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Preface 
 

 

Acoustic imaging has existed for almost 100 years. It is the most popular imaging 
modality in earth science, biomedicine, and fisheries. In living organisms, sound fields 
interact with microstructures, creating typical acoustic responses. These so-called 
acoustic fingerprints enable the identification, characterisation, discrimination and 
quantification of, e.g., species, tissue types, and diseases. Under specific conditions, 
acoustic signals can be used to manipulate or even disrupt microstructures and to 
impact natural vocalisation in terrestrial and marine animals. 

Yet, despite our vast knowledge on the propagation of sound, little is understood about 
the interactions of sound with microstructures in biomaterials or how sound effects an 
animal response. 

The 1st workshop on micro-acoustics in marine and medical research brought together 
research professionals with particular expertise on this topic and with diverse 
backgrounds including agricultural engineering, cell biology, marine biology, electrical 
engineering, gastroenterology, and astrophysics. The workshop was organised by the 
University of Bergen and the Institute of Marine Research (IMR). It took place at the IMR 
and the research vessel G.O. Sars, located in Bergen, Norway, on the 7th and the 8th of 
December, 2011. The outcomes are presented in this book. Each chapter treats a 
marine or medical application of the evolving field that we dubbed micro-acoustics. To 
prevent confusion with surface-acoustic-waves research (microacoustics), we added a 
dash. 

Although the workshop had been initiated to exchange ideas and to define future 
perspectives, the most important finding was that marine and medical acoustics 
research communities can mutually benefit from close collaborations. 

We are grateful to Bergen universitetsfond for granting the financial support for 
organising the workshop and to the medical imaging research & development cluster 
MedViz for enabling the printing of this book. 

But most of all we thank you for opening this book to learn more about the exciting field 
of micro-acoustics in marine and medical research! 

 

Bergen, 12th of February, 2012 

 

Dr. Spiros Kotopoulis 

Dr. Anthony Delalande 

Dr. Olav Rune Godø 

Prof. Dr. Michiel Postema
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7 
Biological and medical applications of 

low-intensity ultrasound* 
 

Spiros Kotopoulis1,4, Anthony Delalande2,4, Chantal Pichon3, 
Michiel Postema4 

 
1National Centre for Ultrasound in Gastroenterology, Haukeland University Hospital, Bergen, 

Norway 
2Department of Haematology, Haukeland University Hospital, Bergen, Norway 

3Centre de Biophysique moléculaire, CNRS, Orléans, France 
4 Department of Physics and Technology, University of Bergen, Bergen, Norway  

Abstract 

Ultrasound is currently used for a vast range of non-destructive testing, evaluation and 
diagnostics in both industry and medicine. Its low cost and ease of use have allowed for 
many more applications to be investigated. Here we present some results indicating possible 
uses of low-intensity ultrasound in biology, specifically in the control of blue-green algal 
growth, and in the medical field to facilitate targeted increased drug uptake. Our results 
showed that pulsed ultrasound well within the clinical diagnostic range could be used to 
control algal blooms by bursting the gas-vesicles, forcing the algae to sink. Using continuous 
wave ultrasound we showed that it is possible to force ultrasound contrast agents to form 
clusters at a quarter-wavelength of the sonication frequency. These clusters contained more 
than 2000 microbubbles and could be forced to coalesce to form clusters large enough to 
block capillaries. Furthermore, using low-intensity pulsed ultrasound we showed that it was 
possible to force an ultrasound contrast agent, coated with a fluorescent dye, into cancerous 
cells. 

* Based on: Kotopoulis S, Schommartz A, Postema M. Sonic cracking of blue-green algae. Appl Acoust 
2009  70(10):1306–1312; and Kotopoulis S, Schommartz A, Postema M. Safety radius for algae 
eradication at 200 kHz–2.5MHz. Proc IEEE Ultrason Symp 2008  1706–1709; and Kotopoulis S, 
Postema M. Microfoam formation in a capillary. Ultrasonics 2010 50(2):260–268; and Kotopoulis S, 
Postema M. Forming morphing microfoam. Proc Int Cong Acoust 2010  #25; and Delalande A, 
Kotopoulis S, Rovers T, Pichon C, Postema M. Sonoporation at a low mechanical index. Bub Sci Eng 
Tech 2011 3(1):3-11. 
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Ultrasound-induced cracking of Anabaena sphaerica 

Introduction 
Algae are aquatic, eukaryotic, photosynthetic organisms, ranging in size from single-
celled forms to large kelps. Algae are classified separately from plants since they lack 
true roots, stems, leaves and embryos. Blue-green algae are known to cause many 
health hazards to humans including skin rashes, gastrointestinal, respiratory [1], allergic 
reactions [2] and liver cancer [3]. In addition, blue-green algae may have implications on 
aquatic and semi-aquatic animals [4]. 

Eutrophication is the increase in chemical nutrients within the ecosystem, causing 
blooms of algae and plant life and the subsequent decomposition of blue-green algae by 
bacteria; an oxygen-consuming process [5]. When billions of such bacterial cells die 
simultaneously after a bloom, the water becomes oxygen-depleted, killing off oxygen-
dependent organisms [6]. 

The main factors that influence algae growth are temperature and light [7, 8]. 

At low temperatures and low light conditions, the algae do not photosynthesise and 
therefore do not bloom. Blue-green algae strands contain nitrogen-producing cells 
(heterocysts) shown in Fig. 1, these cells have a diameter between 5 and 7 µm. These 
store the necessary nitrogen and distribute it to other cells [9]. 

 
 

Figure 1 - Nitrogen-fixating body in Anabaena sphaerica algae. Under fluorescent light the body does 
not illuminate red, proving there is no chlorophyll in the body. Each frame corresponds to 565$565 
(#m)2. 
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It is hypothesised that if the membranes of the gas vesicles are disrupted by means of 
ultrasound, the gas may be released analogous to sonic cracking [10], causing the gas to 
diffuse and have no means to replenish, thus forcing the strands to sink. At the lakebed, 
illumination is lower, thus reducing blue-green algae growth. This is a desirable 
ecological effect, because of resulting suppressed release of toxins into the water. 

There are chemical methods to control certain species of blue-green algae but these 
have side effects such as promotion and growth of other species of algae [11] whilst also 
affecting aquatic life in fresh water ponds and lakes. Therefore, ultrasonic algae control 
has been under investigation [12-17]. In [12-17] ultrasonic sonication of different species 
of algae led to a decrease in algae concentration in the frequency range 20 kHz–1.7 
MHz, which is in contrast with [18], where ultrasound was observed to strengthen the cell 
membranes of red algae. In these studies the exact acoustic conditions have not been 
specified other than the frequency and power input. Hence, from the acoustics point of 
view, they are not repeatable. More importantly, the mechanism causing algae 
eradication or membrane disruption had not been investigated. 

Most commercially available equipment works in the lower ultrasonic range [19]. There 
have been speculations about the physical mechanism behind the algae eradication, 
specifically about the role of cavitation. In this study, the effectiveness of ultrasonic 
sonication in the clinical diagnostic range on Anabaena sphaerica was investigated. 

In this chapter, acoustic fields in the lower clinical diagnostic range were used, taking into 
account the MI and NURC guidelines. 

 

Materials and Methods 
To investigate the effect of diagnostic ultrasound on blue-green algae eradication, three 
ultrasound transducers were used. A 200-kHz, single element transducer containing a 
PIC155 piezo crystal (PI Ceramics, Lederhose, Germany), a PA188 (Precision Acoustics 
Ltd., Dorchester, UK) 1-MHz, single element transducer, and a 2.2-MHz, single element 
transducer containing a Pz37 piezo crystal (Ferroperm Piezoceramics A/S, Kvistgård, 
Denmark). The focal distance of the 2.2-MHz transducer was 73mm. The design of two 
transducers is shown in Fig. 2. The transducers were subjected to 260-Vpp sinusoidal 
pulses at a 11.8-kHz pulse repetition rate transmitted by a V1.0 pulser-receiver (Sonemat, 
Coventry, UK). Low acoustic amplitudes were used in order to comply with MI<0.3 [20]. 
The acoustic amplitudes were measured in a separate water tank in the acoustic foci of 
the transducers with a 0.2-mm needle hydrophone (Precision Acoustics Ltd.) connected 
to a TDS 420A digitising oscilloscope (Tektronix Inc, Beaverton). The peak-negative 
acoustic pressures were 40 kPa for the 1-MHz transducer and 68 kPa for the 2.2-MHz 
transducer, i.e., MI!0.1. 

The blue-green algae used were of the Anabaena species. The Anabaena were obtained 
from a natural lake and cultured in 2 L of Jaworski’s medium [21] at room temperature 
near a South-facing window in an Erlenmeyer flask for 11 days. Prior to adding the blue-
green algae the Jaworski’s medium was put in a Swirtlock 2000 autoclave (Astell 
Scientific, Kent, UK) at 15-lb pressure for 15 minutes. 
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Figure 2 - (a) 2.2-MHz ultrasound transducer with ! ! !! diameter and !! ! !" mm acoustic lens. (b) 
200-kHz ultrasound transducer with !!" ! !" mm matching layer. 

 

Brightness measurements 

To measure the time-dependent change in brightness of water containing blue-green 
algae, the culture was split equally into four 250-mL Perspex beakers: one beaker for 
each transducer and one control beaker. The transducers were inserted separately in 
each beaker with the acoustic focus within the sample. Each transducer was turned on 
for 1 hour. The experimental setup is shown in Fig. 3. A digital photograph of the solution 
was taken every five minutes using an EOS 350D digital photo camera (Canon Inc, 
Tokyo, Japan). The lighting and exposure settings were controlled and maintained 
throughout the sonication. Full manual settings were used: 100 ISO, shutter speed of 
1/50 s, f 3.50, focal length of 18mm, no flash, centre weighted metering mode, custom 
white balance with a B4,0 shift. The digital photographs were converted to 8-bit grey 
scale. On the photographs of the sonicated solution and control solution, a square area 
of 160$160 pixels (A1 and B1) in the middle of the beaker, and an area of 160$50 pixels 
(A2 and B2), at the base of the beaker, was selected, whose average grey-scale depth 
was calculated using Matlab® (TheMathworks™, Natick, MA). The change in shade 
between the first image, taken just before sonication and each sequential image after 
sonication was calculated and graphed for all 18 sonicated and control samples. A white 
sheet was placed behind the beakers to maintain a constant background. The grey scale 
of the sheet was also measured and used to calibrate the results. In total, 575 
measurements were analysed from 122 photographs. 
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Figure 3 – Experimental setup: (a) white paper sheet; (b) control sample; (c) clamp stand; (d) 
transducer; (e) sonicated sample; (f) pulser-receiver. Areas A1-B2 represent brightness measurement 
areas, C1 represents the calibration area. 

 

Viability measurements 

Every 10 minutes, a 20-µL sample was taken from the sonicated solution. Samples were 
put on a test slide and observed through a CHA microscope (Olympus Corporation, 
Tokyo, Japan) with an MPlan 10$0.30 NA objective lens (Olympus Corporation) cf. Fig. 4. 
Digital photographs were captured from the microscope’s eyepiece using an FE-230 
digital camera (Olympus Corporation). Automatic settings were used with Super Macro 
mode and a '1.0 exposure adjustment. From these digital images deterioration in 
chlorophyll activity and cell damage was determined. To investigate the effect of 
ultrasound on the viability of the cells, fluorescent light was used. When fluorescent light 
is projected onto chlorophyll, it is absorbed and re-emitted as a red glow. The red glow 
denotes that the chlorophyll is still active and can photosynthesise, thus the blue-green 
algae strands are still alive. 

Fluorescent light was used as the method to check the viability of the chlorophyll, since it 
is a standardised and accepted method in detecting chlorophyll activity in plants [83, 138]. 
Fluorescent light was projected onto these samples for no more than 10 seconds in order 
to capture the digital image. It may assume that there are no disadvantageous effects of 
the fluorescent light on the blue-green algae [65, 95]. 

The samples were discarded after being exposed to fluorescent light. Three trials of each 
frequency were performed. One hundred and thirty-one photographs were taken of the 
microscopic cell structure. 

Post-sonication growth measurements 

To measure the effect of ultrasound on blue-green algae growth post-sonication, twenty-
four 1-mL samples were removed from three solutions that had been subjected to 1-hour 
sonication with 200-kHz, 1.0-MHz and 2.2-MHz ultrasound and put into a culture tray 
with 96 compartments. Twenty-four control samples were taken. The culture tray was left 
in sunlight for 30 days. The grey scale value was measured for each compartment. 
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Figure 4 - Schematic showing use of the fluorescence microscope. A 10$ objective lens was used. (a) 
Blue-green algae under tungsten lighting; (b) Blue-green algae under fluorescent lighting. 

 
 

Figure 5 – Microscopic image sequence showing the effect of 200 kHz–2.2 MHz ultrasound on the 
floating bodies of blue-green algae. Each frame corresponds to 565$565 (#m)2. 
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Figure 6 - Water brightness as a function of ultrasonic exposure time for samples containing floating 
blue-green algae or sunken blue-green algae. 

 

Results and discussion 
Figure 5 shows the microscopic effect of ultrasound on floating bodies in the blue-green 
algae solution. From 0 minutes to 60 minutes of sonication, no change was seen in the 
physical structure of the blue-green algae for all three frequencies. Fluorescent 
illumination showed that the ultrasound had no effect on the chlorophyll activity for the all 
frequencies tested. The active chlorophyll shows that the blue-green algae strands are 
still alive and able to photosynthesise after 60 minutes sonication. This indicates that the 
ultrasound transmitted does not affect the chlorophyll in the cells. 

However, Fig. 6 shows that at all frequencies, for the floating bodies, the sonicated 
samples showed greater brightness than the control samples. For the sunken bodies, all 
sonicated samples showed reduced clarity when compared to the control samples. Thus, 
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the ultrasound has caused the algae to sink. For example, after 60 minutes, the beakers 
subjected to 200-kHz sonication were 92±12% brighter than the control samples, 
contrasted by the beaker bottoms, which were 53±27% darker than the control samples. 

Clearly, the blue-green algae that were floating in the beaker dropped to the bottom at a 
faster rate than the control sample. This has been attributed to the disruption of the 
floating bodies by the ultrasound. This is supported by Fig. 7, which shows that the 
sunken bodies still have active chlorophyll but less dense kelps were found. 

 

 
 

Figure 7 – Microscopic image sequence showing the effect of 200 kHz–2.2 MHz ultrasound on sunken 
blue-green algae. Each frame corresponds to 565$565 (#m)2. 
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Figure 8 shows the viability of the culture 30 days after sonication in terms of sample 
brightness. At 200 kHz, 1.0 MHz, and 2.2 MHz, the samples were 39±14%, 45±17%, and 
46±17% brighter than the control samples, respectively. All samples were significantly 
brighter than the control samples, even at the lower boundaries of the standard deviation. 
Thus, these results support the hypothesis that the blue-green algae that have sunk are 
less capable of multiplying. Hence, sonication may prevent blue-green algae bloom.

The results can be interpreted as follows. When a gas vesicle is subjected to an 
ultrasound pulse it expands during the rarefaction phase [22]. If the acoustic amplitude is 
sufficiently high, the encapsulating membrane cannot withhold the bubble from further 
expanding, resulting in its rupture. This phenomenon is similar to the sonic cracking of 
micrometre-sized membrane-encapsulated bubbles observed in [10]. Sonic cracking 
exclusively occurs during the expansion phase of a bubble [23]. 

 

The resonance frequency !! of a an encapsulated microbubble is given by [24]: 

 

 

 
(1) 

 

where !! is the ambient pressure, !! is the bubble radius, ! is the polytropic exponent of 
the gas, ! is the liquid density, ! is the surface tension, and ! is the elasticity of the 
encapsulation [110]. Using !! ! !!!"#!!"!!Pa, !! ! ! #m, ! ! !!! , !  is 998 kg m-1, 
! ! !!!"# N m-1, and assuming that the membrane elasticity is similar to that of a lipid 
encapsulation, ! ! !!!"" N m-1 [25], it can be estimated !! ! ! MHz for Anabaena cells 
used in these experiments. Since the greatest change in clarity was seen at this 
particular frequency, it can safely be stated that ultrasound sonication close to gas 
vesicle resonance frequency leads to a more effective eradication. 

The quick decrease in live blue-green algae is similar to that in previous studies [12-17]. 
It can be assumed that the correlation between (high) frequency and algae eradication in 
these studies is related to the ultrasound proximity to gas vesicle resonance as well.
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Figure 8 – Water clarity 30 days after sonication. 

 

According to the NURC Rules and Procedures [20], the maximum acoustic pressure to 
which mammals can be exposed is 708 Pa at frequencies up to 250 kHz. 

The transducers used had acoustic pressures of 40 kPa and 68 kPa at driving 
frequencies 1.0 MHz and 2.2 MHz, respectively. These pressures surpass the NURC 
Rules and Procedures by over 35 dB. 

 
Conclusion 
At any ultrasonic frequency studied, blue-green algae were forced to sink. This supports 
the hypothesis that the gas vesicles release their gas under ultrasound sonication in the 
clinical diagnostic range. As supported by previous studies, under identical pulse length 
and pulse repetition, eradication is most effective close to gas vesicle resonance, at a 
driving frequency of roughly 1 MHz. 

Although the acoustic fields used to eradicate blue-green algae are safe in terms of 
mechanical index, the acoustic pressures surpass the NURC Rules and Procedures by 
over 35 dB. Therefore, caution should be taken when using these techniques in a 
surrounding where aquatic or semi-aquatic animals are present. 
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Microfoam formation in capillaries 

Introduction 

Ultrasound contrast agents are used in diagnostic imaging. They consist of 
microscopically small bubbles containing slowly diffusing gas encapsulated by 
biodegradable shells. When inserted in the blood stream, these bubbles oscillate upon 
ultrasonic sonication, thereby creating detectable ultrasound themselves. A brief 
overview of the most common ultrasound contrast agents has been presented in [26]. It 
follows that albumin and lipids are currently the most common bubble encapsulation 
materials. Because of the proven feasibility to attach therapeutic compounds to albumin 
and lipids, therapeutic application of contrast agents have become of interest [1, 27-29]. 
It is desirable that the therapeutic load of any such contrast agent is released close to the 
vessel wall. Therefore, pushing bubbles towards boundaries by means of primary 
radiation forces has been studied [30]. 

Both primary and secondary radiation forces resulting from oscillating bubbles, may 
cause the repulsion or mutual attraction, and eventual collision and coalescence, of 
contrast agent bubbles. This phenomenon has been less studied. 

From the therapeutic point of view, the formation of bubble clusters may be of interest. If 
the clusters behave as one entity, i.e., one mega-bubble, its ultrasonic manipulation 
towards a boundary is fairly straightforward and quick. If the clusters can be forced to 
accumulate to a microfoam, entire vessels might be blocked on purpose using an 
ultrasound contrast agent and a sound source. 

In this chapter, how ultrasound contrast agent clusters are formed and what happens to 
the clusters if sonication is continued is analysed. Furthermore, high-speed camera 
footage of microbubble clustering phenomena is shown and the therapeutic 
consequences of these findings is discussed. 

 

Theory 

A brief overview of theory on radiation forces and ultrasound contrast agent has been 
given in [109]. Bubble translation in the direction of the sound field is caused by a 
primary radiation force resulting from a pressure gradient across the bubble surface. The 
translation is maximal during the contraction phase. The velocity v of a bubble in a 
steady fluid subjected to an ultrasound field can be calculated using [31]: 

 (2) 

where !! is the primary radiation force, !! is the drag force, !! ! !
!
!"!!! is the added 

mass of the translating bubble, equivalent to half the mass of the displaced surrounding 
fluid, in which !! is the equilibrium bubble radius and ! is the density of the surrounding 
fluid. Averaging over one acoustic cycle, the primary radiation force is given by [31-33]: 
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(3) 

where ! is the speed of sound, !! is the peak rarefactional acoustic pressure, ! is the 
dimensionless total damping coefficient [34], ! is the driving frequency, and !!  is the 
bubble resonance frequency [34]. The drag force is given by [33, 34]: 

 

 
 (4) 

where ! is the shear (dynamic) viscosity of the fluid, !" ! !!!!
!

!!!!  is the Reynolds 
number, and 

 
 

(5) 

is the drag coefficient of a contaminated system [35], such as a contrast agent. 

 

Combining Eqns. 2 – 4 and integrating over !! gives the following expression for the 
average velocity of a bubble: 

 

 

 

(6) 

Secondary radiation forces, resulting from oscillating bubbles under sonication, may 
cause the mutual attraction and subsequent coalescence of contrast microbubbles. Two 
bubbles that oscillate in phase approach each other, whereas two bubbles that oscillate 
out of phase recede from each other [22, 36]. At low acoustic amplitudes, the phase 
angle difference ( between excursion of the oscillating bubble and the incident sound 
field is given by [22, 32, 36]: 

 

 

(7) 

The presence of an encapsulating shell increases the damping coefficient by a term 

!!![37]. 
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(8)

 

and increases the squared resonance frequency !!! by a term !!! [37] 
 

 
 

(9) 

 

where !! is the shell friction [37] and ! is the shell stiffness parameter [22, 37] 

 

 
 

(10) 

 

where ! is Young’s modulus, ! is the shell thickness, and ! is Poisson’s ratio. 

 

The mean approach velocity ! of two identical bubbles is given by [31]: 

 
 

(11) 

 

where !  is the distance between the centres of the two bubbles and !  is the 
compressibility of the bubble. Integrating from the initial distance between the bubbles !!! 
to 0 yields the collision time (Eqn. 12) shown in Fig. 9. 

 

 
(11) 
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Figure 9 – Collision times of individual encapsulated microbubbles as a function of driving frequency at 
given distances !!, using !! ! !" kPa, !! !1.25 #m, ! !5$10-6 m2 N-1 and ! !998 kg m-3. 

 

In a standing wave field, bubbles with resonance frequencies higher than the transmitted 
sound field aggregate at the pressure antinodes, whereas bubbles with resonance 
frequencies lower than the transmitted sound field aggregate at the pressure nodes [36]. 
Hence, the ultimate distance !! between clusters must be a quarter of the wavelength, 
i.e., 

 

 
(12) 

Both processes of bubble clusters aggregating and the movement of clusters in the 
direction of the sound field can be described by a simplified version of Eqn. 6. 

 

 

 

(13) 

where ! is the distance travelled by the cluster and !!  is the cluster resonance frequency, 
for which !! ! !! must hold, since the bubble cluster radius !! ! !!. 
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For the bubble cluster compressibility !!! ! ! !! ! !!  must hold, in which !!  is the 
compressibility of a free (unencapsulated) gas bubble. 

Bubble coalescence is the fusion of two or more bubbles. As adjacent bubbles collide or 
expand, the pressure in the film between them increases, resulting in a deformation 
(flattening) of the bubble surfaces. The continuing bubble expansion causes drainage of 
the interposed film. This thinning continues until a critical thickness around 0.1 µm is 
reached, at which the Van der Waals attractive forces result in film rupture and bubble 
coalescence [38]. Film drainage is generally much faster for free (unencapsulated) 
bubbles than for encapsulated bubbles, as a result of the flow pattern in the draining film 
[39]. 

The coalescence mechanism of lipid-encapsulated microbubbles was investigated, 
based on high-speed optical observations of sonicated ultrasound contrast agent 
microbubbles [39]. It was found that, when sonicated at high acoustic amplitudes, lipid-
encapsulated microbubbles expose free surfaces during the expansion phase, speeding 
up the coalescence process dramatically. Hence, for the formation of bubble clouds or 
microfoams, the use of low acoustic amplitudes is desirable. 

 

Materials and methods 

A schematic overview of the experimental setup for simultaneous optical observation 
during sonication is shown in Fig. 10. 

A polycarbonate container was built with internal dimensions of 24$18$15 (cm)3. To give 
access to a microscope objective lens and reduce optic aberrations, a 11-mm diameter 
hole was drilled in the base, covered with a 2-mm thick test slide (Jencons (Scientific) 
Ltd., Leighton Buzzard, Bedforshire, UK). The container was filled with 2.6 L tap water. 
The container was locked in place on an ! ! ! translation stage of a DM IRM inverted 
microscope (Leica Microsystems GmbH, Wetzlar, Germany) with two objective lenses: a 
506075 C-Plan 10$/0.22 NA objective lens (Leica Microsystems GmbH), and a 506236 
N-Plan 50$/0.50 NA (Leica Microsystems GmbH) objective lens. A Mille Luce™ Fibre 
Optic Illuminator Model M1000 (StockerYale, Inc., Salem, NH) was connected to an optic 
fibre with a 7-mm diameter leading into the water of the container. It was placed in line 
with the objective lens, as shown in Fig. 11.  

The charge coupled device (CCD) of a FASTCAM MC-1 high-speed camera (Photron 
(Europe) Limited, West Wycombe, Bucks, United Kingdom) was mounted to the C-Mount 
of the microscope and connected to its processing unit, which was capable of recording 
images up to 10,000 frames per second. The camera was controlled by a laptop 
computer. 
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Figure 10 – Schematic overview of the experimental setup. 
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Figure 11 – Close-up of the sonication tank coinciding sound, light beam and objective focus (top) and 
definitions of the azimuth and elevation of the transducer relative to the North of the container (bottom). 

Ultrasound 

A laptop computer triggered a DATAMAN-530 arbitrary waveform generator (Dataman 
Programmers Ltd., Maiden Newton, Dorset, UK), which was connected to a 2100L, 50-
dB RF power amplifier (Electronics & Innovation Ltd., Rochester, NY). The power 
amplifier was connected to a single element transducer containing a Pz37 Piezoelectric 
ceramic (Ferroperm Piezoceramic A/S, Kvistgård, Denmark) with a centre frequency of 
2.2MHz. The design of the transducer is shown in Fig. 2. Transmitted signals were 
continuous waves with frequencies in the range 1–10MHz. The peak-negative acoustic 
pressures were determined using a PVDF needle hydrophone system with a 0.2-mm 
active element (Precision Acoustics Ltd., Dorchester, Dorset, UK) connected to a TDS 
420A digitising oscilloscope (Tektronix, Inc., Beaverton, OR). 

The ultrasound transducer was positioned in the container using a clamp stand, at a 
focal distance of 38mm from the region of interest to be studied. The azimuth of the 
length axis of the transducer to the relative North of the container was 37º and the 
elevation of the length axis of the transducer relative to the base of the container was 17º, 
as shown in Fig. 11. 

 

Ultrasound contrast agent 

Definity® (Lantheus Medical Imaging, North Billerica, MA) consists of C3F8 gas 
microbubbles with mean diameter between 1.1 and 3.3 µm, encapsulated by a 
lipid/surfactant shell. Its resonance frequency has been measured to be 2.7MHz [61]. 
The 1.5-ml vials used in these experiments were stored at 9ºC. Each vial was shaken for 
15 s using a Vialmix® device (Lantheus Medical Imaging, North Billerica, MA). Before 
introducing the ultrasound contrast agent, it was further diluted using a 0.9% saline 
solution. 

The diluted ultrasound contrast agent was inserted using a syringe into a micro-bore tube 
with a 0.51-mm inner diameter. The tube led to a CUPROPHAN® RC55 cellulose 
capillary (Membrana GmbH, Wuppertal, Germany) with a 200-µm inner diameter and 8-
µm wall thickness. The middle of the capillary coincided with the optical focus of the 
objective lens and with the acoustic focus of the ultrasound transducer, as shown in Fig. 
11. The typical field of view using the 10$ objective lens was 500$500 (µm)2, whereas 
the diameter of the acoustic focus was greater than 5mm. Hence, the whole field of view 
could be considered in acoustic focus. 

The capillary was positioned 2 mm above base of the container. The flow speed of the 
ultrasound contrast agent through the capillary was manually controlled. 

In total, 48 experiments were performed. Bubble and cluster sizes were measured and 
tracked using Image-Pro Plus (Media Cybernetics, Inc., Bethesda, MD). Further analysis 
was done using Matlab® (The Mathworks™, Natick, MA). 
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Results and discussion 
At the high concentration used, clustering started instantaneously after the ultrasound 
source activated. Fig. 12 illustrates the speed of cluster formation of DEFINITY® 
ultrasound contrast agent that had been further diluted to 1:20 v/v. 

 
Figure 12 – Microfoam formation during continuous sonication at 2 MHz and 20-kPa peak-negative 
acoustic pressure. Each frame corresponds to a 120$120 (#m)2 area. Time ! ! ! was defined by the 
start of the sonication. 

 

With distances between microbubbles of only few micrometres, collision times from Eqn. 
11 should be within a second, as shown in Fig. 9. Also from Eqn. 11 and Fig. 9 it is 
explained why cluster formation must be faster at higher frequencies, if the other 
acoustic parameters and the concentration are not changed, or, after a fixed duration, 
larger clusters must have formed using higher frequencies, since bubbles can approach 
from larger !! at higher !. These deductions are confirmed by the following experimental 
observations. In Fig. 12, after 233 ms two clusters have been formed of approximately 15 
µm diameter each. These started to approach in the subsequent frames. Overall, newly 
formed clusters collided to form larger clusters. This is illustrated in figures 13 and 14. 

Each branch represents a cluster. The branches coming together represent the collision 
and coalescence of clusters into larger clusters. The velocities of clusters are on the 
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order of tens of micrometres per second. Although increasing the acoustic pressure 
would increase the cluster velocities dramatically, as evident from Eqn. 13, they would 
also lead to microbubble disruption [22]. At the frame rates used phenomena associated 
with microbubble disruption were not observed. 

 

Figure 13 - Cluster positions as a function of time, during continuous sonication at 2 MHz and 20-kPa 
peak-negative acoustic pressure. Position in the capillary is defined from East (0 #m) to West (500 #m). 
Bold lines indicate merged clusters. The beginning (left) of a line indicates the formation of a cluster of 
diameter > 6.8 #m. The end (right) of a line indicated the disintegration or contraction of a cluster to a 
diameter < 6.8 #m. 

 

 

 

Figure 14 - Cluster positions as a function of time, during continuous sonication at 7 MHz and 22-kPa 
peak-negative acoustic pressure. Position in the capillary is defined from East (0 #m) to West (500 #m). 
Bold lines indicate merged clusters. The beginning (left) of a line indicates the formation of a cluster of 
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diameter > 6.8 #m. The end (right) of a line indicated the disintegration or contraction of a cluster to a 
diameter < 6.8 #m. 

The larger a cluster grows, the lower its resonance frequency becomes. Hence, the 
velocity of a cluster in the direction of the sound field, defined by Eqn. 13, should 
decrease in time. If two identical clusters with resonance frequency !!  merge, the 
resulting resonance frequency is !!! ! !!

!
! !! ! !!!"!!  [110]. Assuming that the 

compressibility and damping coefficient do not substantially change, a similar decrease 
in cluster velocity is expected. However, the decrease in slope magnitude of the main 
branch in Fig. 13 is negligible. This might be explained if the resulting cluster is much 
stiffer than the original clusters, increasing the damping coefficient. 

Also, 7 MHz must be further off the cluster resonance frequency than 2 MHz. Hence; the 
magnitudes of the slopes in Fig. 14 are lower than those in Fig. 13. 

 
 

Figure 15 – Two clusters, with 22-#m diameters and an initial distance of 55-#m, colliding and merging 
during continuous sonication at a 2–MHz driving frequency and a 20-kPa peak-negative pressure. The 
frame size corresponds to 81$81 (#m)2. Times are relative to the start of the sonication (! ! !). 
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Figure 16 – Clusters forming during 
sonication at 7 MHz and 22-kPa peak 
negative pressure. The frame size 
corresponds to 560$264 (#m)2. Time ! ! ! 
was defined by the start of the sonication. 

 
Figure 17 – Morphing microfoam during sonication at 7 
MHz and 86 kPa peak-negative pressure and a 
schematic representation of the event. The frame size 
corresponds to 274$198 (#m)2. Time ! ! ! was defined 
by the start of the sonication. 

Secondary radiation forces of clusters onto each other do not explain the cluster colliding 
times observed. Even if the compressibility of the clusters would be equal to that of a 
single ultrasound contrast agent microbubble, under the acoustic conditions used the 
collision times from Eqn. 11 would be just milliseconds. 

Hence, the bubble clusters cannot be regarded as identical monopoles in this setting. 

A close-up of two colliding clusters with 22-µm diameters forming a 25-µm cluster is 
shown in Fig. 15. The total time spanning this process is slightly less than 1.8 s. 

The clusters were initially formed in the middle of the capillary. These clusters were 
located at distances !! !

!
!
!, as demonstrated in Fig. 16. However, following further 

cluster coalescence during 17.55 s of sonication, the final distance between the larger 
clusters corresponded to !

!
!! !!54 µm. These had been pushed towards the lower 

capillary wall, owing to primary radiation forces. 

The clusters velocities towards the capillary wall were between 5 µm s'1 at 7 MHz and 
22-kPa peak-negative pressure and 15 µm s'1 at 2 MHz and 20 kPa peak-negative 
pressure sonication. These are of the same order as the left hand side term in Eqn.13. 
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The magnitudes of the slopes in Fig. 14 did not change close to the capillary wall. Hence, 
in this experimental setup, any effect of the capillary wall on cluster translation was 
neglected. 

At these bulk concentrations, clusters were formed within seconds with diameters 25±2 
µm. Taking into account the diameters and assuming a spherical shape, it can be 
estimated that the clusters contain 2,000 microbubbles each. 

The clusters interact, owing to primary and secondary Bjerknes forces, creating 
morphing microfoams. Figure 17 shows four interacting clusters in steady liquid. 

Primary Bjerknes forces push the clusters in the direction of the sound field at an 
average speed of 4 mm s'1. The shear of the capillary wall caused a rotation of the 
interacting clusters. 

Figure 18 shows at least eight interacting clusters. Again, a rotation motion can be 
observed. Also, individual ultrasound contrast agent microbubbles can be seen to hop 
from cluster to cluster. This microscopic scale behaviour can be attributed to very subtle 
changes in the acoustic field, causing ever-changing local nodes and antinodes. With 
cluster diameters less than 30 µm, buoyancy effects may be neglected at these 
timescales as well. 

 
Figure 18 - Morphing microfoam during sonication at 7 MHz and 86 kPa peak-negative pressure and a 
schematic representation of the event. The frame size corresponds to 274$198 (#m)2. Time ! ! ! was 
defined by the start of the sonication. 
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In summary, the following stages of microfoam formation, illustrated in Fig. 19 were 
observed. The initial situation was a dense, random bubble distribution before ultrasound 
arrival. After sonication started, contrast microbubbles collided, owing to secondary 
radiation forces. Subsequently, these clusters merged within the space of a quarter of 
the wavelength, owing to primary radiation forces. The resulting microfoams translated in 
the direction of the ultrasound field, owing to primary radiation forces. 

Small deviations in microbubble sizes or shell properties lead to deviations in individual 
bubbles’ resonance frequencies, as expressed in Eqn. 8. These in turn cause oscillation 
phase differences, as expressed in Eqn. 6, big enough to be observed [40]. Therefore, 
predicting and manipulating individual microbubbles is technically challenging. It has 
been demonstrated that as soon as the bubble clusters were formed and as long as they 
were in the sound field, they behaved as one entity. At the acoustic settings used, it took 
seconds to force the bubble clusters to positions approximately !

!
! apart. It also just took 

seconds to drive the clusters towards a boundary. 

It may assume that vessel blocking can only be successful if a microfoam is created with 
a diameter equal to or greater than the vessel diameter !!. From this study it follows that 
in order to create such a foam, !

!
! ! !!! or, ! ! !

!!!
. 

For therapeutic purposes, it would be of great interest to induce microjetting on entire 
clusters towards a vessel wall, presumably causing sonoporation or sonolysis. 

Although ultrasound-induced microjetting has been observed with ultrasound contrast 
agents, its occurrence in in vivo situations is hard to control [41, 42]. 

Predictable sonic manipulation would be better feasible if the microbubbles would be 
forced to cluster to known size and position first. 

 

 
 
Figure 19 – Schematic representation of the four stages of microfoam formation in a capillary: (left-
right) random bubble distribution before ultrasound arrival, bubble colliding during sonication, cluster 
mergence within the space of a quarter of the wavelength, microfoam translation. 
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Conclusions 

The following stages of microfoam formation within a densely populated concentration of 
microbubbles were observed. After the sonication started, contrast microbubbles collided, 
forming small clusters, owing to secondary radiation forces. 

These clusters coalesced within the space of a quarter of the ultrasonic wavelength, 
owing to primary radiation forces. The resulting microfoams translated in the direction of 
the ultrasound field, hitting the capillary wall, also owing to primary radiation forces. 

It has been demonstrated that as soon as the bubble clusters were formed and as long 
as they were in the sound field, they behaved as one entity. At the acoustic settings used, 
it took seconds to force the bubble clusters to positions approximately a quarter 
wavelength apart. It also just took seconds to drive the clusters towards the capillary wall. 

Subjecting ultrasound contrast agent microbubbles to a continuous low-amplitude signal 
makes them cluster to known positions and known microfoam sizes, allowing for 
straightforward sonic manipulation. 
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Sonoporation at a low MI 
Introduction 
Sonoporation is the transient permeabilisation and resealing of a cell membrane with the 
help of ultrasound and/or an ultrasound contrast agent, allowing for the trans-membrane 
delivery and cellular uptake of macromolecules between 10 kDa and 3 MDa [29]. Many 
studies have demonstrated increased drug and gene uptake of sites under sonication [28, 
43-49]. These studies presumed, that a physical membrane disruption mechanism, i.e., 
sonoporation, caused the increased uptake, as opposed to naturally occurring active 
uptake processes, such as endocytosis, that are controlled by the system biology [28, 
43-49]. 

Although mechanical disruption with the aid of ultrasound has been attributed to violent 
side effects of inertial cavitation and microbubble fragmentation, most notably, the 
increased uptake has also been observed at low acoustic amplitudes, i.e., in acoustic 
regimes where inertial cavitation and microbubble fragmentation are not to be expected 
[50]. An ultrasound contrast agent microbubble might act as a vehicle to carry a drug or 
gene load to a perfused region of interest. If the same ultrasound field that has been 
implicated in the sonoporation process can cause release of the therapeutic load, this 
load could be delivered into cells. Apart from plainly mixing ultrasound contrast agents 
with therapeutic agents, several schemes have been proposed to incorporate therapeutic 
loads to microbubbles. These include loads to the microbubble shell [51], therapeutic 
gases inside the microbubble [52], gas-filled lipospheres containing drugs [53], and drug-
filled antibubbles [54]. To understand and ameliorate ultrasound-assisted drug and gene 
delivery, the physics of controlled release and of sonoporation have been under 
investigation. That objective also forms the focus for this chapter. Moreover, the 
behaviour of ultrasound contrast agent microbubbles near cancer cells deliberately at low 
acoustic amplitudes in order to probe whether sonoporation in this regime was possible 
was studied; and if so, to ascertain what the microscopic mechanism might entail; and 
finally, to assess and scrutinise the safety aspects of ultrasound exposure in this regime. 

Mechanical index 
On commercial scanners, the MI has been limited to 1.9 for medical imaging [55]. At low 
MI, microbubbles pulsate linearly, whereas at high MI, their greater expansion phase is 
followed by a violent collapse. During the collapse phase, when the kinetic energy of the 
bubble surpasses its surface energy, a bubble may fragment into a number of smaller 
bubbles. Fragmentation has been exclusively observed with contrast agents with thin, 
elastic shells. Fragmentation is the dominant disruption mechanism for these bubbles 
[22]. Although the fragmentation of therapeutic load-bearing microbubbles must release 
their loads, the actual drug or gene delivery is in this case a passive process, dependent 
on diffusion rate and proximity to the target cells. Fragmenting microbubbles may not 
create pores in cells, since fragmentation costs energy. However, if a microbubble 
collapses near a free or a solid boundary, the retardation of the liquid near the boundary 
may cause an asymmetry. This asymmetry causes differences in acceleration on the 
bubble surface. During further collapse, a funnel-shaped jet may protrude through the 
microbubble, shooting liquid to the boundary [56]. The pore size created by a jet has 
been empirically related to the microbubble expansion [57]. If jets could be directed to 
cell layers, in case of a microbubble carrying a therapeutic load, the load could be 
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delivered into cells. The jet formation is affected by the cavitation topology, 
synergistically interacting with local fluid dynamics arising through the bubble’s 
expansion and contraction due to the ultrasound field. However, as the fluid forming the 
microjet is just the bulk fluid that carries no therapeutic agent, then there is no guarantee 
that, even with the formation of a sonopore due to jet impact with the cell membrane, 
therapeutic agent will enter the cell. It needs to be dislodged and mobilised from the 
bubble first. Furthermore, jetting has not been observed at low or moderate MI [41], so 
that fragmentation is likely to occur before any delivery takes place. By pushing the 
loaded microbubbles towards the vessel all using primary radiation forces [30], release 
can take place closer to target vessels. In a recent study, Caskey et al. pushed bubbles 
into tissue-mimicking gels at MI=1.5 [58]. It was previously studied how microclusters 
consisting of lipid-encapsulated microbubbles can be formed using primary and 
secondary radiation forces, and how these clusters can be pushed towards vessel walls 
[59]. It was found that, even at MI<0.15, microbubble clusters can be formed and pushed 
towards a boundary within seconds. 

 

Sonoporation 

 

 
 

Figure 20 – Possible mechanisms of sonoporation: (a) push, (b) pull, (c) jetting, (d) shear, (e) 
translation. 
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There are five non-exclusive hypotheses for explaining the sonoporation phenomenon. 
These have been summarised in Figure 20: push, pull, jetting, shear, and translation [60]. 
It has been hypothesised that expanding microbubbles might push the cell membrane 
inward, and that collapsing bubbles might pull cell membranes outward [61]. These 
mechanisms require microbubbles to be present in the close vicinity of cells. A separate 
release mechanism should then ensure localised delivery. Although jetting only occurs in 
a high-MI regime, it is very effective in puncturing cell membranes. Jetting has been 
observed through cells using ultrasound contrast agent microbubbles. However, the 
acoustic impedance of the solid cell substratum formed the boundary to which the jetting 
took place, not the cell itself [42]. Also, there has not been any proof yet of cell survival 
after jetting. In a separate study, the role of jetting as a dominant mechanism in 
sonoporation was excluded [62]. If a microbubble is fixed to a membrane, the fluid 
streaming around the oscillating bubbles creates enough shear to rupture the membrane 
[63]. Here again, separate release mechanisms should then ensure localised delivery. 
Finally, it has been speculated that lipid-encapsulated microbubbles, in compressed 
phase, translate through cell membranes or channels in the cell membrane such as the 
receptor. In case of therapeutic loading, the load would be delivered directly into the 
target cell. The main advantage of the latter mechanism is that microbubble translation 
by means of ultrasonic radiation forces requires very low acoustic pressures. Hence, 
potential damaging bioeffects due to inertial cavitation can be ruled out. 

 

Materials and methods 
Sonoporation configuration 

In previous studies, increased gene uptake was demonstrated at MI<0.3 [64, 65]. Similar 
sonoporation configuration was used for these experiments. An overview of the 
experimental setup is shown in Figure 21. A signal consisting of 50 cycles with a centre 
frequency of 6.6MHz and a pulse repetition frequency of 10 kHz, i.e., a duty cycle of 
7.5%, was generated by an AFG3102, dual channel arbitrary function generator 
(Tektronix, Inc., Beaverton, OR), amplified by a 150A250 radio-frequency (RF) amplifier 
(Amplifier Research, Souderton, PA) set to maximum gain, and fed to a custom-built 6.6-
MHz ultrasound transducer with a hexagonal Y-36º lithium niobate element with a 
maximum diameter of 25mm [66]. 

The peak-negative acoustic pressure was measured to be 0.5 MPa in a separate tank 
and in the sonication chamber itself. This corresponds to an MI of 0.2. 

The transducer was placed in a custom-built, 260$160$150 (mm)3 Perspex sonication 
chamber, in which an OptiCell® cell culture chamber (Nunc GmbH & Co. KG, 
Langenselbold, Germany) was placed. One side of the cell culture chamber contained a 
monolayer of 1.6$106 HeLa cells that had been cultured in MEM with Earl’s salts medium 
(PAA Laboratories GmbH, Pasching, Austria) supplemented with 10% v/v heat-
inactivated foetal calf serum, GlutaMAX™ (Life Technologies Gibco, Paisley, Renfreshire, 
UK), 1% v/v of non-essential amino-acids (PAA), penicillin (100 units ml'1) and 
streptomycin (100 µg ml'1) (PAA), at 37ºC in a humidified atmosphere containing 5% 
CO2. The cells were used when there was 60–80% confluency. Ultrasound contrast 
agent was injected into the cell culturing chamber before each experiment. Several lipid-
shelled ultrasound contrast agents were tested in this study. In this chapter, results of a 
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3.33% dilution of MicroMarker® (VisualSonics B.V., Amsterdam, Netherlands), a lipid-
shelled agent with a mean diameter of 2.5 µm are presented. A customised BXFM-F 
microscope unit with an LCAch N 20$/0.40 NA PhC (Olympus Deutschland GmbH, 
Hamburg, Germany) and a LUMPlanFL 60$/0.90 NA water-immersion objective 
(Olympus) was placed on top of the sonication chamber with the objective lens immersed 
in the water. The colour charge coupled device (CCD) of a PHOTRON FastCam MC-2.1 
high-speed camera (VKT Video Kommunikation GmbH, Pfullingen, Germany) was 
connected to the microscope. The sensor was rotated to make sure that in all recorded 
movies, the ultrasound is directed from the left to the right of the frame. 

 

 
 

Figure 21 – Experimental setup (top) and a close-up of the sonoporation configuration (bottom).

 

Fluorescence configuration 

An overview of the setup used for the fluorescence experiments is shown in Fig 22. It is 
almost identical to the setup described in the previous section. However, here, the signal 
consisted of 40 cycles with a centre frequency of 6.6MHz and a pulse repetition 
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frequency of 10 kHz, i.e., a duty cycle of 6.1%, was amplified using a 2100L, 50-dB RF 
amplifier (Electronics & Innovation Ltd., Rochester, NY) and fed to a custom-built 6.6-
MHz ultrasound transducer [66]. In this configuration the ultrasound propagated from the 
bottom-right, to the top-left of the frame. 

Prior to injection in the OptiCell®, the MicroMarker® contrast agent was labeled using a 
DiD (DilC18(5)) lipophilic fluorescent probe (Vybrant™ Molecular probes, Invitrogen, San 
Diego, CA). A ratio of 1 µl of DiD to 40 µl MicroMarker® was homogenised by pipetting 
and incubating for 5 minutes at room temperature. 

Figure 23 shows how the DiD fluorescent probe bonded to the phospholipid [67]. Emitted 
fluorescence (! !!649–703 nm) was localised on the microbubble shell when exciting at 
! !!633 nm. 

 

 
Figure 22 – Experimental setup (top) and a close-up of the fluorescence configuration (bottom). 

 

A custom-made aluminium sonication chamber with internal dimensions of 130$170$35 
(mm)3 was locked into to the ! ! !-stage of a 200M inverted confocal microscope (Carl 
Zeiss AG, Oberkochen, Germany) coupled with a LSM Axiovert 510 laser scanning 
device (Carl Zeiss), using an EC Plan-Neofluar 40$/1.30 NA Oil DIC M27 objective (Carl 
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Zeiss AG), with automated ! !stack functionality. The peak-negative acoustic pressure 
was measured at the objective’s field of view and corresponded to MI!0.2. 

To evaluate the possible electrostatic attraction between microbubbles and cells, 30 µl 
MicroMarker® was diluted into 700 µl of distilled water and tested for electrophoretic 
mobility ( ! -potential) using a Zetasizer 3000 (Malvern Instruments, Malvern, 
Worcestershire, United Kingdom). 

To measure the thickness of the cultured cells 105 HeLa cells were seeded into an 
OptiCell®. The cell plasma membrane was labelled with DiD lipophilic fluorescent probe 
(Vybrant™ Molecular probes) according to the manufacturer’s protocol. The membrane 
fluorescence was measured using a 200M confocal microscope (Carl Zeiss). Cell 
thickness was calculated from the difference between the upper and lower slices where 
fluorescence was seen. In all fluorescence recordings, the slice thickness was set to <1 
µm. 

Twenty-three movies under 6.6-MHz sonication at frame rates between 500 and 2000 
frames per second, representing 15 minutes of real-time exposure were recorded. Of 
these, 11 movies were recorded using fluorescence. In addition 10 control movies were 
recorded, with a total duration of 22 minutes. 

 

 
Figure 23 - Schematic representation of DiD [DilC18(5)] lipophilic fluorescent probe bonding to 
phospholipid. 
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Figure 24 - ! !stacks of fluorescence emitted by the DiD dye attached to the membranes of four typical 
HeLa cells, representing the cell geometry. 

 

Results and discussion 

Throughout this section, the optical ! !axis is defined from distal-to-focus (negative) to 
proximal-to-focus (positive), with !! ! !! as the focal plane. 

Figure 24 shows ! !stacks of fluorescence emitted by the DiD dye attached to the 
membranes of four typical HeLa cells, representing the cell geometry. In total, the 
thicknesses of 42 cells were measured. The cultured cells were found to be 13±2 µm 
thick. Clearly, these cells had thicknesses much greater than ultrasound contrast agent 
microbubble oscillations amplitudes at MI=0.2. 

 

 
Figure 25 – ! !stack of two ultrasound contrast agents microbubbles. Proximal-to-focus Airy disks can 
be seen around the bubbles, whereas distal-to-focus the bubble boundaries are blurred. Microbubble “A” 
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has a diameter of 2 #m, whereas microbubble “B” has a diameter of 3 #m. Each frame corresponds to a 
11$11 (#m)2 area. 

The optical system was analysed and the results were compared to bubbles and cells 
that were slightly out of focus, to rule out that the movement of the bubble takes place in 
a plane different from that of the cell. Figure 25 shows a ! !stack of two ultrasound 
contrast agent microbubbles, similar to Figure 10 of Postema et al [68]. Proximal-to-focus 
Airy disks can be seen around the bubbles, whereas distal-to-focus the bubble 
boundaries are blurred. Note that the boundary contrast is maximal just proximal-to-focus 
[68]. 

At a centre frequency of 6.6 MHz, 17 events of microbubbles entering HeLa cells were 
recorded. After entering, the microbubbles were observed to quickly dissolve. As an 
example, Figure 26 shows an event resampled at 3.4 Hz and 40 Hz, respectively, here 
two bubbles were pushed to a cell during 11 s of sonication. 

A microbubble “A” of 4-µm diameter entered the cell and dissolved, whereas a 
microbubble “B” of 2-µm diameter stuck to the cell membrane. 

 

 
 
Figure 26 - A sonoporation event including microbubble dissolution during 11 s of sonication (left) and 
selected frames of the microbubble entering a cell (right). Microbubble “A” entered the cell and 
dissolved, whereas microbubble “B” stuck to the cell membrane. Each frame corresponds to a 23$23 
(#m)2 area. 
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Figures 27 and 28 show two similar events, where fluorescence-coated microbubbles 
were used. The left panels show a microbubble apparently penetrating through the cell 
membrane in optical focus. Approximately 70ms after the ultrasound is switched on a 
microbubble is seen to penetrate through the cell membrane in Figure 27. In Figure 28 
the microbubble is seen to penetrate through the cell membrane approximately 24 ms 
after the ultrasound has been switched on. The right panels show a ! !stack through the 
entire cell, to record whether the apparent microbubble entry is actually into the cell. For 
both events, Figure 29 shows average fluorescent intensities in two regions of interest, 
one inside the cell, and one control region. In both events, most fluorescence from 
apparent microbubble entry can be observed within 5 µm proximal to optical focus, thus 
well within the cells themselves. 

Figure 30 shows frames in optical focus from the events in Figures 27 and 28, before 
sonication and approximately 8 minutes after sonication. Clearly, fluorescence has 
transferred into the cells and remained inside the cells long after sonication. At these low 
acoustic amplitudes, inertial cavitation, fragmentation, and jetting should not occur. 
Hence, as a mechanism in sonoporation at low MI, these phenomena might justifiably be 
neglected. 

 
Figure 27 - Microbubble of 5-#m diameter apparently penetrating through he cell membrane in optical 
focus (left); ! !stack through the entire cell, to record whether the apparent microbubble entry is 
actually into the cell (right). Areas “A” and “C” are regions of interest inside and outside the cell, 
respectively. Each frame corresponds to a 76$76 (#m)2 area. 

MaMMR_preprint.pdf   101 20/02/2012   22:26



Micro-acoustics in marine  
and medical research 

 100 

Kotopoulis et al. – Biological and medical 
applications of low-intensity ultrasound  

Our observations do not explain why some microbubbles enter a cell and others don’t. 
The quick dissolution after entering suggests that the microbubble loses (part of) its shell 
whilst entering. 

The !  potential measurements showed that the microbubble shells had a charge of 
'43.9±2.4mV. As cells have a natural negative charge [69, 70], the ultrasound contrast 
agent should be repelled by the cells. In all recordings it was seen that once the 
ultrasound was turned on, the microbubbles were attracted to the closest cell, 
independent of the direction of the sound field. This supports the recent finding that cell 
membranes can be acoustically active [71], and therefore interact with microbubbles. 

Other cell types than HeLa cells must be used in follow-up studies, to investigate 
differences in bubble'cell interaction. 

 

Figure 28 – Microbubble of 4-#m diameter apparently penetrating through he cell membrane in optical 
focus (left); ! !stack through the entire cell, to record whether the apparent microbubble entry is 
actually into the cell (right). Areas “A” and “C” are regions of interest of high fluorescence and low 
fluorescence, respectively. The white dotted line in the upper left frame of the right panel indicated the 
cell membrane. Each frame corresponds to a 52$52 (#m)2 area. 
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Conclusions 
It has been demonstrated that lipid-shelled microbubbles can be forced to enter cells at a 
low MI. Hence, if a therapeutic load is added to the bubble, ultrasound-guided delivery 
could be facilitated at diagnostic settings. In addition, these results may have implications 
for the safety regulations on the use of ultrasound contrast agents for diagnostic imaging. 

 

 
Figure 29 - Average fluorescent intensities in the regions of interest (ROI) of Figures 27 (left) and 28 
(right). Bold lines represent the ROI “A” inside the cells, whereas hairlines represent ROI “C” the control 
regions. The dotted line represents the cell boundary contrast. Note that the cell boundary is maximal 
just proximal-to-focus.  

 

Figure 30 – Columns (a) and (b) represent frames in optical focus from the events in Figures27 and 28, 
respectively, before sonication and approximately 8 minutes after sonication. The white dotted line in 
the right frame indicates the cell boundary. The left frames correspond to 76$76 (#m)2 areas, whereas 
the right frames correspond to 45$45 (#m)2 areas. 
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