher et al. 1998, Reher et al. 1997, Reher et al. 2002). In the
present study, the intention was to ensure ultrasound from the far field of the ultrasound beam
(Section 1.1.3) was applied to the attached cells resulting in these cells being exposed to a
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more homogenous ultrasound intensity compared to that found in the near field (Section
1.1.3.1). The distance of the boundary between the near and far fields from the transducer face
for the DuoSon transducer was calculated (Equation 3) to be between 7.11 and 7.23 mm using
measured frequencies (Table 3.1). The maximum distance that could be achieved in the
present study was 5 mm thus the attached cells were still exposed to ultrasound in the near
field of the ultrasound beam. Pilot studies were carried out to increase the distance between
the transducer face and the culture surface. These involved increasing the amount of culture
media in each culture well such that the transducer face did not need to be lowered further
into the culture well. However, this increased the risk of infection as a result of spillage when
transferring the culture dishes and plates from the humidified incubator to the laminar flow
hood and when placing the culture plate into the supporting apparatus.

The intensity measured and calculated directly over the central axis of the transducer can be
considered the central or core intensity of the ultrasound beam. It is frequently this intensity
figure that is quoted by manufacturers in their documentation or displayed on the device when
in use. To ensure robustness of the data collected, ultrasonic output must be characterised
prior to use for in vitro study (ter Haar et al. 2011b). In the present study, the manufacturer’s
quoted intensities aligned well with the intensities calculated without Fourier analysis (Figure
3.1); however the intensities calculated with Fourier analysis were lower. This may partially
be due to the fact that the Fourier Transform calculation determines the intensity over
multiple frequencies. Furthermore, as the hydrophone sensitivity is rarely constant as a
function of frequency, interpolation was used to determine the correct calibration factor which
caused the marginal discrepancy seen between calculated intensities with and without Fourier
analysis. Another source for this discrepancy could be due to the use of null values when
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completing the data set in order to obtain 2n (n = 1, 2, …) data points which could introduce
marginal errors in the Fourier coefficients, which in turn may have hindered the outcome of
the original signal. Whilst the calculated intensities correlated well with the intensities quoted
by the manufacturer, there is a degree of variation that can be seen by the error bars in Figure
3.1. This variation in the calculated intensity plot is as a result of the values measured in the
near field of the ultrasound beam. This will result in the attached cells being affected by a
non-homogenous ultrasound beam with an intensity which may be higher or lower than
expected (Figure 1.2). An ultrasound transducer with a reduced BNR would result in a more
homogenous ultrasound beam, reducing variation in the intensity of the field. Whilst this is a
theoretical limitation of the present set-up, the variation in the measured intensity is small
(Figure 3.1) and will not cause significant overlap between the three intensities used in this
study. Thus based on the measurements and calculations in this study, it can be concluded
with some certainty that the manufacturer’s three pre-set intensities are within the parameters
specified by IEC 60601-2-5:2009 and there is a distinct dosage for each of the three pre-set
ultrasound intensities.
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7.2

NON-THERMAL EFFECTS OF KILOHERTZ ULTRASOUND

The experiments conducted with MDPC-23 cultures in adjacent and distant culture wells of
multi-well culture plates and primary HDPC cultures in the redesigned apparatus allowed the
author to investigate the non-thermal effects of kilohertz ultrasound. These effects will be
discussed in this section.

7.2.1

MDPC-23 IN MULTI-WELL CULTURE PLATES

It was postulated that the application of ultrasound to a culture well in a multi-well culture
plate may result in the mechanical stimulation of cells in adjacent and distant culture wells of
the same multi-well culture plate. This is a result of the attenuation of ultrasound waves
(Section 1.1.2) by the polystyrene culture plastic of the culture plate. Whilst a significant
temperature rise was recorded in the culture media of the culture well where the transducer
face was submerged (corner culture well) (Figure 4.1), no thermal variation was found in
adjacent and distant culture wells during the application of ultrasound (Figure 4.2). The
transducer face was not submerged in these culture wells and therefore heating of the culture
media from the transducer face and standing waves (Section 7.1) was not present.
Furthermore, the six-well culture plate was partially submerged in an ultrasound absorbing
chamber containing water which was temperature controlled by a hotplate (Section 2.5.1 and
Figure 2.6) ensuring the culture media was kept at a stable temperature.

The cell viability of MDPC-23 cultured in the corner culture well was reduced compared to
the adjacent and distant culture wells (Figure 4.4). This is most notable with the highest
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intensity setting and coincidently resulted in the recording of a significant temperature rise
(5 °C) in the culture media after 5 min of ultrasound application (Figure 4.1). This indicates
that the significant increase in temperature will have played a role, possibly together with the
intensity, to decrease the cell viability of MDPC-23 cultured in this culture well. Cell culture
studies have reported the production of heat shock proteins with temperature rises of at least
42 °C (5 °C higher than physiological temperature) (Amano et al. 2006, Wagner et al. 1996).
Heat shock proteins are an early indicator of cell damage (Nussbaum and Locke 2007) and
have also been shown to increase expression under mild heat stress (less than 5 °C) to
improve survival by regulating apoptosis pathways (Garrido et al. 2001, Takayama et al.
2003). This emphasises the need to keep the temperature of the culture media close to
baseline to prevent cell death by apoptosis so as not to mask a positive mechanical effect of
ultrasound. Since a temperature rise was not detected in the culture media of adjacent and
distant culture wells, the observed biological effects to MDPC-23 cells cultured in those
culture wells implied that the mechanism of action in this case is mechanical stimulation,
possibly via microstreaming effects on the cell membrane transmitted through the
cytoskeleton and ultimately leading to increased mitosis (Baker et al. 2001, Feril and Kondo
2004). Data collected in this study also indicates that higher intensities of kilohertz ultrasound
may prove detrimental for the cell and result in irreversible cell damage and death. This has
also been demonstrated with earlier dental scaler studies (Scheven et al. 2009a, Scheven et al.
2007). The data also indicates that the proximity of the cultured cells to the source of
ultrasound transmission in a multi-well culture plate has an intensity dependent effect. This
correlates with the theory of ultrasound transmission where vibrational energy is lost the
further the ultrasound wave travels through a medium (Hykes et al. 1985). However in the
case of the highest intensity setting, the distant culture well demonstrated the least reduction
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in cell viability and the most significant increase in cell number (P<0.01) compared to the
other culture wells. This finding indicates that the multi-well culture plate may have
attenuated the intensity of the ultrasound beam sufficiently to a level whereby the ultrasound
energy experienced by these cells in the distant culture well was in the stimulatory range for
dental cells.

The biological dose-dependent response to ultrasound has not been fully established as yet but
this effect has been highlighted with the MDPC-23 cell line in previous studies, initially with
ultrasonic dental scalers (Scheven et al. 2009a, Scheven et al. 2007) and more recently with a
calibrated ultrasound transducer (Ghorayeb et al. 2013, Man et al. 2012). The cellular effects
seen in the corner culture well were much greater with the 10 and 25 mW/cm2 intensity
setting compared with the adjacent and distant culture wells. As the temperature rise with
these two intensities was marginal (1.3 °C and 2.6 °C respectively), it is highly plausible that
the cellular effects were brought about by non-thermal (mechanical) mechanisms.
Investigating the effects of ultrasound affecting cell cultures in other (non-treated) culture
wells of the same culture plate had not been reported in the literature previously to the
publication of this data (Patel et al. 2015), and whilst this is a significant finding, a
disadvantage of this method of investigation is the difficulty in measuring the intensity of
ultrasound that affects the cells cultured in adjacent and distant culture wells. The discussion
so far has focussed on work with a cell line and whilst it is acknowledged that the
investigation of established and immortalised cell lines, such as MDPC-23 used in the present
study, provides both a reproducible and reportable experimental basis for research, the
MDPC-23 cell line is derived from murine cells and further work with primary human cells is
required to better reflect human physiology.
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7.2.2

PRIMARY HDPC IN CULTURE DISHES

To improve the physiological and human relevance of in vitro biological data, primary human
dental pulp cell cultures were established enabling the author to better evaluate the response
of the dental cell population of interest to ultrasound. It has been shown that the mechanical
movement of teeth using orthodontic forces stimulates cell proliferation and the enhancement
of gene expression, in particular angiogenic growth factors, from human dental pulp cells
(Derringer et al. 1996, Dhopatkar et al. 2005). Biomechanical stimulation of cells within the
dental pulp has been postulated to affect dental pulp cells and promote tooth repair and
regeneration (Scheven et al. 2009b). The in vitro investigation of this hypothesis relied on the
successful culture of HDPC from healthy human third molar teeth (Section 2.4.2). Cultures of
HDPC were established via explant culture and similar observations in cell morphology and
characterisation through sqRT-PCR (Section 5.4) and mineralisation studies (Section 6.1)
were found to those previously reported in the literature (Couble et al. 2000, Spath et al. 2010,
Stanislawski et al. 1997). Whilst it is envisaged that undifferentiated mesenchymal stem cells
are present in the heterogeneous primary HDPC population, the major cell type observed in
culture is of a fibroblast type. Figure 2.4 shows the outgrowth of cells from the explanted pulp
tissue to be of fibroblast morphology. Also shown in Figure 2.4 are small spherical cells
which have also been found previously with human dental pulp tissue explant culture (Spath
et al. 2010, Stanislawski et al. 1997). Spath et al (2010) were able to separate these cells from
the explant culture and found that whilst these spherical cells attached to a collagen coated
surface, there was delayed attachment to a conventional culture surface. It can be postulated
that these cells may be pre-odontoblastic or undifferentiated and may be identified by specific
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surface antigens, as defined by the International Society for Cellular Therapy to be
mesenchymal stem cells (Dominici et al. 2006).

The objective to investigate the non-thermal effects of kilohertz ultrasound on primary HDPC
was achieved by culturing the cells using a moving ultrasound transducer (2.5.2). This set-up
kept the culture media at a stable temperature of 37 °C (± 1 °C) (Figure 5.1). The results
obtained underscored that dental pulp cell proliferation is dependent on the intensity of
kilohertz ultrasound, with an adverse effect on cell number as the duration of application
increased to 20 min (Figure 5.2). This extended period of time may have resulted in reduction
of culture medium pH due to the ambient low carbon dioxide environment, as observed by a
colour change in the culture media and this may have affected the integrity and permeability
of cell membranes (Eagle 1973, Rubin 1971, Taylor 1962). As it has been postulated that
ultrasound may mechanically stimulate cell membranes through acoustic microstreaming
(Section 1.1.4.2.2) whereby stimulation of the cell membrane could activate intracellular
signalling pathways and gene expression (Dinno et al. 1989, Johns 2002), a weakened or
incapacitated cell membrane may adversely have affected the cells’ response to higher levels
of ultrasound, whilst a weaker intensity may result in a positive effect. This theory can explain
the observation in the 20 min duration group whereby the lower intensity has increased cell
proliferation whilst the higher intensity shows a reduction. It can be postulated that damaged
or injured dental pulp cells, such as those exposed to dental caries in vivo (Section 1.2.2.1),
may respond therapeutically better from a lower intensity of ultrasound compared to a higher
intensity. Considering this theory when referring to in vivo conditions, the interplay between
inflammation and regeneration in the dental pulp during healing would have a greater role
than ultrasound on weaker cells. The initial inflammatory response from a threat to the pulp
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may impede healing due to low grade inflammation and molecular signalling however the
inflamed environment may give rise angiogenic, proliferative, chemotactic and stem cell
differentiation events (Cooper et al. 2010, Goldberg et al. 2008).

Whilst pH is carefully controlled in vivo and the conditions experienced in this study are not
transferrable, this finding demonstrates the need to control all environmental variables to
ensure experiment data is accurate and relevant. The addition of the chemical buffering agent
HEPES (Williamson and Cox 1968) to culture media was tested in pilot studies with primary
HDPC culture however these resulted in reducing the proliferation rate of HDPCs (data not
shown). Studies have demonstrated the ability to apply ultrasound to cells in vitro whilst
inside a humidified incubator with 5% carbon dioxide in air (Al-Daghreer et al. 2012, Angle
et al. 2011, Marvel et al. 2010). However, studies which have exposed cell lines to prolonged
durations outside of an incubator have not reported a problem (Fung et al. 2014, Lu et al.
2009, Man et al. 2012). Indeed, cell lines may be more robust and can withstand minor
changes in the acid-base balance of the culture media compared to primary cells.

The results suggested that kilohertz ultrasound has the greatest therapeutic benefit when
applied for shorter periods. This is also demonstrated by the lower intensity outperforming the
higher in the longer duration groups. Overall, it can be concluded that HDPC in vitro cultures
are sensitive to the dose of kilohertz ultrasound applied and the data suggested that a shorter
duration provides the most therapeutic benefit. In contrast to experiments carried out on the
cell line MDPC-23, this study showed that the lower intensity enhanced proliferation more
compared to the higher intensity when kilohertz ultrasound was applied for 5 min (Figure 4.3
and 4.4). Albeit the apparatus set-ups used for these experiments were different, this finding
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suggests that cell lines may respond differently to kilohertz ultrasound compared with primary
cell cultures.

Investigating the effects of kilohertz ultrasound on the gene expression of primary HDPC
allowed us to analyse a variety of bioactive molecules involved in dental repair following
ultrasound stimulation (Table 1.3). This study showed that, in particular, DMP-1 expression
was significantly enhanced in all experimental ultrasound groups (Figure 5.3), whereas C1α1,
OCN, OPN and TGF- β1 demonstrated significant upregulation following short term
application (5 and 10 min) but not after the longer ultrasound duration of 15 and 20 min. This
concurs with previous results indicating a greater effect on cell proliferation of HDPC after
multiple episodes of kilohertz ultrasound with a shorter duration. The outlier in this theory is
the expression of DMP-1 which peaked with both intensities in the 15 min group. DMP-1
plays a role in the mineralisation of dentine (He et al. 2003, Ye et al. 2008) and is involved in
dental pulp cell differentiation into odontoblast-like cells (Chaussain et al. 2009). Studies
have also shown DMP-1 expression to be enhanced in response to biomechanical loading
during bone fracture healing (Gluhak-Heinrich et al. 2003, Harris et al. 2007). DSPP is
expressed by differentiating odontoblasts (Sreenath et al. 2003) and together with DMP-1 is a
positive regulator of mineralisation (Deshpande et al. 2011). A reduction in DSPP expression
may be explained by the presence of TGF-β1 which has been shown to downregulate DSPP
(Thyagarajan et al. 2001, Unterbrink et al. 2002). A lack of DSPP expression, even by sham
control groups, can be expected in this study due to primary HDPCs only being in culture for
one week prior to RNA extraction. HDPCs were also cultured in DMEM without osteogenic
supplementation. Couble et al (2000) found that prior to mineralisation of an extracellular
matrix, DSPP was weakly expressed in human dental pulp explant cultures and only enhanced
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during the mineralisation process and when osteogenic supplements were added to the culture
media. A second study also shows that the addition of an osteogenic supplement
(dexamethasone) to the culture media gives rise to DSPP expression (Alliot-Licht et al. 2005)
and a further study showed DSPP expression from HDPCs when they were cultured for 6-8
weeks in culture media with osteogenic supplementation (Buchaille et al. 2000). Indeed, the
accuracy of gene expression data from current analysis methods has been questioned due to
post-transcription, translation and protein degradation processes occurring after mRNA is
formed (Vogel and Marcotte 2012). It is now thought that only 30% - 40% of the mRNA
present in the cell may ultimately be translated into protein and protein analysis is needed to
support PCR data. In conclusion, the data from this study indicates that kilohertz ultrasound is
able to modify dental-repair related genes and the upregulation of DMP-1 underlines the
biomechanical action of low intensity kilohertz ultrasound treatment.

The ability to form mineralised tissues in vitro with primary HDPC cultures reflects
osteogenic differentiation from dental pulp precursor cells, reminiscent of the repair processes
that occur in teeth (Section 1.2.2). Reparative dentinogenesis relies on undifferentiated
ectomesenchymal pulp cells to respond to injuries to the dentine-pulp complex (Fitzgerald et
al. 1990, Gronthos et al. 2002, Tziafas et al. 2000) and differentiate into odontoblast-like cells
which secrete dentine (Smith et al. 1990). This study postulated that kilohertz ultrasound
would stimulate the precursor cells within the dental pulp cell population, triggering the
differentiation cascade, and ultimately resulting in odontoblast-like cells secreting dentine
mineral.
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This study demonstrated that long-term in vitro cultures of primary HDPC in osteogenic
media are capable of producing calcium-rich (Figure 6.6, 6.7, 6.8) mineralised deposits
(Figure 6.3 and 6.4) which are organised into nodules (Figure 6.1). However, in cell cultures
with ultrasound application, no mineral nodules were observed. This finding is contrary to
gene expression data, specifically DMP-1 (discussed earlier). Indeed, kilohertz ultrasound
may trigger the differentiation of precursor cells in primary HDPC cultures, hence the
enhanced gene expression findings, however, multiple episodes of mechanical stimulation
delivered in vitro (as in the present study) may not provide the correct environment for
mineral formation. This is in contrast to mineralisation studies with the MDPC-23 cell line
where kilohertz ultrasound has demonstrated a positive effect on the mineralisation process
(Man et al. 2012). As previously concluded, this may also be an indication that primary
HDPC may be less robust than the MDPC-23 immortalised cell line. In the present study,
whilst primary HDPCs were cultured for 28 days, 3 episodes of ultrasound application were
delivered during the third week of culture. After the last episode of ultrasound, cultures were
left for only 10 days before analysis. It has been shown that mineral production rapidly
increases in primary cell cultures with osteogenic medium between day 10 and day 20 of
culture (Gregory et al. 2004) and with the application of ultrasound, at least 2 weeks of
culture is required before mineral is detected (Kang et al. 2013, Macione et al. 2015, Nagasaki
et al. 2015, Wei et al. 2014, Yang et al. 2005). In the present study, an initial period of cell
culture was required, prior to ultrasound application, to achieve confluency in the 100 mm
culture dishes. Cell numbers were limited due to persistent cell culture infections during the
study resulting in the loss of batches of primary HDPCs. Additionally, the limited
proliferation rate of primary HDPC’s when cultured in osteogenic media (pilot studies)
required the initial 2 week culture period to achieve confluency. The intention of the study
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was to keep primary HDPCs in culture for 5 weeks after ultrasound application however due
to cell culture infection developing after the first week of ultrasound application, in total 4
weeks of culture in a 100 mm culture dish, further experiments were halted and mineral
production analysed at that point. Due to the loss of primary HDPCs, multiple time points,
whilst planned, could not be analysed to determine the effect of one or multiple applications
of ultrasound. Cryopreservation was considered as a method to store primary HDPCs and
make available sufficient numbers of these cells when required. However a study from our
centre identified that cryopreservation incorporating 10% dimethyl sulfoxide (DMSO), whilst
a recognised method (Chin et al. 2010, Thirumala et al. 2010), reduced cell viability and
altered the expression of cell surface markers of primary cell cultures, indicating a reduction
in the presence of pluripotent stem cells (Davies et al. 2014). Additionally, a reduction in the
survival and number of colonies of porcine mesenchymal stem cells has been shown by
cryopreservation and linked to the concentration of DMSO used (Ock and Rho 2011).

Further investigation of the ARS dye stained areas revealed insights into the mineralisation
nodules formed in vitro cultures. A centrally raised area was detected in the majority of
nodules and this is where the highest concentration of calcium could be found. Some nodules
appeared to have a “burst” appearance where the central area of the nodule appeared to be
fragmented or completely removed revealing the culture surface below, however this may be
due to the processing of the sample prior to imaging. The imaging techniques used in the
present study have demonstrated a new dimension to mineralised nodules not previously
reported in the literature and future analysis with these techniques may be useful to determine
the three-dimensional nature and complete quantification of mineralised nodules in vitro
culture.
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7.3

SUMMARY AND CONCLUSION

We are in an era of tissue-engineering where the concept of biotechnology is not seen as the
future, it is the present. Ultrasound mediated dental repair has the potential to be the next
advance in dental care. A non-invasive treatment modality that exploits the innate repair
processes within the dental pulp can support the tooth to fight dental decay and infection, thus
preventing the need for complex and potentially painful dental therapies. Maintaining the
vitality of teeth ensures that the tooth is able to respond to future challenges and maintain a
healthy mouth and patient. “Before we run, we must learn to walk” and data from this thesis
demonstrates the necessity of a robust experimental set-up prior to undertaking in vitro
investigations. The application of kilohertz ultrasound to multiple culture wells of the same
multi-well culture plate has the potential to increase the amount of mechanical stimulation
each culture well receives. A major finding is that investigating the effects of kilohertz
ultrasound on cells cultured in multi-well culture plates is not appropriate. Furthermore,
heating of the culture media may introduce a confounding factor in the overall results due to a
decrease in cell viability. This study developed a method for the application of ultrasound
directly to cells in vitro culture without registering a temperature rise in the culture medium.
This allowed us to investigate the non-thermal effect of ultrasound on primary pulp cells from
a human tooth. The data indicated that cell proliferation and viability were affected by the
intensity of kilohertz ultrasound in a dose-dependent manner. The duration of ultrasound
treatment was also shown to be related to cell viability and cell proliferation. Further work is
still needed to optimise the delivery of ultrasound for in vitro culture and ultimately for in
vivo application. The exact regime to best enhance dental repair still needs to be found
however the novel application of kilohertz ultrasound is a step forward.
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7.4

FURTHER WORK

Whilst the data collected in this study has demonstrated the effect of kilohertz ultrasound on
dental pulp cells, further studies are required to establish the appropriate ultrasound treatment
regime needed to stimulate ectomesenchymal stem cell differentiation to odontoblast-like
cells in situ. Studies involving detailed analysis of primary HDPC in vitro cultures would be
required to determine ‘stem-ness’ and would also help us to investigate conditions that may
lead to any negative effect that kilohertz ultrasound may have on mineral production in vitro,
a key indicator of the presence of odontoblast-like cells in in vitro cultures (Gronthos et al.
2002). Establishing organ culture of human teeth using the tooth slice model, which is a 3Dmodel, may better reflect the physiology of the dentine-pulp complex (Sakai et al. 2011, Sloan
et al. 1998) and should be the in vitro method of culture for ultrasound experimentation
moving forward. This method supports the interaction of different types of dental tissues and
can also demonstrate the effects on periodontal and alveolar bone tissues peripheral to the
tooth (El-Bialy et al. 2011).

The present study demonstrated the importance of apparatus design, equipment selection and
ultrasound characterisation when undertaking in vitro studies involving kilohertz ultrasound,
and in particular, the dosage (intensity) validation and control of temperature ensuring the
data collected can be interpreted correctly. Long-term in vitro studies of kilohertz ultrasound
are important to define effects and mechanisms which can be better conducted inside a cell
culture incubator ensuring the cells are kept at their optimal conditions throughout the
exposure. An ultrasound transducer with an improved efficiency in the conversion of
electrical to mechanical energy would reduce the heating effect (Richard et al. 2004, Saunders
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et al. 2004) allowing for the in vitro investigation of kilohertz ultrasound with higher
intensities. A transducer with a reduced BNR would result in a more homogenous ultrasound
beam with reduced ‘hot spots’ that would ensure more relevant data capture and reduce
confounding factors.

Whilst it has been reported that kilohertz ultrasound can penetrate through hard dental tissues
(Ghorayeb et al. 2013), further in vitro and laboratory based studies are needed to establish
the intensity of the ultrasound beam once it has propagated through the anisotropic multilayered structures of dentine and enamel (Ghorayeb et al. 2008, Hall and Girkin 2004, Singh
et al. 2008). It must also be determined whether the intensity of kilohertz ultrasound
transmitted to the pulp chamber is reproducible or if the quality and thickness of the dentine
and enamel, which is unique to each tooth, affects the dosage of ultrasound received by the
dental pulp cells.

Ultimately the aim of this work is to develop a transducer that is appropriate for the oral
cavity. This new ultrasound device could be part of daily treatment in the dental clinic but
may also be adapted so that it can be implanted on the tooth surface or within a shallow
cavity. Further work is needed to consider miniaturisation of the transducer head that can be
wirelessly controlled and supported by an equally small, but powerful, power source to drive
the transducer.
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