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ABSTRACT
Exposure of biological tissues to ultrasound waves above

a threshold pressure amplitude can lead to permeabilization
of the cell membrane and the unregulated uptake of
exogenous species from the locale. This process is known
as sonoporation. The approach appears to have significant
potential for the non-invasive treatment of diseased and
dysfunctional tissues. Interestingly, the extent of molecular
uptake is noticeably enhanced when microscopic bubbles,
usually in the form of commercial ultrasound contrast
agents (UCA) are present during ultrasound exposure
[insonation]. The physical mechanism leading to enhanced
permeabilization had, until recently, remained elusive. It
has emerged that the microbubbles effectively act as pre-
nucleated cavitation centres and that their proximity to
hydrodynamic constraints [nominally tissue planes] leads
naturally to asymmetric collapse and the formation of
microjets. For the purposes of the present paper, we show
by comparison with in-house generated observations, that a
computational model based on boundary element methods
goes some way to simulating many of the salient aspects of
cavitating microbubbles near boundaries, including
microjetting.
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1. INTRODUCTION

Application of ultrasound to in-vitro systems can elicit
several distinct bioeffects such as lysis [1], apoptosis [2]
and transfection [3]. These effects can be enhanced
markedly when ultrasound contrast agent (UCA)
microbubbles are also present during insonation [1-4].
Moreover, studies have illustrated the significant tumour
suppression characteristics of sonoporation [5,6]. This
collection of observations strongly suggests that the
approach may have clinical potential in both gene- and
cancer-therapy contexts, with the further benefit that the
procedure would be completely non-invasive. However, a
firm understanding of the fundamental microscopic
processes at large has, until recently [7,8], remained
elusive. In order to address this problem, we have
developed a unique apparatus incorporating holographic

Laguerre-Gaussian optical trapping, and which facilitates
spatially controlled observation of individual UCA upon
stimulation by pulsed ultrasound [8]. We have been able to
discriminate different classes of interaction when rigid
boundaries [coverslip substrates] are located nearby the
optically trapped UCA during insonation [8,9]. Most
dramatically, we have directly observed that microjets can
develop and indeed make contact with the substrates
creating microscopic damage in the form of pits [8]. These
new observations have shed considerable light on the
mechanistic possibilities for membrane breaching, however,
a fully developed supporting theory that can predict the
local cavitation driven hydrodynamics and thus accurately
reflect the experimental observations remains to be
developed. The aim of the present study has been to
compare our base of in-house generated experimental data,
with the predictions of a dedicated bubble cavitation
software package (2DynaFS©, DynaFlow, Maryland,
USA). Eventually, we hope to establish a clear theoretical
basis for the net behaviour of randomly distributed UCA
clusters, as might arise when a bolus of UCA solution is
injected into the circulation, however, for the purposes of
the present paper, we limit ourselves to the scenario of
single isolated UCA insonated in the high pressure range
where mechanical index (MI) > 1. We begin with a brief
description of the approximations and assumptions that are
form the basis of the computational code.

2. COMPUTATIONAL MODEL

2DynaFS© is a two- dimensional (2D) axi-symmetric
software application designed specifically for the purpose
of modelling cavitation nuclei under a range of scenarios.
The validity of 2DynaFS© has been previously confirmed
for free gas bubbles under various scenarios [10-12].
Moreover, it has long been known that when cavitation
occurs close to a rigid boundary (as with the scenario of
most interest in our context), then non-spherical
(asymmetric) behaviour is expected. Here, a boundary
element methods (BEM) approach is particularly useful to
accommodate any imposed bubble deformations arising.
BEM can be employed to model the various stages
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Figure 1. (Top) An experimentally observed sequence of microbubble cavitation close to a
rigid boundary, and (bottom); simulated output from the DynaFlow software for the same
conditions as undertaken in the experiments. (top) Optically trapped Sonovue contrast
agent situated 26.5µm from the substrate before triggering of the ultrasound pulse. In the
second frame, acquired at approximately 4µs after cavitation inception, the microbubble has
reached its maximum radius, after which time it deflates (@6µs in third frame), whilst
continually displacing towards the substrate, and eventually making contact (@8µs in
rightmost frame). (bottom) Snapshots from the Dynaflow output showing quiescent state at
t<0; the inflation stage (t=4.18µs); translation and shell contact with the substrate
(t=7.30µs); and finally full microjet development and extension to contact (7.61µs).
[Initial model bubble radius 5µm and pulse parameters: 1.39MPa @ 1MHz]

of bubble growth and collapse [12,13]. The initial growth
stage can be handled effectively by solving the
conventional boundary integral equation (CBIE) derived for
the problem with the appropriate initial and boundary
conditions imposed. The output from a simulation is the
timed evolution of the bubble profile, which is consistent
until the point where any re-entrant jets that may form via
involution of the bubble shell, penetrate the interior
bounding surfaces of the gas core to create a singularity. A
full derivation of the conventional boundary integral
equation (CBIE) employed in the package, including a
comprehensive statement of the mathematical problem
from which it is derived, are already available [12].

The present module allows for the initial specification of
the spatially wherabouts of a [shell-free] microbubble (viz
Figure 1 above) with respect to a boundary. The time
dependent evolution of the microbubble radius (as a
function of a periodic driving pressure) is obtained by
numerical intergration of the modified Rayleigh-Plesset
equation [14]. Irrotational flow is assumed, which allows a
description of the surounding flow velocity vector field u

by the velocity potential � in the fluid domain thus:

���u (1)

A further assumption is that the liquid is incompressible,
allowing direct application of the Laplace equation thus:

02 �� � (2)

and thus defining the resultant fluid flow in response to the
oscillating bubble surface. Variable time stepping is
employed in obtaining the solution and the gas inside the
bubble is assumed to follow the polytropic gas law, where
density and pressure are assumed uniform throughout the
core volume.

3. RESULTS

We have made built up a comprehensive data-set of ultra
high speed observations on individually [optically] trapped
UCA at well controlled displacements from rigid substrates
(viz Fig. 1 above) Initially we favoured commercial
Optison UCA microbubbles but more recently we have also
repeated our experiments using Sonovue UCA also.
Optison consists of core gas perfluorocarbon encapsulated
by a cross-linked albumin shell, whereas Sonovue is
constituted by a core of sulphur hexafluoride surrounded by
a lipid shell. Both types of UCA exhibit a natural
distribution of sizes and we typically trapped target species
with a typical diameter of circa 5µm. The initial
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displacement between these UCA and the substrate was
controlled via the Laguerre-Gauss [15] optical trap so that a
stable pre-triggering position could be adopted [8,9]. This
experimental arrangement also ensures that the single
trapped microbubble is isolated far away from the resident
microbubble population and thus any dynamics observed
can be attributed to the constraining effect of the nearby
rigid boundary and are not complicated by UCA ‘cross-
talk’. Controlled displacements typically within 3-6
[equilibrium] bubble diameters were used and insonation
pressure amplitudes of 1.39MPa at 1MHz employed
throughout. These parameters also formed the basis of the
initial inputs to the model.

Figure 1 (previous page) shows a direct comparison
between an ultra high speed sequence acquired with an
Imacon 468 system operating at a framing rate 500,000
frames/second, and also the simulation for the same
ultrasound field conditions. The optically trapped bubble
is held at a distance of 26.5µm in the quiescent state until
the pulsing protocol is initiated. After some 4µs have
elapsed, the bubble has reached its maximum radius and
this matches well with the prediction of the simulation
which reaches maximum inflation at 4.18µs. Also
consistent within the experimental observations and the
simulation is the motion of the bubble towards the nearby
boundary in the latter frames. We also present (Fig.1
(RHS)) later observational snapshots at 6 & 8µs after
triggering of the ultrasound pulse. For comparative
purposes, the simulation snap-shots are shown at 7.3 and
7.6µs to capture the salient results (contact of the elongated
bubble with the rigid boundary followed by jet
development and contact). Clearly then, whilst the strict
temporal evolutions do not correlate during the interval
immediately following maximum inflation , the simulation
still retains the qualitative aspects of the real observations
in that deflation, displacement, and jet formation are all
accounted for over the approximate timescales observed
experimentally. The duration from cavitation inception to
jet touchdown also appears to be in reasonable agreement
with experiment.

When UCA are trapped closer to the substrate prior to
insonation (viz Figure 2) but the same ultrasound pulsing
parameters are employed, then we find that microjet
involution appears more obvious and appears to develop
earlier in the cavitation cycle. Again, simulations with the
reduced bubble-to-substrate displacement capture the
salient aspects of the observed dynamics, and in particular,
the proportions during the deflation phase are in good
agreement, as well as the spatial extent of the high pressure
jet contact area. This latter point is further verified by post
insonation inspection of the jet impact site using force
microscopy (see reference 8).

Figure 2. Observational snap-shots taken with the ultra-
high speed camera and direct comparison with
computational model. (a) Quiescent Optison bubble
(arrowed) held at 17µm from the substrate. (b) At 8µs after
cavitation inception, the furthermost pole has involuted and
a jet formed which was found to have contacted the
substrate surface. (c) Enlarged micrograph of (b), with
over-lay of microbubble shell history, orientated so that jet
is orthogonal to the plane of the substrate. [Initial model
bubble radius 5µm and pulse parameters: 1.39MPa @
1MHz]

4. DISCUSSION

It is perhaps surprising that the model presented here, based
as it is on the free bubble approximation to cavitation via a
modified Rayleigh-Plesset equation, can achieve the
observed level of qualitative overlap with the experimental
results. This is because the presence of an encapsulating
shell, as applicable to the case of both Sonovue and
Optison, would intuitively lead to increased levels of
damping, and also a raised resonant frequency when
compared with a free bubble counterpart [16]. To
accommodate these empirical facts, there have been several
significant and useful models developed specifically for
cavitating UCA. Here, the basic Rayleigh-Plesset equation
has been adapted to cater for elasticity and friction
contributions to the real system [17], and indeed visco-
elastic aspects of the shell [18]. However, as has been
indicated previously, even with these modifications, at
present practical equations can only be examined
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analytically within the low amplitude [linear] limit, or else
developed numerically, and thus with an intrinsic risk for
error.

We suggest that such complications may not arise in the
case of UCA under high pressure insonation (as with the
present data), or at least in the intermediate term after
cavitation inception has begun. Under such circumstances,
it is clear that if the microbubble radius exceeds some
threshold level whereupon the shell is ruptured, so that any
further expansion of the cell would only then expose a free
bubble surface, then the elastic properties of the shell may,
at this stage, be neglected and effectively, the gas core can
attain that inflation level expected for a free bubble [19].
Therefore a free bubble model such as has been used within
is capable of retrieving at least a qualitative feel for the
behaviour of UCA, when subjected to short pulse trains at
high MI insonation.

We note that, in the experimental observations
undertaken to date, we have observed that cavitation
processes in this context appear to be statistical in nature
[8] and we hope to perform a more comprehensive
examination of the software in order to test whether small
deviations from initial conditions, that might capture less
obvious physical differences present across a UCA
population, can replicate aspects of these alternative
statistical processes.

In conclusion, 2DynaFS©, a commercial software
application designed to simulate the response of free gas
bubbles to an ultrasonic field, can achieve partial success
in simulating the behaviour of contrast agent microbubble
dynamics that has been observed experimentally for high
MI insonation. This supports the suggestion that the
encapsulating shell influences the dynamics only for a
short period of time and that the shell may disintegrate in
the early stages of cavitation within this high pressure
regime. At this preliminary stage, we note that the
qualitative behaviour of two different commercial UCA,
each with significantly different shell properties, appear to
react similarly in the regime of high mechanical index
insonation. Further experimental observations at much
higher temporal resolutions may be able to discriminate
whether the shell is effectively shed in the very earliest
stages of cavitation whereupon the subsequent bubble
dynamics are effectively those of the equivalent free gas
bubble.
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