
ULTRASOUND CONTRAST AGENTS 
Bubbles, Drops and Particles

Guillaume Lajoinie

Invitation 

ULTRASOUND
CONTRAST AGENTS 

Bubbles, Drops and Particles

At 16:30, Waaier building, 
University of Twente

room 4

Meet me to celebrate at 
Central Park Café

from 20:30 on
(Langestraat 58-60, 

Enschede)

ISBN 978-90-365-3956-2

U
LTRASO

U
N

D
 CO

N
TRAST AG

EN
TS

Bubbles, Drops and Particles
Guillaum

e Lajoinie
2015



ULTRASOUND CONTRAST AGENTS

Bubbles, Drops and Particles

Guillaume Lajoinie



Samenstelling promotiecommissie:

Prof. dr. ir. L. van Wijngaarden (voorzitter, secretaris) Universiteit Twente, TNW
Prof. dr. A.M. Versluis (promotor) Universiteit Twente, TNW
Prof. dr. ir. N. de Jong (promotor) Erasmus MC Rotterdam
Prof. dr. D. Lohse Universiteit Twente, TNW
Prof. dr. G. Storm Universiteit Twente, TNW

& Universiteit Utrecht
Prof. dr. K. Nicolaij TU Eindhoven
Prof. dr. C.C. Coussios Oxford University
Prof. dr. ir. C.L. de Korte Radboud UMC Nijmegen

The research described in this thesis is part of the research program NanoNextNL,
a micro and nanotechnology consortium of the Government of the Nether-
lands and 130 partners. This thesis was carried out at the Physics of Fluids
group of the Faculty of Science and Technology of the University of Twente.

Cover design:
As a representation of a crucial goal of this work, the cover depicts a confocal
microscopy image showing cells selectively porated by loaded microbubbles
upon ultrasound exposure. The porated cells take up a blue fluorescent
probe. By Ine Lentacker, Ine De Cock and Guillaume Lajoinie.

Nederlandse titel:
Ultrageluid Contrastmiddelen, Bellen, druppels en deeltjes

Publisher:
Guillaume Lajoinie, Physics of Fluids, University of Twente,
P.O. Box 217, 7500 AE Enschede, The Netherlands
http://pof.tnw.utwente.nl
g.p.r.lajoinie@utwente.nl

© Guillaume Lajoinie, Enschede, The Netherlands 2015.
No part of this work may be reproduced by print, photocopy or any other
means without the permission in writing from the publisher.
ISBN 978-90-365-3956-2



ULTRASOUND CONTRAST AGENTS

Bubbles, Drops and Particles

PROEFSCHRIFT

ter verkrijging van
de graad van doctor aan de Universiteit Twente,

op gezag van de rector magnificus,
prof. dr. H. Brinksma,

volgens besluit van het College voor Promoties
in het openbaar te verdedigen

op donderdag 24 september 2015 om 16.45 uur

door

Guillaume Pierre René Lajoinie

Geboren 15 Augustus 1988

te Montreuil-sous-bois (France)



Dit proefschrift is goedgekeurd door de promotoren:
Prof. dr. A.M. Versluis
Prof. dr. ir. N. de Jong



Guide through the thesis

In this thesis, we investigate different types of innovative agents, designed
for biomedical use in a context of molecular imaging. In Chapter 1, we
review the agents that arouse the interest of the scientific community, most
of them at the research stage of development, together with the experimental
methods that can be used to study their interaction with cells. Such in vitro
investigations are necessary to test on short scales the impact of the various
agents on biological structures.

We separate the agents in three main categories. The first group consists
of stabilized microbubbles, usually by means of phospholipids that fill up
the interfacial area between the gas core and the surrounding liquid (water).
Such bubbles are clinically used for 40 years as contrast agents for ultra-
sound owing to their unique resonance behavior. When irradiated with an
ultrasound pulse, a bubble experiences volumetric oscillations, that reemit
an ultrasound wave back to the transducer. This process makes them un-
challenged ultrasound scatterers. The role of these stable microbubbles in
new biomedical research directions is discussed in Chapters 2 to 9.
Phospholipid coatings were developed in the last decade to do much more

than just prevent bubble dissolution. They are now a crucial tool to enrich
the microbubbles with specific markers or drug payloads. In Chapter 2,
we investigate the behavior of this coating when the microbubbles are sub-
jected to an ultrasound field. We show that the coating is shed away from
the microbubble, which is of major interest for molecular imaging combined
with drug delivery using microbubbles. We pursue the idea in Chapter
3 where we investigate how a bubble payload, here liposomes labeled with
a fluorescent dye, is released under ultrasound exposure. In Chapter 4,
we link these direct observations of shedding of the previous Chapters to
the subsequent dissolution of the microbubbles, no longer protected by a
phospholipid shell. This dissolution, visible in the ultrasound scatter spec-
trum can be used to remotely quantify the effect of the microbubbles. In
support of these observations, we dedicate the next Chapter (Chapter 5)
to physically understand the mechanisms underlying the behavior of the
phospholipid coating. The application of these findings in practice requires
the production a sufficiently high production rate and with great control of
such microbubbles. In Chapter 6, we therefore present a new device that
can size and count in real time microbubbles produced using microfluidic
techniques in order to make possible a prolonged production, with increased
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stability and feedback.
In the next Chapters (Chapter 7 and 8) we investigate the feasibility of

using microbubbles similar to the ones studied in Chapters 2 to 6 for a
different modality, namely photoacoustics. Photoacoustics makes use of the
specific absorption of light by tissues that, upon laser irradiation, generate
an ultrasound wave. In order to make bubbles responsive to light, we add a
thin oil layer around them than can dissolve a dye. We study this problem
theoretically in Chapter 7 and we give an experimental proof of concept
in Chapter 8.

Coated microbubbles offer great potential as shown in the first part of this
thesis, but they suffer some limitations related to their size and stability:
they are too large to leave the bloodstream and have a circulation time of a
few minutes at most. To address both these issues, we discuss the behavior
of a second group of agents, namely droplets, in Chapters 9 to 12. These
low boiling point droplets are superheated at body temperature and can be
vaporized upon ultrasound irradiation, which changes them into echogenic
bubbles. The increase in size after phase change allows for injecting small
droplets (order 100 nm), able to leave the bloodstream and be used in
the interstitial tissue. In Chapter 9, we develop a novel method to reduce
the activation threshold of these agents, based on high frequency ultrasound
that can be coupled into the drop and drive its resonance. We conclude that
achieving control over the size is crucial, leading us to Chapter 10 where
we detail innovative methods to produce such droplets in a highly controlled
manner. In the following Chapter (Chapter 11), we insonify the bubbles
resulting from vaporization of nano-droplets in order to characterize their
response to ultrasound. This is one of the crucial aspects to consider for
translating these experimental agents into the clinic.

Although they are promising pre-clinical agents, droplets remain difficult
to trigger with ultrasound. We therefore also investigate an alternative in
Chapter 12 that consists of polymeric nanoparticles, physically shaped as
cups, and that can trap a nanosized gas nucleus that we show is sufficiently
active to initiate the growth of cavitation bubbles. These nanoparticles are
the first agent of the third category: particles.
In Chapter 13, we develop our own formulations to produce polymeric

microparticles. We fabricate various types of cups and capsules in which
we trap a light-absorbing dye in order to make our particles laser-activated.
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We study the laser-induced cavitation created by a first type of capsules
that are loaded with an oil of high boiling point Chapter 14, with the
aim of applying the strong acoustic waves generated by these agents to
molecular imaging. In Chapter 15, we extend our investigation to other
types of capsules both theoretically and experimentally. Some particle for-
mulations were shown to generate only transient, short-lived bubbles, but
some other formulations are able to produce long-lasting bubbles, that we
have further investigated for multimodal imaging purposes in Chapter 16.
Having demonstrated the physical interest of such laser-triggered agents, we
bring them in contact with human cells in Chapter 17. There we study
the impact of the cavitation events generated by the capsules upon laser
irradiation on a cell monolayer in vitro.
Finally, we discuss a last agent made of a nanosized polymer matrix that

entraps fluorocarbons, metal ions and a fluorescent dye. This multiplicity
makes them promising for multimodal imaging with ultrasound, MRI, and
fluorescence as we show in Chapter 18.

We conclude the thesis by analyzing, in Chapter 19, the potential risks
associated with the use of microbubbles and ultrasound on cells, tissues,
and on the whole body of patients as a crucial aspect underlying the more
fundamental research presented in this dissertation.
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1
How to study bubble-cell interactions at all
relevant timescales: in vitro experimental

techniques

Besides their use as contrast agents for ultrasound imaging, microbubbles
are increasingly studied for a wide range of therapeutic applications. In
particular, their ability to enhance the uptake of drugs through the perme-
abilization of tissues and cell membranes shows great promises. In order
to fully comprehend the numerous paths by which bubbles can interact with
cells and the even larger number of possible biological responses from the
cells, thorough and extensive work is necessary. In this review, we consider
the full set of experimental techniques implemented in in vitro studies with
the aim of elucidating these microbubble-cell interactions. First of all, the
variety of cell types and models are discussed, with the incentive of using
more complex in vivo-like models. Secondly, the different microbubbles and
more recently developed particles are presented, followed by their acoustic
or optical excitation methods. Finally, the techniques exploited to study the
microbubble-cell interactions are reviewed. Each of these techniques oper-
ates at a certain timescale, revealing particular aspects or downstream effects
of the interactions. Therefore, knowledge obtained from several techniques
will have to be combined to circumvolve the process.

1to be submitted as: G. Lajoinie, I. De Cock, C.C. Coussios, I. Lentacker, S. Le Gac, E.
Stride and M. Versluis, How to study of bubble-cell interactions at all relevant timescales:
in vitro experimental techniques. (2015)
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1.1 Introduction

The efficacy of microbubbles as ultrasound contrast agents was discovered
by serendipity in the late 1960s1. They are now used in routine clinical prac-
tice for echocardiography and increasingly for other indications2 including
the quantification of biological parameters such as blood perfusion rate and
hypoxia3, which are two important indicators of e.g. tumor malignancy4.
Advances in the understanding of cell and tissue specific molecular markers
have also led to the development of functionalized microbubbles, which are
currently being widely investigated for targeted molecular imaging5 6. Upon
exposure to ultrasound, microbubbles undergo volumetric oscillations and
reradiate a secondary acoustic field of significantly higher amplitude than
the scattering produced by a rigid sphere of equivalent size (∼2 µm diame-
ter). They thus generate much stronger echoes than red blood cells, enabling
their passage through the body to be readily imaged. In addition, even at
moderate ultrasound pressures microbubble oscillations may be highly non-
linear and the resulting harmonic content in the radiated signal can be used
to achieve even higher contrast to tissue ratios7–9.
Beyond their diagnostic applications, microbubble oscillations have also

been shown to enhance the transport and uptake of drugs at both the tissue
and cellular levels10,11. This has led to research across a very broad range
of therapeutic applications in which focused ultrasound can be used to lo-
cally induce so-called �sonoporation� leading to spatiotemporally controlled
drug and gene delivery. To further improve treatment localization, meth-
ods for conjugating drugs and other therapeutic molecules to microbubbles
have also been developed. This restricts the release of the drugs to the ul-
trasound focal zone, thereby increasing the chance that they are taken up
in sonoporated areas12. Microbubbles thus offer considerable promise as a
means of improving the therapeutic efficiency as well as decreasing toxic-
ity in healthy tissue, which is of particular interest for chemotherapeutica.
Another exciting application is microbubble-mediated drug delivery across
the usually impermeable blood brain barrier13. In addition, microbubbles
have also shown potential in immunotherapy: gene-loaded microbubbles
have been used to transfect dendritic cells with tumor antigen encoding
mRNA to stimulate the immune system and eventually induce an efficient
and long-lasting cancer immune response14. Finally, more complex and
indirect methods are also being investigated for the enhanced intracellu-
lar delivery of plasmonic nanoparticles through microbubble actuation to
increase photothermal therapy15.
Despite some very positive results from animal studies and even prelim-
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1. METHODS REVIEW: BUBBLE-CELL INTERACTIONS

inary clinical evaluation, the mechanisms underlying microbubble-cell in-
teractions, optimal treatment protocols and the potential for harmful bio-
effects remain mostly undefined and suboptimal. Detailed investigation of
the fundamental biophysical processes is thus urgently required in order to
understand and quantify the potential adverse effect on cells and finally
define efficient protocols to maximize the future impact of the technology
in the clinic. Microbubble-cell interactions have been widely investigated
in vitro, as evidenced by the extensive literature on this topic and using a
wide range of techniques. A major challenge is the range of time-scales and
length scales over which the relevant phenomena occur. For example, micro-
bubble dynamics occur on the tens of nanoseconds to microsecond timescale
and sub-micrometer to micrometer length scale. Drug diffusion and uptake
occurs on the second to minute timescale and over distances ranging from
tens of micrometres (tissue level) to nanometres in the cell membrane. The
mechanical response of the cell will occur on the same timescales, and length
scales, as the microbubble dynamics but the subsequent biological effects
may extend over hours and throughout a significant volume of tissue. Both
this multiscale problem and the extremely large parameter space (physi-
cal, chemical and biological) preclude complete simultaneous control and
visualization in a single experiment. Thus, It is necessary to combine the
information gathered from multiple techniques.
The aim of this paper is to review the current experimental techniques

that have been applied for the in vitro study of specific aspects of bubble-
cells interactions. First, an overview of the available cell models is presented,
from single cells to 3D models, and their advantages and disadvantages dis-
cussed. This is followed by a review of the different types of microbubble and
related agents that are currently under investigation for therapeutic appli-
cations. Finally, the instrumentation and measurement techniques available
for studying microbubble-cell interactions are examined and discussed.

1.2 Choice of the cell model

1.2.1 Choosing the cell type

A first essential aspect when designing these in vitro studies consists of se-
lecting relevant cell types and cellular models, a choice which is directly
motivated by the targeted research question or the ultimate goal of the
study. For (bio)medical applications of microbubbles, both bacteria and
mammalian cells can be of interest. The majority of in vitro studies is
conducted on mammalian cells since those are the most relevant for appli-
cations such as sonoporation for both gene transfection and drug delivery,
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as well as for imaging purposes. Bacteria are mostly employed in cleaning
applications and biofilm removal as discussed at the end of this section.
Fundamental studies can for instance be conducted on large and easy

to manipulate cells such as Xenopus oocytes16 more for primary proof-of-
principle experiments. Alternatively, any cell type (mammalian cell, bacte-
ria, or yeast cell) can be employed for the same purpose of gaining mech-
anistic information on microbubble-cell interactions. To gain mechanistic
information on microbubble-cell interactions, endothelial cells represent the
preferred cell type. They are lining the blood vessels in which microbubbles
are injected, thus the microbubbles can directly interact with the endothe-
lial cells, which therefore constitute the primary targets for both imaging
and drug delivery purposes. However, the most widely used cell type for
microbubble-based drug delivery studies are cancer cell lines. Therapeutic
applications of microbubbles mostly involve tumor tissues and cancer cells,
although it must be borne in mind that microbubbles cannot reach these
cells, located beyond the vascular barrier as a result of their size. On the
other hand, cancer cells are easy to culture and to manipulate and therefore
useful in fundamental studies. Finally, dendritic cells14 or lymphocytes17
are also interesting targets, e.g. for immunotherapy, since microbubbles can
also immediately reach them.
Furthermore, experiments are conducted using cellular models with var-

ious levels of complexities, ranging from individual cells and monolayers
to complex 3D cellular architectures and organ-on-a-chip platforms. While
simple models are particularly interesting to gain fundamental insights into
the cell-microbubble interactions, more complex models are closer to the in
vivo scenario, so that they provide more physiologically relevant information
and facilitate the extrapolation to the in vivo situation.

1.2.2 Single cells models

In a first and minimalist settings, the interactions between a single micro-
bubble and a single cell are studied to yield focused information on the
impact of the microbubble on the cell, as well as the fate of the latter.
Large cells such as Xenopus oocytes, have been employed as single cell
models to study for instance cavitation-induced cell poration and to corre-
late cell-bubble distance with pore size and cytoplasm leakage16,18. Recent
developments in the field of microfluidics have greatly benefited single cell
experimentation19, since microfluidic devices enable the isolation and trap-
ping of individual cells, e.g., with the help of dedicated micrometer-sized
structures. This capability not only enables to track the fate of individual
cells over a long period of time, but it also provides exquisite control on the
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cell-bubble distance20, a key-parameter in such cell-bubble interaction stud-
ies. Taking advantage of this capability and using an array of cell trapping
structures in a PDMS microchamber, Li et al.20 found that shorter cell-
bubble distances led to the creation of larger pores. More interestingly, the
presence of trapping structures was found to guide the microjet originating
from the cavitation bubble collapse towards the cell, enhancing thereby the
poration process.
Next to these mechanistic studies on cell membrane poration, other promis-

ing applications of this single cell-cavitation bubble combination include
single cell lysis before single cell analysis21, and assessment of the mechan-
ical properties of cells22 and of the rheological properties of their mem-
branes23. Cavitation-induced cell lysis is particularly advantageous from
a timescale point of view to get a precise snapshot on a cell’s content24.
Furthermore, upon collapse of the cavitation bubble, the entire cell con-
tent is focused again at the initial position of the cell25, which prevents any
loss of molecular information. When coupled to capillary electrophoresis
for on-line separation and analysis of the cellular content, this cell lysis pro-
tocol has brought valuable information on targeted intracellular signaling
pathways and the activity of specific kinases26,27. Cavitation-induced cell
lysis has also more recently been implemented in a microfluidic format25,
and later combined with capillary electrophoresis in a flow-through device
for high-throughput analysis of individual cells28. Cell mechanical proper-
ties have been probed using microbubbles and a so-called acoustic tweezer
cytometer22. Specifically, microbubbles attached to the membrane of an in-
dividual cell were manipulated by acoustic radiation force, and the resulting
cell response subsequently recorded using an array of PDMS posts on which
the cell is immobilized. In an alternative approach, red blood cells (RBCs)
were exposed in a microfluidic channel to a cavitation bubble created by
a laser pulse, and their deformability recorded using high-speed imaging23.
This approach, which was tested here on RBCs with or without chemi-
cal treatment to alter their membrane properties, shows great promises to
characterize the membrane properties of cancer cells which are known to be
stiffer than their healthy counterparts.

1.2.3 Cell populations: monolayermodels and suspension cells

Interactions between bubbles and cells can also be studied at the level of
a cell population, using either monolayers of adherent cells grown in con-
ventional culture dishes or cell suspensions. Cell monolayers are routinely
prepared on a multitude of commercially available dishware such as well-
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plates, Opticells or Petri dishes, or alternatively in microchannels for experi-
ments under flow conditions, which explains that this configuration is mostly
found in the literature for sonoporation studies29–33. Cell monolayers when
exposed to one jetting cavitation bubble for drug delivery have for instance
provided valuable information on the influence of the distance between the
bubble and the substrate on which cells are grown on the amount of cell
detachment, the efficiency of molecular delivery in cells, and the cell viabil-
ity31,34. Using the same monolayer model, enhanced gene transfection has
been reported more recently for human B-cell lines using plasmid-coated
microbubbles, which were activated by ultrasound35. Monolayers formed
from endothelial cells can act as artificial blood vessels, and implementing
them in a microchannel format allows studying flow-based delivery of mi-
crobubbles and recapitulating physiologically relevant cellular shear stress ,
as would occur in vivo36. Alternatively, cell population studies rely on the
use of suspension cells. A major limitation encountered in the latter case
is that suspension cells freely move with the bubble-induced flow in bulk,
which prevents controlled cell exposure to the bubble and from cell tracking
over time. This issue has been addressed by restricting the cell suspension
in a shallow microfluidic chamber37. Interestingly, in this confined setting,
the bubble-induced flow is mostly planar and was found to have greater
effect on cells, this effect being cell-bubble distance dependent. More re-
cently, Tandiono et al. applied the same approach to lyse populations of E.
coli and P. pastoris bacteria, confirming the potential of oscillating cavita-
tion bubbles for efficient, fast and contamination-free lysis of cells, without
creating any damage on biomolecules38.

However, these single cell and cell population models suffer from serious
limitations, not only with respect to the bubble dynamics, but also from
a biological point of view. First, the presence of a substrate, even if it
is acoustically transparent is known to strongly influence the dynamics of
the microbubbles39,40. Both the resonance frequency and the amplitude of
the oscillations shift depending on the substrate mechanical properties41.
So, while these models allow studying bubble-cell interactions in a highly
controlled manner and have succeeded in bringing insight into bubble-cell
interaction mechanisms, the microbubble response to the ultrasound field
under these in vitro conditions is not comparable to what would occur in
vivo. Next to this, single cells and cell monolayers are over-simplified cel-
lular models and are therefore physiologically not relevant. in vivo, cells
experience a 3D environment with 3D interactions with neighboring cells,
and they are embedded in an extracellular matrix (ECM). As a result, cells
cultured under isolated or 2D conditions exhibit alterations in their gene
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and protein expression profiles, as well as in their phenotype and shape.
This change in phenotype between 2D and 3D has been found to corre-
late with differences in the cell response to therapeutic treatments42, which
highlights the need to go 3D to for drug delivery and efficiency assays.

1.2.4 More complex cellular models: toward mimicking the in
vivo conditions

The scientific community is more in general aware of the limitations pre-
sented by monolayer models, and is more and more recognizing the physio-
logical relevance of complex models that reproduce more faithfully the 3D
architecture found in vivo. Three-dimensional cellular systems are in partic-
ular good models for avascular tumors which comprise a hypoxic or necrotic
core, and to study drug penetration and delivery in tumors43. Such 3D
cellular systems are therefore of utmost importance for microbubble-based
drug delivery, where therapeutic agents must penetrate into tumor tissues,
that consist of a combination of tumor cells, stromal cells and ECM44.
Furthermore, such in vitro sophisticated and 3D models appear as attrac-
tive alternatives to animal experimentation, which is extremely expensive,
requires dedicated facilities while requiring specific authorization. These
complex and 3D cellular models can be classified in three categories, which
are discussed in the following: artificial cellular aggregates combined with
or without ECM, excised tissues, and organ-on-a-chip platforms.
A first and fairly simple 3D model consists of a cellular aggregate, which

can be prepared from tumor cells only or from a combination of different
cell types (e.g., tumor cells and stromal cells). These cellular aggregates
or so-called spheroids can be produced using a variety of techniques such
as the hanging drop approach, or centrifugation-based techniques45, or al-
ternatively using microfabricated46 and microfluidic structures47 or even
ultrasonic standing waves48, to control the microtissue size and their size
distribution. To produce tissue models, cells can also be mixed with hydro-
gel, which serves as a surrogate for the ECM and as a ”carrier” for growth
factors, and which presents mechanical properties similar to native tissues.
Alternatively, excised tissues can be employed as 3D cellular models, and

this approach has actually already been used in combination with bubbles.
For instance, Hossein et al.49 and Chen et al.50 have tested the effect of
oscillating cavitation bubble in capillaries on excised rat tissues. While this
model is fairly easy to use and it exhibits the exact architecture of native
tissue, reproducibility becomes an issue, and in addition, such experiments
imply sacrificing animals. Chicken egg embryos, which include a vasculature
with pulsating flows and for which no authorization is required, have also
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been employed50,51. However, the latter model is complex to use from an
experimental point of view, and not really relevant in terms of the investi-
gated cell line.
The last class of in vitro complex models includes organ-on-a-chip plat-

forms52. Organ-on-a-chip models can be defined as hybrid models combin-
ing cells and microfabricated structures, aiming at reproducing the physical
architecture and cell interactions found in a specific organ. These models
are implemented in a microfluidic format, which provides high control on
the cell microenvironment, while being ideally suited for multiplexed and
automated experiments. Organ-on-a-chip platforms are attracting more and
more attention for drug screening and toxicity assays and as alternatives to
animal experimentation. In a recent review, van Duinen et al.53 mentioned
that 87 publications have been reporting organ-on-a-chip platforms since
2012. Of particular interest for microbubble-related studies are vessel-on-
a-chip54, tumor-on-a-chip55 and barrier models, such as the blood-brain-
barrier (BBB) on a chip56,57.
Microbubbles in vivo are delivered through the blood circulation, and the

first barrier they encounter and must cross and/or damage for targeted de-
livery of imaging or therapeutic agents is the endothelial barrier. A great
variety of models for blood vessels have been reported in the literature, since
the latter represent an essential element of in vitro engineered tissues for
proper and selective delivery of nutrients and oxygen. However, one partic-
ular approach to create in vitro models of blood vessels is worth mentioning
for microbubble-related medical applications, since it consists of embedding
a functional vascular network in a hydrogel ECM-like matrix, that can act
as the surrounding tissue58. This approach would allow not only the study
of the microbubble delivery under physiological flow conditions followed by
the rupture of the barrier upon bubble excitation, but also the visualization
of the actual release of drugs and the assessment of its penetration into the
tissue. For instance, Moya et al.59 reported the spontaneous formation of
a complex vasculature in a fibrin matrix. Alternatively, blood vessels were
created in channels which were pre-patterned in a collagen substrate and in
which endothelial cells were seeded to yield a functional vasculature60. In
this approach, the integrity of the vascular network is typically evaluated
using a leakage assay and fluorescent Dextran particles. Interestingly, the
same approach would allow the assessment of the opening of the endothelial
barrier through the release of fluorescent particles in the hydrogel substrate.
Furthermore, the continuous ECM-like phase around the vascular network
can easily be supplemented with tumor cells61 or tumor spheroids62 for
combined drug efficiency assays.
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A highly promising application of microbubbles concerns drug delivery to
the brain, which is protected by the so-called blood-brain barrier (BBB),
that consists of a densely packed structure formed from endothelial cells,
and pericytes and astrocytes on the other side. The BBB prevents the
passage of substances larger than small nutrients from the blood. This
selective permeability becomes an issue when therapeutic agents must be
delivered to the brain to treat diseases. Recent work63,64 has shown that
microbubbles upon ultrasound triggering, actually allow local and temporal
opening of this barrier. The mechanisms of BBB permeation are however
not entirely understood, calling about for relevant in vitro models to study
cell-microbubble interactions and monitor variations in the barrier perme-
ability. In that context, recently reported BBB models on chip, that can
reproduce the multilayer cellular structure of the BBB including flow on the
blood side are of prime interest56,57.
Interestingly, while these more sophisticated three-dimensional models of-

fer exciting possibilities for studying in vitro microbubble-based imaging and
drug delivery under in vivo-like conditions, their utilization in combination
with microbubbles and cavitation bubbles has been limited so far to ex-
cised tissues, for which only a few references are found. This trend could
be accounted for by the fact that these 3D models have recently gained in
popularity in the fields of biology and drug screening, where cellular mono-
layers are still predominant. Furthermore, the field of organ-on-a-chip is
still at its infancy, since this concept was introduced in the last decade.
However, since these complex and physiologically relevant models are be-
coming mature, as evidenced by the existence of commercially available so-
lutions/platforms65–67, they are likely to be adopted for microbubble-based
medical applications in the very near future .

1.2.5 Biofilms

A different class of applications of (micro)bubbles, related to the medi-
cal field, focuses on cleaning, and removal of bacterial contamination and
biofilms. Biofilms68,69, which consist of a complex 3D structure allying bac-
teria, substances secreted by the latter and exogenous proteins coming from
the host environment, are found for instance on implants and prostheses,
in the mouth in the form of dental plaque70 and in the root canals71, or
on medical devices. Through their mere impact on surfaces, bubbles which
are flown in the vicinity of a biofilm, have proven to efficiently remove bac-
terial contamination. Parini et al.70 showed that cleaning of 40-µm thick
Streptococcus mutans biofilms, used as models for dental plaque, depends
on the bubble streaming velocity, the bubble size and the gas fraction70.
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In more recent work, enhanced cleaning and deeper cleaning penetration
was demonstrated/achieved in a root canal model in which a Entorococcus
faecalis biofilm was grown for 7 days through ultrasonic agitation, when
exposing a microbubble suspension to ultrasonic agitation, most probably
through stronger microbubble oscillation72.

1.3 Microbubble types

1.3.1 Microbubbles

Stabilized bubbles

One of the first commercial contrast agents, Albunex® (Mallinckrodt Inc.,
Hazelwood, MO, USA) consisted of air microbubbles coated with a thin
stabilizing layer of cross-linked human serum albumin. Its development
stemmed from the observation that the relatively short-lived contrast en-
hancement that could be achieved with agitated saline could be extended
through the addition of a small amount of a patient′s blood73,74 While Al-
bunex microbubbles were stable in comparison to uncoated bubbles, they
were not yet able to provide a sufficiently long contrast enhancement in
vivo, and new agents containing higher-molecular-weight gases were conse-
quently developed. Optison™ (GE Healthcare Inc., Princeton, NJ, USA),
for example, contains perfluoropropane with a high molecular mass in or-
der to decrease the diffusivity of the gas across the bubble wall. All of the
clinical agents currently in use contain gases of this type, although Kwan
et al.75 have shown that even these heavy gases are actually replaced by
dissolved blood gasses within a few minutes so the improvement in stability
is relatively modest.
To improve convenience of administration, many of the second �genera-

tion� of contrast agents were packaged as freeze-dried powders that could
be stored and resuspended in saline as required, rather than being pre-
pared immediately prior to injection. Alternative means of administering
coated microbubbles were also developed; e.g. Echovist® and its succes-
sor, Levovist® (Schering AG, Berlin, Germany), consisted of suspensions of
galactose micro-crystals, which dissolved in the blood following injection,
releasing air microbubbles from defects on the crystal surfaces. Levovist
also contained palmitic acid to provide additional stability. Levovist mi-
crobubbles were found to be more echogenic than either Albunex, but con-
siderably less stable on account of the higher diffusivity of their surfactant
coatings. Hence, Levovist was soon superseded by agents containing bubbles
stabilized by phospholipid monolayers that provided a better compromise
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between longevity and echogenicity. These included SonoVue® (Bracco,
Geneva), Definity® (Bristol-Myers Squibb Medical Imaging Inc., USA) and
Sonazoid™ (GE Healthcare Inc., Princeton, NJ, USA). Even greater micro-
bubble stability can be afforded by the use of polymeric coatings (e.g. poly-
lactic(co)glygolic acids, polycaprolactone or cyanoacrylates)76–79. In select-
ing the optimum coating material, however, there is a tradeoff between sta-
bility and echogenicity and particularly non-linear behavior that is desirable
for contrast enhancement80,81.
The majority of microbubble agents, for both clinical and research use

are produced by conventional emulsification methods; most often a combi-
nation of sonication and physical agitation. These methods are efficient and
convenient but yield highly polydisperse microbubble size distributions82.
Alternative methods including microfluidics83 and electrospraying84 have
been investigated, but systems offering competitive production rates and/or
microbubble stability are still under development. Yamada et al.85 and Fes-
hitan et al.86 have demonstrated that improvements in the contrast to tissue
ratio can be achieved through filtering microbubble suspensions to match
their size distribution for a given imaging protocol. Segers et al.87 have also
recently demonstrated that microbubbles can be sorted according to their
acoustic properties similarly offering a significant improvement in imaging
performance.

Functionalized and drug-loadedmicrobubbles

Tissue specificity, e.g. for targeted imaging and therapy, requires function-
alization of the microbubble surface. Microbubbles coated with material
carrying a charge have been shown to locate preferentially to inflamed tis-
sue88, but a more effective method is to attach ligands to the bubble surface
that will bind to receptors on particular types of cell89. Examples include:
targeting to activated leucocytes by incorporating phosphatidylserine in
the microbubble coating90; angiogenic markers91; and attaching antibodies
to microbubbles targeted to receptors expressed during inflammation (e.g.
anti-P-selectin monoclonal antibody, anti- ICAM antibody, anti-VCAM an-
tibody)92,93. An alternative method for localizing microbubbles in vivo is
to load them with magnetic nanoparticles. This enables the microbubbles
to be guided into the target region using an externally applied magnetic
field94 either as an alternative to biochemical targeting, or as a means of
slowing the microbubbles down sufficiently to facilitate binding.
Surface functionalization can also be exploited for attaching therapeu-

tic components to microbubbles95,96. Recently developed loading strategies
include self-assembly methods for the production of liposome-loaded mi-
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crobubbles97. These offer considerable advantages in terms of simplicity
and the quantity of drug that can be attached to a single bubble although
it has been shown that the additional loading does modify the microbubble
dynamics98. Nevertheless, such bubbles have been shown to be highly ef-
fective in delivering cytotoxic drugs although the underlying mechanisms
still require significant investigation99. The same method combined with
specific binding strategies has also been used to load fluorescent dyes into
liposomes attached to phospholipid-coated microbubbles in order to study
their dynamic behavior98. Dye can also be inserted directly within the coat-
ing100. These formulations are most useful to investigate release and uptake
mechanisms upon ultrasound exposure.
If contrast enhancement is not the primary consideration, then polymer-

coated microbubbles can offer several advantages for drug encapsulation; in
particular the relative ease with which their size, shell thickness and drug
loading can be controlled101–104. Polymer coatings can also be readily func-
tionalized for molecular targeting105. The acoustic response of polymeric
microbubbles is typically very different from that of a phospholipid-coated
microbubble, with negligible volume oscillations followed by rupture of the
coating above a threshold acoustic pressure103,106. The dynamics of the re-
leased gas may be comparatively violent and hence the interactions between
polymeric bubbles and cells also requires detailed investigation.

Echogenic liposomes

Echogenic liposomes are an alternative type of acoustically active drug car-
rying particle. They are in fact very similar to microbubbles in terms of
their composition107 but consist of a multilamellar phospholipid structure
entrapping �pockets� of gas and which also offers the potential for encapsu-
lating both hydrophobic and aqueous material108. They have been shown
to offer improved stability compared to microbubbles109. Larger doses of
echogenic liposomes (i.e. particles per unit volume) are required to obtain
equivalent levels of contrast enhancement during imaging, on account of
their lower gas content per particle, but such high concentrations are well
treated physiologically110. Similarly, specific pulse regimes are required to
initiate drug release111.

Light absorbingmicrobubbles

A further recent development concerns laser-activated microbubbles. The
bubble coating can be loaded with light-absorbing particles112 or a low-
viscosity oil containing an absorbing dye (Cha. 8). Upon exposure to laser
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light, the heating and subsequent expansion of the coating sets the micro-
bubble into volume oscillation thereby generating similar acoustic and fluid
dynamical effects as ultrasound exposure. These bubbles have the potential
to be used for other imaging modalities such as photoacoustic imaging113.

1.3.2 Droplets as precursors

Another approach to producing microbubbles utilizes a stabilized emulsion
of volatile liquid droplets which vaporize to form microbubbles upon in-
jection into the body or subsequently upon exposure to ultrasound. The
fluids commonly chosen are octafluoropropane, decafluorobutane or dode-
cafluoropentane114 that have boiling points of -37◦C, -4◦C and 29◦C. These
boiling points are lower than normal body temperature, thus these fluids
become superheated in vivo. These perfluorinated liquids present a number
of advantages: first they have a tunable boiling point depending on the car-
bon chain length that falls precisely in the range that is relevant for medical
application. As for stable microbubbles, the droplets are surfactant-coated
to ensure a higher stability and a better shielding against the immune sys-
tem and to spontaneous vaporization. Second, these perfluorocarbons are
already in clinical use for a number of other applications (including ultra-
sound contrast agents). Third, this type of agent exhibits improved stability
both for storage and administration and, unlike microbubbles, the nanoscale
droplets have the potential to extravasate, e.g. through leaky tumor vascu-
lature, before they are vaporized. This facilitates imaging and/or treatment,
e.g. within a tumor mass114,115.

Whilst recent studies have advanced our understanding of the physics
of superheated droplets under ultrasound exposure116 extremely little is
known about their interaction with cells before, during and after vaporiza-
tion. Interestingly, the bubbles generated from superheated droplets ex-
hibit characteristics similar to those of phospholipid-coated bubbles. This
implies that the surfactant initially stabilizing the droplet can also stabilize
the bubble and support non-linear oscillations117. Perfluorocarbon droplets
also offer the potential to be used as multi-modality agents since they can
be activated using ultrasound114,116,117 but also using light when internally
loaded with plasmonic nanoparticles118, which leads to an increase in pho-
toacoustic contrast and the creation of a ultrasound microbubble contrast
agent simultaneously.
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1.3.3 Solid particles as microbubble nuclei

Notwithstanding the improvements in microbubble stability that can be
achieved through selection of appropriate materials and/or surface function-
alization, they still offer very limited circulation times. As discussed before,
superheated droplets offer a solution to this problem but another approach
is to utilize solid particles whose surface properties and morphology enable
them to act as nuclei for bubble formation.

Acoustically responsive particles

As described above, polymeric coatings can significantly enhance micro-
bubble stability, albeit at the cost of echogenicity. Nanoscale polymeric
particles can also be produced using standard emulsion and solvent evapo-
ration methods119 that either encapsulate a gas core120 or consist of a gas
entrapping porous matrix121. Such particles offer excellent stability even
under high-intensity ultrasound exposure, and have been shown to sustain
cavitation over significantly longer periods than microbubbles. Other sys-
tems have also been reported in the literature such as the hydrolyzing,
gas-generating nanoparticles by Kang et al.122 that are able to create bub-
bles over timescales of several minutes. To describe all of these systems,
however, would be beyond the scope of this review.

Light responsive particles

Just as a drug can be encapsulated within a polymeric particle, so too can
a dye make the particle light-absorbing. Upon light irradiation of sufficient
intensity, such particles can generate bubbles that radiate strong acoustic
emissions enabling them to be detected123. The majority of the research
on light-activated bubbles however has made use of plasmonic nanopar-
ticles such as gold nanospheres (AuNS) or nanorods (AuNR). More com-
plex nanoparticles such as gold-coated beads124 have also been investigated
for the generation of plasmonic bubbles. Plasmonic nanoparticles have a
unique light absorption cross section with respect to their size at the spe-
cific wavelength of the plasmon, which itself corresponds to the motion of
the electron cloud of the particle. AuNS and AuNR have been used for
some years in classical thermoelastic photoacoustics but their capacity for
transient microbubble generation has only recently been investigated. Al-
though these particles have been used in pre-clinical imaging and/or for
inducing hyperthermia, the question of their short and long term toxicity
remains unclear. Some investigation of the interaction between cells and
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optically generated bubbles has been reported by Ekaterina et al.125 but
further, more detailed studies are required.

1.4 Experimental methods

1.4.1 Excitation of the microbubbles

Optical excitation

The previous section has shown that microbubble dynamics may be both
excited and interrogated optically and/or acoustically. In terms of optical
excitation, current technology already offers pulsed and continuous wave
(CW) lasers that offer full control over wavelength, power and energy dis-
tribution in space and time. Therefore and despite the experimental hazards
associated with them, lasers are the most suitable light sources for study-
ing the interaction of optically activated or driven microbubbles and cells.
Medical guidelines already recognize their safe use below a threshold that
depends on the both the duration of the irradiation and the wavelength of
the light (20 mJ/cm2 at 532 nm and 60 mJ/cm2 at 1064 nm ). These ex-
posures are directly related to the energy deposited in tissues through light
absorption. A 1064 nm wavelength is located in the biological window126

and is thus less damaging to tissues. For experimental purposes, however,
a visible 532 nm laser is easier and safer in use. The absorption of many
known absorbers such as the plasmon resonance of gold nanospheres is also
located near 532 nm. The best choice for the wavelength will therefore also
depend on the stage of development of the considered agent. Practically,
if the bubble are equipped with the right fluorophores, the use of light can
have a direct impact on the bubbles; the bubble expansion occurs through
thermal effects112,127. Thus, heat rather than light is generating or driv-
ing the bubbles, which in turn generates or scatters the acoustic waves for
imaging purposes.

Thermal driving: A pre-existing gas microbubble will respond to optical
excitation due to thermal expansion112,128. This phenomenon has been
investigated using both pulsed112 and CW lasers128. The former have been
more commonly applied on account of their availability for photoacoustic
imaging.

Laser induced vaporization/cavitation: A much larger number of
studies have used laser exposure and the subsequent heat generation to
create vapor and/or gas bubbles. A focused laser beam of sufficient inten-
sity will produce plasma in water18,37 and light absorbing precursors, such
as described in the previous section, may be used to provide better spa-
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tiotemporal control of this process118,128. Alternatively, bubbles may be
produced through thermally induced vaporization of an injected, initially
liquid agent such as perfluorocarbon droplets129, typically at lower optical
intensities128. In most cases, the laser is directly coupled through an ob-
servation microscope using a dichroic filter112,123,130, allowing for an exact
spatial localization of the beam and for a selective excitation of the agents
in the sample.

Acoustic excitation

Acoustic field: Whilst the experimental hazards are usually less signifi-
cant, accurate spatiotemporal control of an acoustic field may be consid-
erably more challenging than its optical counterpart. The elimination of
unwanted reflections from boundaries within the system to avoid disrupting
the sound field incident upon the microbubbles is particularly problematic.
In the most extreme cases where long pulses are used in combination with
an objective lens for example, it becomes a challenge to inhibit the creation
of standing waves that were shown to significantly influence the outcome of
a sonoporation experiment131. In some cases, the transducer is positioned
perpendicularly to the cell support and the occurrence of multiple reflec-
tions and ultimately standing wave is unavoidable132. Hensel et al.133 have
also demonstrated that the position of the transducer with respect to the
sample holders could greatly influence the acoustic field. They concluded
on the necessity to use acoustically transparent materials, e.g. a polymer
presenting an acoustic impedance close to that of water. In the same line,
Cochran et al.32 observed that much lower transfection efficiencies were
achieved when microbubbles are pushed away from cells by the acoustic
wave rather than pushed towards the cells. This simple observation holds
for any choice of cell model and is inherent to in vivo studies. Taking these
effects into consideration, the optimal control over the acoustic field will
be achieved when using a focused ultrasound transducer inserted under an
angle that allows for the reflected waves to escape the region of interest.
The unknown acoustic field remains in any case an experimental difficulty
to consider.

Acoustic parameters: Numerous studies have reported that the choice
of the acoustic parameters is crucial in achieving cell poration134,135. When
performing a bubble-cell interaction experiment, one can vary the acoustic
pressure, the frequency, the number of cycles per bursts, the pulse repeti-
tion rate, the total duration of the experiment, and each of these parameters
will affect the outcome of the experiment. Some investigators have chosen
to limit the investigation to the assessment of the influence of a single pa-
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rameter, usually the acoustic pressure, using short bursts30,136in order to
learn about the precise dynamic phenomena at hand. Others have chosen
to maximize the uptake using repeated burst of a few thousand cycles135 to
define the setting that may give the best results in vivo. In addition, the
variation in the response of a range of microbubbles and microbubble pre-
cursors presented in the previous section, at the very same acoustic setting
will be entirely different79. In order to provide an overview of the state of
the art, we categorize the acoustic parameters in terms of their effect upon
the bubble dynamics, leading to three main categories.
First, ”stable” or non-inertial cavitation is observed when microbubbles

are driven at relatively low acoustic pressures and undergo repetitive vol-
umetric oscillations that are only weakly non-linear. In this regime the
acoustic emissions from the microbubble will contain some harmonic and
potentially also sub and ultra harmonic components. This regime has been
shown to induce sonoporation136 usually with relatively low transfection
efficiency but with a high cell viability134,135.
At higher acoustic pressures, inertial cavitation is observed, characterized

by a much more chaotic microbubble behavior. The term ”inertial” derives
from the analysis by Flynn137 and relates the fact that the compression
phase of the microbubbles is driven by the inertia of the surrounding liquid
rather than the variation in pressure. In this regime, the bubble usually be-
comes non-spherical upon collapse, which may lead to micro-jetting20. The
corresponding acoustic emissions are broadband by nature138. Vaporization
of liquid precursors of bubble also falls in this category117. This regime is
the most reported in the study of bubble-cells interactions, for example:
Smith et al. reported sonoporation resulting from cavitation of echogenic
liposomes111, Zhou et al. used inertial cavitation to porate oocyte cells18,
and Zhao et al. used cavitation to provoke cell apoptosis11. Ohl et al., us-
ing larger bubbles, observed two regimes of viable porated cell and detached
dead cells34.
In addition to the dynamics of the microbubbles themselves, there are a

number of second order phenomena, induced by the bubbles over a timescale
longer than their own oscillations that are likely to play a significant role
in microbubble-cell interactions. Most prominent amongst these effects are
microstreaming and radiation forces. Streaming induced by microbubbles
under ultrasound irradiation is of interest for the local stress that it gener-
ates. Oh et al. used microbubble generated streaming on tissue mimicking
samples in order to increase the perfusion distance139. The same effect is
investigated to improve the efficiency of clot dissolving drugs. Others show
interest in the effects of the streaming induced by contrast agents in vitro
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vessel140. Finally, streaming is also suspected to be an important mecha-
nism for the delivery of drugs loaded on microbubbles100. Then, acoustic
radiation force on microbubbles arises from the phase difference between
the microbubble volumetric oscillations and the acoustic wave. It is an
important method for the manipulation of single bubbles as well as an of-
ten undesired effect in vitro. Radiation force was used for the study of
the mechanical properties of cell, e.g. the resistance to shear22 or for the
noninvasive manipulation of stem cells-bubbles clusters in vitro in order to
increase their attachment to the vessel wall at the desired location141.

1.4.2 Optical imaging

Real-time fluorescence imaging

In order to evaluate the effect of microbubbles and ultrasound on drug
uptake by cells, fluorescent molecules are the ideal model drugs as they
have the same size and biochemistry. Their use is extensively reported
in the literature. Analysis of fluorescent molecular uptake is performed
by fluorescence microscopy. The most widely used are propidium iodide
(PI)22,142–144, calcein145–147, SYTOX-Orange148 and SYTOX-Green149,150.
These dyes are cell-impermeable molecules. Hence, they act as markers for
disruption of the membrane integrity. Larger molecules, e.g. fluorescent
dextrans145,151–153, are used to determine the pore size and to investigate
the role of endocytosis.
Fluorescent dye are also used to visualize specific cell features. Here

again, a large range of dyes is known and reported. Amongst them, calcein-
AM22,136 are Calcein-Blue-AM148 are used for staining live cells specifically
and PI or SYTOX-Red148 are used as dead cell markers when injected after
ultrasound exposure and recovery time. Phalloidin-FITC (F-actin marker)
and DNase I 594 (G-actin marker) were also used to assess cell structures
during their interaction with oscillating microbubbles148.
As an alternative for the small cell-impermeable fluorescent dyes, the in-

flux of calcium can be measured. Ions can flow non-selectively through pores
created by ultrasound-induced microbubble oscillations, hence an increase
in intracellular calcium indicates pore formation. This influx of calcium can
be detected by using fluorescent probes that bind to intracellular calcium,
such as Fluo-4AM146,152,154 and Fura-2AM132,144,155.
Fluorescent dyes are almost systematically used in literature, and nearly

all the studies reported here make used of several of these dyes. They are a
unique tool to visualize the processes occurring in, on and around the cell.
These influx occur on a few second timescales30 and can therefore be readily
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imagined by real time fluorescence microscopy.

High-speed fluorescence imaging

Fluorescence imaging can also be performed at higher frame-rates. Luan et
al.100 were able to observe the release of drug from fluorescently labeled mi-
crobubbles at up to 150 thousand frames per second, allowing for resolving
the effects of the microbubble-induced streaming. High-speed fluorescence
imaging is thus beneficial for applications involving second order effects
such as streaming or radiation force. High-speed fluorescence imaging can
hardly be used on cells directly, however, as the compatible stainings have
a significantly lower intensity.

Confocal imaging

On the same timescales and with the same general motivations, confocal flu-
orescence microscopy is used to visualize the cells structures, bubble coatings
and influx subsequent to ultrasound exposures135. Using the high resolu-
tion capability of confocal microscopy, Hu et al. could visualize the dynamic
recession or expansion of single pores in sonoporated cells156 in order to un-
derstand the mechanisms by which a cell can self-heal. Chen et al. also
showed how confocal microscopy could be used to image disruptions in the
actin cytoskeleton of the cells as a result of their interaction with microbub-
bles148. In contrast to fluorescence microscopy, confocal microscopy can
also be performed in 3D. This complete spatial information on the cell al-
lows for the assessment of volume information in both the endothelium and
the cell nucleus157 or to observe the 3D organization of the cell. Confocal
microscopy can display very thin layers (typically a few hundreds of nanome-
ters) and can thus be used to visualize single planes in so-called stacks 3D
structures158. This last aspect is expected to become increasingly impor-
tant with the development of complex 3D cell models. Finally, confocal
imaging of barrier models cells can provide information on bubble-induced
gaps within tight-junctions, e.g. the blood brain barrier by monitoring the
location of proteins such as ZO-1159. In summary, fluorescence imaging is a
powerful tool to image dynamic cell responses and molecular diffusion pro-
cesses and benefits from a higher light intensity, while confocal fluorescence
imaging gives access to remarkable details of the cell structure, and is less
suited for the investigation of fast processes.
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High-speed bright-field imaging

high-speed, bright field microscopy allows for the study of microbubble-cell
interactions on the timescale of the ultrasound cycle or faster. In particular,
the Brandaris 128 ultra-high-speed camera was designed 15 years ago as a
unique tool to record at up to 25 million frames per second160 and has been
widely used to study microbubble related problems. The ability to record
at sufficiently high rates to resolve the ultrasound contrast microbubbles
oscillation has facilitated invaluable insights into their behavior161. More
recently, recordings made with the Brandaris camera have also revealed that
bubble oscillations can result in the pulling and pushing of the cell mem-
brane143,162. More violent bubble behavior such as microjetting towards
the cell, can also occur and be recorded by such a system, as observed by
Prentice et al.163. Ultra high-speed imaging is also the only existing method
that allows for relating the details of the microbubbles oscillation dynamics
with the impact on cell143 or the microbubble behavior to the release of
drugs loaded on their surface100. This represents a critical aspect of the
investigation of bubble-cells interactions. Other microbubbles such as plas-
monic nano-bubbles have a very short lifetime (a fraction of microsecond)
and therefore can be directly characterized only at such high frame rates.
Other methods based on light scattering for example can detect bubble but
characterize them130.
Most commercial high-speed cameras cannot record faster than a few

hundred thousand frames per second. This is insufficient to resolve mi-
crobubbles oscillations, but can prove useful to learn on the events on the
timescale of the ultrasound bursts such as the effect of microbubble cavita-
tion on capillary blood vessel excised from rats49,50. These camera systems
were also used to study the impact of larger bubbles, thus obeying to a
slower dynamics on a collection of cells31.
High-speed bright-field imaging can however not bring structural infor-

mation on the cells at these times scale, which limits its relevance mostly to
the observation and quantification of the bubble behavior itself and thus re-
quire the simultaneous use of complementary techniques in order to extract
information on the cells.

1.4.3 Other forms of microscopy

Other forms of microscopy have also been used to examine cells such as scan-
ning electron microscopy (SEM)18, transmission electron microscopy (TEM)
and atomic force microscopy (AFM). Using these techniques, the direct ef-
fects of microbubble cavitation on cell morphology and topography can be
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studied. Cell size has been shown to decrease after ultrasound radiation151

and smoother and flatter cell surfaces have also been observed164. Moreover,
clear perforations in the cell membrane could be imaged102,142,151,163. The
size of these pores has been estimated to be several hundred nanometres up
to a few micrometres. These techniques, however, have to be applied after
the actual experiment in which the bubble-cell interaction occurs. Therefore
small pores can have already resealed by the time the sample preparation
is completed, and the sample preparation itself can also cause artifacts in
the image. In addition, these microscopy techniques give great details on
the cell itself, but little on the mechanism by which the observed effects are
caused.

1.4.4 Sensing

Aside from imaging methods, other sensing techniques can be used to probe
the nature of bubble-cell interaction and their consequences. The main
sensing methods that have been applied to date are electrical measurements
and ultrasound recordings.

Electrical methods

Transepithelial electrical resistance (TEER) Bubbles have proven to
be an attractive active mean to pass foreign substances, such as drugs,
across physiological barriers like the BBB. The permeation of barrier mod-
els following their exposure to bubbles can first be assessed by evaluating the
integrity of the barrier. A conventional approach to this end consists in mea-
suring the transepithelial electrical resistance (TEER) of the barrier model,
which corresponds to the electrical resistance of the cell monolayer grown
on a porous substrate/ membrane (Transwell inserts, typically). Two main
approaches are reported to determine TEER values: the first one directly
assesses the electrical resistance of the cell monolayers. This is the principle
employed by the commercially available systems for TEER measurement
(EVOM, World Precision Instruments, Sarasota, FL). The second method
is based on impedance spectroscopy, which also provides information on
the electrical capacitance of the cell monolayer. When the cell monolayer
reaches confluency, cells establish tight junctions with each other, and the
monolayer is characterized by a high TEER value. On the contrary, the
creation of gaps between cells after bubble actuation for instance, is ac-
companied by a decrease in the resistance of the monolayer. Interestingly,
the TEER can be monitored continuously and in a non-invasive manner,
yielding real-time information on the barrier characteristics.
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Trans-membrane current (TMC) Transmembrane current (TMC) is
a sensing technique that measures the electrical intensity passing across the
membrane of a single cell. The technique involves a pair of electrodes, one
being placed within the cell and one outside the cell. This technique give
real-time information on the porosity of the cell as the intensity is then
carried by the ions. TMC can be directly correlated to the cell pore size18.

Ultrasound sensing

Ultrasound was largely discussed above as an excitation method. Ultra-
sound detection is also one of the main sensing methods and is very often
used for the detection of broadband cavitation noise138 as a measure for the
energy release by the bubbles in the vicinity of the cells. Although ultra-
sound sensing is generally performed with single element transducer, it can
also be performed with commercial ultrasound systems in order to obtain,
in addition, the spatial information of the occurring events165. Ultrasound
is also a crucial sensing method to quantify the response of a photoacoustic
agent118 or obtain direct information on the physical mechanisms underly-
ing the cavitation events123.

1.4.5 Flow cytometry: high-throughput technique

A common limitation of the techniques presented above is their limited
throughput. Flow cytometry on the other hand can provide statistical in-
formation on a large number14,166 of cells, simultaneously. It also makes
use of the dyes added for the fluorescence imaging. Flow cytometry however
suffers some of the same limitations as SEM, TEM or AFM: it provides a
snapshot of the cell condition after the experiment, requires a sample prepa-
ration step than may alter the cells and its results are difficult to directly
correlate to the local microscopy observations.
Similar methods exist that make use of non-fluorescent dyes for life and

death examination of a cell population. Trypan Blue is most often used for
this purpose166,167.

1.5 Summary and outlook

There is a growing scientific literature demonstrating the unique potential
of microbubbles for targeted therapeutic delivery. A much more complete
understanding of the mechanisms underlying microbubble-cell interactions
is required however for this potential to be translated into clinical benefit.
Gaining this understanding represents a significant challenge on account of
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the complexity of the interactions and the range of timescales and length
scales involved and consequently the range of different techniques required
to study them. A further challenge is posed by the substantial differences
between conventional in vitro models and the clinically relevant tissue en-
vironment.
The development of ultra high-speed imaging systems has offered un-

paralleled insights into microbubble dynamics, including the release and
transport of model drugs and physical interactions with biological struc-
tures. Similarly, real-time fluorescence microscopy techniques combined
with novel molecular probes have enabled membrane dynamics and sub-
cellular processes to be studied, revealing hitherto unsuspected mechanisms
of interaction and with significant implications for both treatment efficacy
and safety. Technology in both of these areas continues to advance rapidly
and will undoubtedly facilitate further, deeper understanding in the near
future. Recent examples include the use of ultra high-speed fluorescence
microscopy for revealing the details of drug transport and uptake around
oscillating microbubbles and of live confocal microscopy to observe the dy-
namics of individual cell membranes following cavitation events168. Minia-
turization of ultrasound devices and improved control over microbubble and
microbubble precursor fabrication will similarly enable the design of more
versatile experimental systems to investigate these phenomena.
Each of the aforementioned techniques has the ability to elucidate specific

aspects of microbubble-cell interactions and an equally important aspect of
future experimental work will be the ability to integrate these methods in
order to directly relate and correlate the different types of information. This
in combination with the newly developed cell models will greatly increase the
relevance of in vitro research to the interaction of bubbles with tissue in vivo.
Similarly, advances in endoscopy and intravital microscopy will ultimately
enable these studies to bridge to in vivo models so that microbubble-cell
interactions can be studied in situ.
Understanding of the underlying mechanisms will translate into the de-

sign of more effective delivery agents, treatment protocols and monitoring
strategies and ultimately the realization of microbubble-mediated therapy
as a powerful new clinical approach.
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2
Lipid Shedding from Single Oscillating

Microbubbles

Lipid-coated microbubbles are used clinically as contrast agents for ultra-
sound imaging and are being developed for a variety of therapeutic appli-
cations. The lipid encapsulation and shedding of the lipids by acoustic
driving of the microbubble has a crucial role in microbubble stability and
in ultrasound-triggered drug delivery; however, little is known about the dy-
namics of lipid shedding under ultrasound excitation. Here we describe a
study that optically characterized the lipid shedding behavior of individual
microbubbles on a time scale of nanoseconds to microseconds. A single
ultrasound burst of 20 to 1000 cycles, with a frequency of 1 MHz and an
acoustic pressure varying from 50 to 425 kPa, was applied. In the first step,
high-speed fluorescence imaging was performed at 150,000 frames per second
to capture the instantaneous dynamics of lipid shedding. Lipid detachment
was observed within the first few cycles of ultrasound. Subsequently, the
detached lipids were transported by the surrounding flow field, either parallel
to the focal plane (in-plane shedding) or in a trajectory perpendicular to the
focal plane (out-of-plane shedding). In the second step, the onset of lipid
shedding was studied as a function of the acoustic driving parameters, for
example, pressure, number of cycles, bubble size and oscillation amplitude.
The latter was recorded with an ultrafast framing camera running at 10
million frames per second. A threshold for lipid shedding under ultrasound
excitation was found for a relative bubble oscillation amplitude >30%. Lipid
shedding was found to be reproducible, indicating that the shedding event can
be controlled.

1published as: Y. Luan, G. Lajoinie, E. Gelderblom, I. Skachkov, A. F.W. van der
Steen, H, J. Vos, M, Versluis, N, De Jong, Lipid Shedding from Single Oscillating Microbub-
bles Ultrasound in Medicine & Biology (2014), doi: 10.1016/j.ultrasmedbio.2014.02.031.
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2.1 Introduction

Lipid-shelled microbubbles are used clinically as contrast agents for ultra-
sound imaging and are currently being developed for a variety of therapeu-
tic applications, such as gene and drug delivery169–171, thrombolysis172,173
and metabolic gas transport174. A typical lipid-coated microbubble has a
gaseous core that is encapsulated by a thin phospholipid shell. The shell was
reported to play a key role in clinical applications of ultrasound-mediated
diagnosis and therapies175,176. First and foremost, the lipid shell can main-
tain the stability of the microbubble by imparting low surface tension, high
mechanical stability and low gas permeability177. Aided by the use of a low-
solubility gas, such as perfluorobutane (C4F10), the dissolution of the coated
microbubble in the bloodstream takes a few minutes, which is several or-
ders of magnitude longer than for an uncoated air-filled microbubble (<0.01
s)178,179. For applications such as ultrasound contrast imaging, a stable
microbubble with optimal scattering characteristics is critical for achieving
prolonged image contrast180). Second, microbubbles can be preloaded with
drug molecules or drug-carrying vesicles either within or attached to the
lipid shell. Under ultrasound excitation, the shedding of the lipids can be
used to deliver the molecules or attached vesicles170,171. In such applica-
tions, control of the release from the microbubble surface into the target
area is essential.
Recently there has been wide interest in gaining knowledge regarding lipid

shedding behavior under exposure to ultrasound181–183. Lipid shedding
and the accompanying microbubble dissolution were observed by Borden
et al.181 for microbubbles exposed to a series of one-cycle pulses with the
peak negative pressure ranging from 400 to 800 kPa. They proposed that
the surface area reduction caused by gas diffusion from the microbubble
could lead to the expulsion of excessive shell materials. Later, Thomas et
al.184 investigated the dissolution of single microbubbles as a function of the
bubble radial oscillation based on ultra-high-speed imaging. The amount of
microbubble dissolution was claimed to be associated with the amount of ex-
pelled lipid materials. Furthermore, O’Brien et al.183 ascribed the shedding
of lipids to the oversaturation of lipid particles on the microbubble surface.
From their theoretical model they predicted that an instantaneous reduc-
tion (i.e., on ultrasonic compression) of the surface area of 41% is required
to trigger lipid shedding from phospholipid-coated microbubbles. Moreover,
a recent experimental study182,185 suggested that lipid shell collapse might
be accompanied by the generation of submicron bubble fragments, leading
to rapid shrinkage of the microbubble. All of these studies were limited by
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2. LIPID SHEDDING

the following factors. First, either the time resolution (hundreds of millisec-
onds in Borden et al.181) or the recording time (10 µs in Thomas et al.184)
of the imaging systems was not sufficient to resolve the details of lipid shed-
ding dynamics. Second, microbubble dissolution was used as a measure of
shedding. The dissolution was an indirect measure from an increased sur-
face tension through the decreased concentration of lipids on the bubble
shell. Therefore, it is not necessarily applicable to directly study the phys-
ical mechanisms underlying lipid shedding behavior. Moreover, there was
no consensus from the previous work on the exact loss mechanisms of the
shell material under ultrasound excitation. This is especially true for those
mechanisms that are directly coupled to microbubble oscillation dynamics.
The objective of this work was to optically characterize, on time scales

ranging from hundreds of nanoseconds to a millisecond, the lipid shedding
behavior of individual microbubbles exposed to a single burst of ultrasound.
First, high-speed fluorescence imaging at 150,000 frames per second (fps)
was used. Both acoustic pressure and pulse length were varied in a paramet-
ric study. Second, lipid shedding was investigated as a function of micro-
bubble oscillation amplitude by combining a comparatively low-frame-rate
fluorescence recording (at 1000 fps) with an ultra-high-speed camera run-
ning at 10,000,000 fps in bright-field mode. This enabled us to relate the
occurrence of a shedding event to the microbubble oscillation amplitude,
with the potential to test the model proposed by O’Brien et al.183.

2.2 Materials and Methods

2.2.1 Microbubble formulation

Microbubbles were prepared by mixing 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) (Lipoid, Ludwigshafen, Germany) and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-(PDP (polyethylene glycol)-2000)
(DSPE-PEG-SPDP) for functionalized bubbles or 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-methoxy (polyethylene glycol)-2000 (DSPE-PEG)
(both Avanti polar lipids, Alabaster, AL, USA) for non-functionalized bub-
bles in a molar ratio of 65:35 in chloroform. For fluorescence labeling
of the microbubble membrane, the lipophilic dye 1,1′-dioctadecyl-3,3,3′3′-
tetramethylindocarbocyanine perchlorate (DiI) (Sigma-Aldrich, Bornem, Bel-
gium) was added to the lipid mixture. After chloroform evaporation, the
lipid film was dissolved in a 1:2:7 glycerine-propylene glycol-H2O mixture to
obtain a clear solution with a final lipid concentration of 4.10−4 mmol/mL.
This lipid solution was aliquoted into 2.5-mL chromatography vials in which
the headspace was filled with perfluorobutane gas (C4F10, F2 Chemicals,
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Preston, UK). Finally, DiI-labeled microbubbles were obtained by high-
speed shaking of the chromatography vial in a Capmix device (3 M-ESPE,
Diegem, Belgium) for 15 s.

2.2.2 Experimental setup

Experiment A: shedding dynamics

In Fig. 2.1a is the experimental setup. It contains a sample holder, fluores-
cence excitation setup and optical recording system.

a b

Laser

Brandaris 128

dichroic

mirrorCW laser

AOM

80/20

beam splitter

US transducer

opticell with bubbles

Photron

SA1.1

CCD

camera

Photron

1 kfps

Ultrasound

1 MHz

Laser

Brandaris

10 Mfps

t = 0 ms 120 ms

2 ms

0 μs 1.8 μs 2.0 μs 2.5 μs 3.2 μs

before US after US

Figure 2.1: a. Experimental setup for experiments comprise a combination of 2
high-speed camera, a laser, an AOM and an US emit transducer. b. and timing
diagram for experiment. AOM = acousto-optic modulator, US = ultrasound.

For the sample holder, the Opticell unit (Nunc, Thermo Fisher Scientific,
Wiesbaden, Germany) containing the microbubbles diluted with phosphate-
buffered saline solution (Invitrogen, Bleiswijk, The Netherlands) was placed
in a water bath (T ≈ 22◦C) connected to a 3-D micropositioning stage.
A focused, single-element transducer (C302, Panametrics, Waltham, MA,
USA) with a center frequency of 1 MHz was fixed on the side of the water
tank. For each microbubble that was floating against the Opticell chamber,
a single burst with a pulse length of 50, 100 or 500 cycles at an acoustic
pressure varying from 85 to 425 kPa was applied. See Table 2.1 for an
overview of the acoustic settings used. Acoustic pressures were calibrated
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2. LIPID SHEDDING

in a separate setup with a needle hydrophone (0.2-mm polyvinylidene fluo-
ride (PVDF), Precision Acoustics, Dorchester, UK) before the experiment.
For each acoustic setting, a minimum of 5 individual microbubbles were
examined, and 80 microbubbles in total were investigated in this set of
experiments.

Table 2.1: Table 1. Acoustic settings for experiments A and B

Experiment A ExperimentB
Pressure (kPa) 85 170 255 340 425 50 85 170 255Number of
Cycles

20 X
50 X X X X X X
100 X X X X X X X X X
500 X X X X X
1000 X

For the optical recording system, an upright fluorescence microscope equipped
with a 40x water immersion objective (numerical aperture [NA] = 0.8;
Olympus, Zoeterwoude, The Netherlands) was focused on the microbubble
sample. A 5-W continuous wave laser (λ = 532 nm; Cohlibri, Lightline,
Osnaburg, Germany) was employed for fluorescence excitation of the fluo-
rescent label DiI. The laser light was gated using an acousto-optic modula-
tor (AOTF.nC-VIS, AA Optoelectronic, Orsay, France) to generate a single
pulse with a duration of 2 ms. For positioning of the microbubble during the
experiment, simultaneous bright-field illumination was used (KL1500LCD,
Schott, Mainz, Germany). High-speed fluorescence recordings were acquired
with a CMOS-based high-speed camera (SA-1.1, Photron, West Wycombe,
UK), operating at 150,000 fps.

Experiment B: Bubble dynamics and release

The ultra-fast framing Brandaris 128 camera160,161 was combined with the
Photron camera to study the occurrence of shedding versus the amplitude
of microbubble oscillations (Fig. 2.1b). To enable this combination, the
optical beam from the objective was split into two pathways by an 80%/20%
beam splitter. One light path (80%) was captured by the Brandaris camera
operated at a frame rate of 10,000,000 fps and recording 128 frames. The
other light path (20%) was projected into the Photron high-speed camera
running at 1000 fps.
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Seventy microbubbles were investigated in this set of experiments. The
ultrasound burst consists of 20, 50, 100 and 1000 cycles at 170 kPa and
100 cycles at 50, 85, 170 and 255 kPa (Table 2.1). The Brandaris camera
was synchronized to record the microbubble oscillations with the arrival of
the acoustic wave. To track the release of fluorescent materials, the Photron
camera was programmed to capture a fluorescence image of the microbubble
before and after the ultrasound excitation, respectively, with an exposure
time of 1 ms. Details of the timing diagram of a single recording are given
in Fig. 2.1c.

2.3 Results

2.3.1 Data processing

Fig. 2.2 is a cartoon of the lipid shedding events. Three types of lipid motion
were observed. The first type is the movement of lipid shell materials across
the microbubble surface, but without observable lipid shedding. It appears
as the generation of fluorescently labeled lipid clusters (budding) or the
rotational and vortical motion (rearrangement) of these lipid clusters while
maintaining attachment to the shell. The second type is observed when lipid
shell materials are detached from the bubble surface and are transported
either within (or parallel to) the focal plane (in-plane shedding). The third
type is observed when the detached particles are transported perpendicular
to the focal plane, which leads to the spread of an out-of-focus fluorescence
halo (out-of-plane shedding), captured from the top view.

Out-of-plane shedding

No shedding

insonation

d
e

In-plane shedding d
T

R
0

Transport

Transport

R-t curve

2ΔR

   
         1 MHz 

   100-500 kPa

50 - 1000 cycles

Figure 2.2: Schematic view of the motion of the lipid shell under insonation.
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2. LIPID SHEDDING

In experiment A, in-plane shedding and out-of-plane shedding (see the
detailed illustration in later sections) were quantified in two different ways.
In the case of in-plane shedding, the maximum distance between the de-
tached vesicles and the microbubble surface is defined as the transport dis-
tance, dT . For each shedding event, the transport distance of the vesicles
was measured in each frame for the entire duration of ultrasound expo-
sure using a semi-automated tracking routine programmed in MATLAB
(The Mathworks, Natick, MA, USA). The maximum value was chosen as
dT . For out-of-plane shedding, only the optical projection of the detached
lipids moving perpendicular to the focal plane could be recorded, resulting
in an out-of-focus halo with a uniform intensity distribution surrounding
the microbubble186. According to Olsen and Adrian187, the diameter of
the image, di, of the fluorescent vesicle located at distance z from the focal
plane can be evaluated with

di (z) =

(
M2d2p + 5.95 (M + 1)2 λ2f#2 +

M2z2D2
a

(s0 + z)2

) 1
2

, (2.1)

where M = 40 is the magnification, dp (here 2.10−7 m) is the vesicle diam-
eter, λ = 532 nm is the wavelength of the fluorescent light emitted by the
vesicle, f# = 2NA = 1.6 is the focal number, Da = 5.10−3 m is the lens
aperture diameter and s0 = 3.3.10−3 m is the working distance of the lens.
Correspondingly, di is the image size of a virtual object (the observed halo
with a diameter of dh) in the focal plane that obeys the relation

di (z = 0) =
(
M2d2h + 5.95 (M + 1)2 λ2f#2

) 1
2
. (2.2)

Because so > z, the combination of eqns. 2.1 and 2.2 leads to

z =

√
s20
(
d2h − d2p

)
D2

a

. (2.3)

Thus, for a given dh, the estimated transport distance of the shed vesicles
(de = z −R0, where R0 is the initial microbubble radius) could be derived.
From each frame of the recording, dh was measured by first stretching the
image intensity histogram to obtain maximum contrast. Fifty evenly dis-
tributed lines in polar coordinates (where the center of the microbubble was
defined as the origin) then gave the radial intensity profiles of the bubble,
as was previously described by Gelderblom30. The average intensity profile
over all lines was taken to determine the −9dB threshold for sizing the fluo-
rescence halo. In experiment B, the raw data obtained by the two cameras
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(Photron and Brandaris) were analyzed separately. First, from the Photron
camera, de was obtained by analyzing the subtracted image of the recording
made before the ultrasound exposure from the one obtained afterward. The
same algorithm as described above was applied. Second, from the Bran-
daris recording of the microbubble oscillations, the radius-time (R-t) curve
was obtained using a custom-designed image analysis software based on an
edge-tracking minimum cost algorithm188. R0 was obtained by averaging
the measured R values during the 0.5 µs before the arrival of ultrasound.
The maximum amplitude of oscillation (∆R) was evaluated in the sustained
oscillation regime: The transient effects were graphically suppressed by mul-
tiplying a Hanning window to the signal.

2.3.2 Experiment A: Shedding dynamics

Budding and lipids rearrangement

Under ultrasound excitation, we observed movement of the lipids incorpo-
rated within the microbubble shell without any noticeable occurrence of
shedding. Most common were the formation of lipid clusters (budding) and
random movement of lipid clusters around the shell (rearrangement). Bud-
ding and rearrangement could be seen on the same microbubble and were
not observed to be related to lipid shedding behavior.
Budding is the generation of one or multiple micron-sized fluorescent buds

around the microbubble shell. These fluorescent buds can remain attached
or they can be subsequently detached from the microbubble surface during
insonation. Fig. 2.3 illustrates a typical example, in which the fluorescent
buds start to form 20 µs after start of the ultrasound exposure at θ = 58◦ of
the bubble circumference in the focal plane (the center of the microbubble
is defined as the origin, with θ = 0◦ at the 3 o′clock position). The budding
behavior of lipid-coated microbubbles was considered to play a key role in
their stability75,181. It was explained as the accumulation of collapsed lipid
strands and globular aggregates resulting from bending, folding or buckling
of the bubble shell. The rapid aggregation of microscopic folds can locally
relieve the stress sustained within the lipid monolayer75.
The fluorescent buds generated on the microbubble shell exhibited dis-

placement and rotational motion on the 2-D projected surface of the micro-
bubble. Fig. 2.3 depicts a typical rearrangement behavior during a long
ultrasound exposure (500 µs). A bud formed at 153◦ of the circumference
is subsequently transported to 130◦. This rearrangement of lipid buds has
not been reported before in the literature. Remarkably, the velocity of the
rotational lipid motion is between 0.01 and 0.1 m/s, which is the same order
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2. LIPID SHEDDING

Figure 2.3: Budding behavior of a microbubble (255 kPa, 100 cycles). The image
at 0 µs indicates the moment before ultrasound was turned on. The scale bar
represents 5 µm

of magnitude as the velocity field of the acoustic microstreaming around an
oscillating microbubble189–192. There are two possible explanations for this
phenomenon: First, small vortical flow structures may be generated close to
the microbubble shell193; this can be related to a seemingly random motion
of lipid vesicles relative to the microbubble surface. Second, a microbubble
can exhibit circular orbiting motions under ultrasound excitation192; this
orbiting motion may lead to the rotational motion of the attached vesicles
relative to the observer.

Figure 2.4: Rearrangement of phospholipids over the microbubble shell (255 kPa,
500 cycles). The arrow indicates the rotational motion of a lipid cluster. The scale
bar represents 5 µm

Lipid shedding

a. In-plane shedding
In-plane shedding is the detachment of fluorescent vesicles from one or

several spots that are distributed non-uniformly on the microbubble sur-
face. Usually no blurring of the fluorescent vesicles can be observed during
the transport, suggesting that they are traveling in (or parallel to) the focal
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plane. The phenomenon is in agreement with the �vesicle shedding� formu-
lated previously by Baoukina et al.194 and Kwan and Borden75, in which
lipid clusters are first formed because of the collapse of the lipid mono-
layer by the process of buckling or �vesiculation.� Then these semi-vesicles
of hundreds of nanometers eventually detach from the bubble shell and form
liposomes or micelles. We assume that the same physical process applies to
the in-plane shedding event. Fig. 2.5 illustrates a typical example of in-plane
shedding. After 140 µs of ultrasound exposure, budding occurs accompanied
by the rearrangement of the fluorescent clusters. The detachment of a lipid
cluster takes place at 267 µs, followed by transport of the cluster further
away through the drag force in the flow field during ultrasound exposure.

Figure 2.5: In-plane shedding from a microbubble (170 kPa, 500 cycles). The
scale bar represents 5 µm.

b. Out-of-plane shedding
Out-of-plane shedding is the detachment and transport of lipid shell ma-

terials from the microbubble surface perpendicular to the focal plane. Ob-
serving from the top, as an out-of-focus effect, a blurred spot (halo) forms
surrounding the microbubble, and spreads as the shell material moves fur-
ther away. A typical example is illustrated in Figure 6 (focal plane A), where
a halo appears after 13 µs of insonation. The halo continues to spread sym-
metrically until ultrasound is turned off. The larger the halo, the further
the shed vesicles are transported187.
To ascertain that we are looking strictly at out-of-plane motion of the

shed vesicles, we set the plane of focus approximately 10 µm below the
center of the microbubble, as indicated in Fig. 2.6 (focal plane B). The
first image indicates the initial state of the microbubble before ultrasound
exposure. As expected, a halo is visible around the microbubble as a result
of out-of-focus imaging of the microbubble. Note that it appears similar to
the last image in Fig. 2.6 (focal plane A), in which a �cloud� forms around
the microbubble after the shedding event. After shedding the optical halo
shrinks, and the shed particle turns into tiny fluorescent vesicles that are
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B
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     Opticell

top membrane

0 µs 40 µs 120 µs 360 µs 540 µs

0 µs 7 µs 13 µs 33 µs 107 µs

Figure 2.6: Observations of out-of-plane shedding at two focal planes: focal plane
A at the center of the microbubble (340 kPa, 100 cycles); focal plane B around
10 µm below the center of the microbubble (170 kPa, 500 cycles). The trajectory
of transport is indicated by the blue dashed arrow. The scale bar represents 10 µm.

imaged in focus (at 540 µs). This indicates that the detached lipid shell
materials are transported perpendicularly and away from the supporting
Opticell membrane.

c. Counts of shedding events
The shedding events are counted for the acoustic settings in Table 2.1,

and are plotted in 15 separate graphs in Figure 7. Each bar indicates the
percentage of microbubbles exhibiting either in-plane shedding (blue) or
out-of-plane shedding (red) at the applied acoustic pressure (85, 170, 255,
340, 425 kPa) and for the applied burst length (50, 100, 500 cycles).
We found that the acoustic parameters are crucial for the occurrence

of shedding events. For example, with a pulse of 50 cycles, a pressure
of 170 kPa is required to trigger shedding. The occurrence of shedding
increases with increasing pressure: At a pressure of 85 kPa with 100 cycles,
only 17% of microbubbles exhibit shedding behavior; this increases to 100%
for a pressure of 340 kPa. In general, in-plane shedding can be observed
at lower pressure amplitudes compared with out-of-plane shedding: Nearly
all in-plane shedding events occur within the pressure range 85 to 255 kPa,
whereas for out-of-plane shedding, pressures must be as high as 425 kPa to
accomplish 100% shedding for all pulse lengths. The present data exhibit
only a minor trend of increased occurrence of out-of-plane shedding with
increasing pulse length (e.g., it rises from 6% with 50 cycles to 20% with
500 cycles at 170 kPa) (see Fig. 2.7).
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Figure 2.7: Counts of in-plane shedding (blue) and out-of-plane shedding (red)
as a function of acoustic setting.

Transport

The transport of detached lipid vesicles into the surrounding medium plays
a crucial role in characterizing a lipid shedding event. On the one hand,
we could only optically define the occurrence of a lipid detachment when
the transport process starts. On the other hand, it is the dynamics of
the transport (i.e., the direction, velocity and typical length scale) that
distinguishes in-plane shedding from out-of-plane shedding.
Figure 8 illustrates the transport distance (dT ) and estimated transport

distance (de) for three individual microbubbles exhibiting in-plane shedding
and out-of-plane shedding, respectively. For in-plane shedding, the start of
transport is observed, namely, after 50 cycles of the ultrasound pulse. The
transport ceases almost immediately after the ultrasound has stopped, as
illustrated by bubble 1 in Fig. 2.8a (170 kPa, 500 cycles). However, in the
case of out-of-plane shedding, the transport initiates within the first few
frames of the recording. Then it continues for a period after the ultrasound
has been turned off (i.e., 100 µs for bubble 2 in Fig. 2.8b insonified with
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255 kPa, 50 cycles).
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Figure 2.8: Plots of transport distance (dT ) and estimated transport distance
(de) as a function of time for three individual microbubbles exhibiting (a) in-plane
shedding and (b) out-of-plane shedding. Ultrasound was turned on in the first
frame. Dashed lines indicate the time when ultrasound was turned off. Bars =
5 µm.

In Fig. 2.9, the final estimated transport distance (de) for all microbubbles
exhibiting out-of-plane shedding is plotted as a function of the bubble size
and acoustic pressure. The markers represent the data for each microbubble.
We found that microbubble size plays an important role: Bubbles with an
initial radius ranging from 2.5 to 3 µm exhibited a maximum de for all
acoustic pressures. This radius is within the range of previously determined
resonant sizes at 1 MHz98,188. Furthermore, increasing the pressure in-
creases the maximum transport distance of the lipid shell materials. Finally,
the size of microbubbles having the maximum transport distance exhibits a
trend of decrease with increasing acoustical pressure, that is, from 2.94 µm
at 85 kPa to 2.66 µm at 340 kPa. This is in agreement with previous studies
that reported that the frequency of maximum response decreases with in-
creasing acoustic pressure because of a �shell-softening� behavior188,195,196.
All these results suggest that microbubble oscillation amplitude is the major
determinant of transport distance. Data in this experiment do not reveal a
clear influence of pulse length on the distance of transport, possibly because
of the limited number of experiments (pulse length is therefore not plotted
here, but is studied in more detail below). It should be noted that data
recorded at 425 kPa are not included here for the following reasons: (i) the
microbubbles move out of the field of view because of primary and/or sec-
ondary radiation forces; (ii) the intensity of the halo was too low to reliably
track its edge.
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Figure 2.9: Final value of de of each microbubble plotted as a function of micro-
bubble radius (R0) and acoustic pressure.

2.3.3 Experiment B: shedding occurrence

We now study, in more detail, shedding as a function of the amplitude
of the microbubble vibration. Fig. 2.10 illustrates de as a function of the
relative amplitude of oscillations (∆R/R0) for 47 individual microbubbles.
As revealed by the figure, below∆R/R0 = 0.3, the value of de remains below
2.0 µm, while no apparent lipid shedding can be resolved. However, when
∆R/R0 reaches 0.3, de abruptly increases to around 7.6 µm, and this value
rises to 22.7 µm at ∆R/R0 = 0.5. The mean square error (MSE) estimator
was applied to assess the change point of the present data set197:

MSE (m) =

m∑
i=1

(
Xi − X̄1

)2
+

47∑
i=m+1

(
Xi − X̄2

)2
. (2.4)
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Here X1,X2,�X47 represents the 47 data points (de) sorted by the ascending
∆R/R0;

X̄1 =

∑m
i=1Xi

m
and X̄2 =

∑47
i=m+1Xi

47−m
. (2.5)

The data point after the first minimum value of MSE (m) at m = 13 cor-
responds to ∆R/R0 = 0.3, and thus, it represents the threshold of the
occurrence of the out-of-plane shedding.

Figure 2.10: Plot of de as a function of the relative amplitude of oscillation
(∆R/R0) for microbubbles insonified at 50 to 255 kPa and a pulse length of 100
cycles. The black dashed line indicates a clear threshold at ∆R/R0 � 0.3.

Fig. 2.11 illustrates the influence of pulse length and relative radial oscil-
lation amplitude on transport distance for 41 microbubbles. The different
colors represent data acquired at different pulse lengths. Several trends can
be observed from these data. First, in agreement with Fig. 2.10, no trans-
port is visible for a relative radial excursion ∆R/R0 < 0.3, and de exhibits
an increase with ∆R/R0. Second, at a given ∆R/R0,de is larger for longer
pulse duration. This graph thus indicates that both pulse duration and
radial excursion determine transport.
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Figure 2.11: Plot of de as a function of ∆R/R0 for microbubbles insonified at
170 kPa with a pulse length varying from 20 to 1000 cycles.

2.4 Discussion

Occurrence of lipid shedding
In this study, the lipophilic dye DiI was incorporated to trace the dynamics

of the microbubble lipid shell. DiI has been proven to be a reliable probe
for lipid motion181,198. It has a low critical micelle concentration in the
aqueous phase and is weakly fluorescent in water, but once incorporated
into a lipid membrane, it is highly fluorescent and photostable. The DiI
molecules can diffuse laterally once applied, resulting in staining of the
entire lipid membrane. The diffusion coefficient of DiI is similar to that of
the phospholipids, indicating that DiI dynamics reflect lipid dynamics.
Each shedding event that we observed actually consists of two separate

physical processes: the detachment of shell materials from the microbubble
shell, and the subsequent transport of the shed particles by the convective
medium. We observed two types of lipid shedding events, in-plane shedding
and out-of-plane shedding. In the case of in-plane shedding, the phospho-
lipid particles were moving in the focal plane. For out-of-plane shedding, the
vesicles were moving perpendicularly to the focal plane, resulting in an un-
focused image, or halo. We derived a threshold for out-of-plane shedding,
which is around 30% of the relative radius excursion of the microbubble.
The few cases of in-plane shedding are not considered here. The rare ob-
servations of in-plane shedding in experiment B may be due to the settings:
Only two frames of fluorescence recordings were acquired using the Photron
camera (before and after ultrasound excitation, respectively, see Fig. 2.1c,
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because of the limited amount of illumination available by combining two
high-speed cameras. By subtracting these two images, without the abil-
ity to monitor the lipid motion, it is difficult to define the occurrence of
in-plane shedding because single vesicles cannot be differentiated from the
background signal.
The dynamics and threshold of lipid shedding help us to better under-

stand the process of lipid shedding. Based on the observation of the time
scale of a shedding event (several to tens of microseconds) and its strong de-
pendence on oscillation amplitude, we assume here that lipid shedding can
be caused by the surface area reduction of the lipid shedding events, which
is in agreement with previous studies181,184. For a microbubble undergoing
spherical oscillations, 30% of relative radial excursion is equivalent to 50%
surface reduction of the microbubble. This threshold value is in agreement
with the previous work of O’Brien et al.183, in which a surface reduction of
41% was predicted for the collapse of an over-densely populated lipid mono-
layer. This assumption, however, may not be exclusive, and other physical
processes can be involved, for example, fragmentation of microbubbles and
pinch-off of the fragments together with the lipid shell materials182. This
possible shedding mechanism is not the focus of this study, but will be
investigated in detail in a future study.

Convective transport
An oscillating gas bubble can generate a steady streaming flow consist-

ing of vortical flow structures surrounding the bubble192. This cavitation
microstreaming was interpreted as a non-linear response of the flow caused
by viscous attenuation effects within the thin oscillatory boundary layers
surrounding the bubble wall191. Various streaming patterns have been re-
ported on vibrating millimeter-sized bubbles attached to the wall189,190.
Here, we capture vortical flow structures displayed by the transport tra-

jectories of shed vesicles from micrometer-sized bubbles. Fig. 2.12 illustrates
one example, in which the detached lipid vesicles exhibit translational mo-
tion toward and away from the microbubble shell during 500 µs of ultra-
sound excitation. The vesicles quickly move out of focus when leaving the
microbubble, while staying in focus during the back trip. This is in accor-
dance with the symmetric vortices reported previously (see, e.g., Elder,190
and Marmottant and Hilgenfeldt199 and Fig. 2.12, lower panel). In addition,
the transport velocity in this example is about 0.08 m/s, which is one order
of magnitude larger than previously reported data for larger gas bubbles
oscillating at lower radial amplitudes191.
We hypothesize that the initiated streaming flow field (i.e., streaming

patterns and flow velocity) is responsible for the distinct in-plane shedding
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Figure 2.12: Streaming vortices traced by lipid vesicles shed from a microbubble
(255 kPa, 500 cycles). The schematic plot indicates the vortical flow structure
correspondingly. The scale bar represents 5 µm.

and out-of-plane shedding. Higher pressures can lead to asymmetric os-
cillations of microbubbles, thus generating different boundary conditions
and flow dynamics compared with the stable, more symmetric oscillations
driven at lower pressures189. Several phenomena support this hypothesis.
First, we observe a faster occurrence of lipid shedding (onset of transport)
for out-of-plane shedding than in-plane shedding. At 85 to 170 kPa, 66% of
in-plane shedding events were detected after at least 70 pulses of insonation;
On the contrary, all out-of-plane shedding events at 425 kPa were captured
within only 30 ultrasound pulses. This may indicate a high flow velocity
for a rapid start of transport in out-of-plane shedding through the process
of larger radial excursion. Second, we observed the prolonged transport of
out-of-plane shedding after the ultrasound was turned off (Fig. 2.8), but not
for in-plane shedding. The reason could be the higher flow velocity, which
represents the higher flow inertia of the out-of-plane shedding. Third, the
different transport trajectories for the two types of shedding indicate dif-
ferent streaming patterns. It was reported that streaming pattern and flow
velocity are strongly dependent on the mode of oscillations of the micro-
bubble192, which can build up to certain pressure threshold within a few
cycles of insonation for bubbles at resonance200. We assume that the shape
deformation and/or corresponding microbubble fragmentation occurring in
the orthogonal plane is related to the out-of-plane shedding behavior. How-
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2. LIPID SHEDDING

ever, this assumption cannot be validated by the present setup. The reason
is that, on the one hand, the dynamics of lipid shedding and the amplitude
and phase of the microbubble oscillations could not be captured simulta-
neously. On the other hand, even for a microbubble appearing spherically
oscillating in a top view, it could actually perform shape deformations in a
direction perpendicular to the wall, as observed from the side201. A �side-
view� setup202, in which the optical plane is perpendicular to the present
focal plane, must be applied to validate this assumption.

Experimental uncertainties
Photobleaching of the fluorescent dye and a low signal-to-noise ratio of the

fluorescent images are two major factors that could potentially influence the
measurement result. However, the method used to trace the shed materials
was not sensitive to photobleaching because of an intensity normalization
step in each frame. Moreover, the laser intensity was adjusted to a level
that minimizes photobleaching while maintaining sufficient fluorescent sig-
nal during the experiment.
Calculation of the Stokes number (St) based on the experimental condi-

tions indicates that the shed lipid vesicles can closely follow the streaming
lines generated by an oscillating microbubble. The Stokes number is a di-
mensionless number corresponding to the motion of particles suspended in
a fluid medium. It is defined as the ratio of the response time of a particle
(τp) to the characteristic time scale of the flow field (τf ):

St =
τp
τf

, (2.6)

where
τp =

2ρpR
2
p

9µ
, (2.7)

ρp (103 kg/m3) is the density of the lipid particles or vesicles, Rp is the
particle radius (1.10−7 m) and µ is the dynamic viscosity of the surrounding
water (10−3 Pa s). τf is taken as the smallest time scale of the flow field,
which is on the scale of the ultrasound field (1.10−6 s). Combining (4) and
(5) gives St � 0.002 (<1), implying the fidelity of the detached lipid vesicles in
following the fluid streamlines. The size of a microbubble is a crucial factor
of lipid shedding behavior. For microbubbles investigated in experiment A,
80% of the bubbles were smaller than 2.8 µm, which is considered smaller
than the resonant size for a frequency of 1 MHz188. This suggests that we
may underestimate the occurrence of lipid shedding in Fig. 2.7. This issue

43



was worked around in experiment B by taking the relative radial excursion
as the variable.
The present top-view study is based on observations of a 2-D projection

of shedding events that take place in three dimensions. To evaluate the tra-
jectory of shed lipids for out-of-plane shedding, we use its out-of-focus halo
image. This approach is insufficient to resolve full details of the shedding
dynamics. Additionally, we mapped the distance of transport with the size
of the halo, based on a model presented earlier by Adrian and Yao203 and
Olsen and Adrian187. It is an approximation obtained by modeling both
the Airy function and the geometric image as Gaussian functions. Several
assumptions have been made here. The first is that the entire field of view
is illuminated with equal laser intensity. Second, the detached lipid vesi-
cle is a point source with a size smaller than the wavelength of the laser
light. Third, the fluorescence light is emitted isotropically in all directions.
Fourth, the direction of transport is strictly perpendicular to the focal plane.
Although these are reasonable assumptions based on current experimental
settings, an accurate derivation can be made only when multiple factors are
precisely measured (e.g., particle size, angle between the trajectory and the
wall). Our future investigation will focus on the side-view study, which will
provide a direct approach to resolve the dynamics of out-of-plane shedding
in detail and the measurement of their transport distance from the images,
as the vesicles that travel away from the wall will be in the optical plane.

Applications
To accomplish efficient shedding events among the largest amount of mi-

crobubbles in a population, sufficient acoustic pressure should be applied
with a frequency near the main resonance frequency of the microbubbles.
The influence of pulse length on the occurrence of shedding exhibited only
a minor trend in the present data (contrary to the transport distance). Un-
der in vivo conditions, there could be fewer microbubble oscillations within
small blood vessels and high blood viscosity; thus, a higher applied pressure
may be required compared with in vitro conditions ( Zheng et al. 2007).
Therefore, for applications of ultrasound-mediated drug delivery, the ultra-
sound frequency should be tuned to the resonant frequency of the majority
of microbubbles in a population, to achieve efficient drug delivery at com-
paratively low acoustic pressures. However, for applications in which the
stability of microbubbles is essential, such as diagnostic ultrasound imag-
ing, the applied pressure should be chosen as a trade-off between good image
quality and high stability of microbubbles.
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2. LIPID SHEDDING

We optically captured the cavitation microstreaming surrounding mi-
crobubbles of the size range for clinical use for the first time, traced by
shed lipid shell materials. This is a key step toward gaining a deeper un-
derstanding of the streaming field in connection with lipid shedding events,
for potential applications of controllable drug delivery. First, the streaming
flow can transport the shed lipid vesicles up to tens of micrometers away,
depending on both the applied pressure and the pulse length. For 77% of
the shedding events in this study, the detached shell materials were driven
away from the wall (out-of-plane shedding). This implies that for small
blood vessels, for example, capillaries (5-10 µm) and arterioles (20-30 µm),
the drug delivery may be efficient; however, longer pulse length and higher
acoustic pressure could be necessary for larger vessels. Second, the rate of
transport is around 0.1 m/s. This value is comparable to human blood flow
velocity in veins and arteries (0.01-1 m/s mean flow velocity), especially
near the vessel wall where the blood flow is lower than the mean flow ve-
locity. This suggests that lipid particles loaded with therapeutic agents can
overcome the blood flow within a short time (hundreds of microseconds to
milliseconds) after being released and reach the target site. Finally, it has
been proposed that the shear stress generated by cavitation microstreaming
can produce several biological effects such as gene degradation, hemolysis
of erythrocytes and sonoporation204 189. Probing the shear rates near the
cell membrane with fluorescent tracer vesicles can further clarify the mech-
anisms of gene and drug transfection.

2.5 Conclusions

On the basis of high-speed fluorescence imaging, lipid shedding events were
resolved. Two distinct release phenomena were observed: transport of vesi-
cles along the wall of the bubble container (in-plane shedding), and trans-
port perpendicular to the wall (out-of-plane shedding). A threshold for rel-
ative radial excursion (∆R/R0) of 0.3 is necessary for out-of-plane shedding,
and this type of shedding is already initiated within a few tens of cycles of
the acoustic exposure. It is concluded that the transport of detached shell
materials by the surrounding streaming flow field strongly depends on the
radial excursion of the microbubble and the pulse length.
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3
Liposome release from a vibrating

microbubble on nanosecond timescales

When ultrasound contrast agents microbubbles (MBs) are preloaded with li-
posomes, they can be applied as a potential drug delivery vehicle. The fate
of the liposomes under ultrasound excitations is of prime interest for inves-
tigations, since it is an essential step in the application of drug delivery.
Previous studies on regular lipid-shelled MBs have shown lipid shedding phe-
nomena, accompanied by MB shrinkage under ultrasound excitations. Here
we present a multi-modal study to optically characterize shedding behavior
of liposome-loaded MBs (lps-MBs) based on high-speed fluorescence imag-
ing. First, the dynamics of shedding were resolved by the Brandaris camera
operating at up to 2 million frames per second (Mfps). Shedding of shell
material was observed after few cycles of the excitation pulse. Second, a
parametric study using a Photron camera running at 75 kfps indicates a
significant influence of MB resonance on the shedding behavior. Third, the
shedding behavior was investigated as a function of the MB oscillatory dy-
namics, facilitated by combination of the two fast cameras. We found a
threshold of the relative amplitude of oscillations (35%) for the onset of
lipids shedding. Overall, the shedding behavior from lps-MBs could well be
controlled by the excitation pulse.

1Y. Luan, G. P. R. Lajoinie, E. C. Gelderblom, I. Skachkov, H. Dewitte, I. Lentacker,
H. J. Vos, A. F. W van der Steen, M. Versluis and N. de Jong, Appeared as a proceedings
paper for the IEEE International Ultrasonics Symposiumn, Prague, Czech Republic (2013)

47



3.1 Introduction

In recent years, ultrasound contrast agent microbubbles (MBs) have become
a promising tool for ultrasound-triggered drug delivery175,205,206. A typical
lipid-coated MB is comprised of a gaseous core that is encapsulated by
a thin phospholipid shell which stabilizes the MB177. While the gaseous
core can serve as a cavitation nucleus, the lipid shell can be utilized for
bearing therapeutic agents by, e.g., incorporating the drug within or directly
linked to the MB shell170,207. More recently, liposome-loaded MBs (lps-
MBs) have been developed that are even more considered as potential drug
delivery vehicles. Liposomes contain a lipid bilayer shell and an aqueous
core, ensuring a high drug payload and a low toxicity to the surrounding
tissue. When the liposomes are conjugated to the MBs surface through
covalent thiol-maleimide linkages97, the complex can largely enhance the
intracellular drug uptake upon the application of ultrasound170.
In the application of lps-MBs for ultrasound-triggered drug delivery, the

fate of the liposomes is of prime interest, since it plays a key role in elucidat-
ing the drug delivery process in detail. Although lipid shedding phenomena
have been observed previously for lipid-coated MBs under insonations181,
little is known about the shedding of drug-carrying vesicles from the MB
surface.
The objective of this work is to optically resolve the shedding behavior

from individual lps-MBs exposed to a single burst of ultrasound. The first
results are presented here.

3.2 Materials and Methods

3.2.1 Methods

The shedding of the liposomes occurs at a time scale of nanoseconds to mi-
croseconds which needs fast cameras to resolve. In this study we used a fluo-
rescence lipid probe to label liposomes attached to the MB shell, combined
with a continuous wave (CW) laser for the excitation of the fluorophore.
First, fluorescence imaging by an ultrafast framing camera operating at a
frame rate of 0.75-2 Mfps was applied to capture the starting moment of
the shedding behavior. Yet, the limited amount of frames (128) prevented
imaging the transportation distance of the shed liposomes during long pulses
(50 - 500 cycles). Therefore, a second study on individual lps-MBs was per-
formed parametrically with a camera running at 75 kfps to measure the
liposome transportation speed and distance. Third, the prevalence of lipid
shedding related to MB oscillation amplitude was investigated by combining
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3. LIPOSOME SHEDDING

these two fast cameras.

3.2.2 Experimental setup

As shown in Fig. 3.1a, the experimental setup combines a sample holding
system with an acoustic excitation setup and an optical imaging system.
An Opticell unit (NUNC, Thermo Fisher Scientific, Wiesbaden, Germany)
containing the MBs diluted with PBS solution (Invitrogen, UK) was placed
in a water bath (T≈22◦C) connected to a 3D micro-positioning stage. A
focused, single-element transducer (C302, Panametrics, USA) transmitted
ultrasound pulses with a center frequency of 1 MHz. An upright fluores-
cent microscope equipped with a 40x water-immersed objective (NA=0.9;
Olympus, The Netherlands) was focused at the MB sample. A CW laser (5
W@532 nm; Cohlibri; Lightline, Germany) was employed for fluorescence
excitation of the fluorescent label DiI. An optical light guide (SCHOTT AG,
Mainz, Germany) was mounted at the bottom of the tank to illuminate the
region-of-interest in the unit. The light guide was connected to either a
Xenon flash light source (A-260 Vision Light Tech, Uden, NL) or halogen
light source (KL1500LCD, Schott, Germany), depending on the frame rate
of the recordings. For the recordings to resolve the timescale of the shed-
ding (experiment 1), the Brandaris-128 camera was operated in fluorescence
mode (Gelderblom et al. 2012). For each MB, a single burst with a pulse
length of 100 cycles, 200 kPa was applied. For the parametric study of the
transportation distance (experiment 2), a CMOS-based high-speed camera
(SA-1.1, Photron Ltd, UK) operated at 75 kfps was connected to the opti-
cal system. A single pulse of 50, 100 or 500 cycles at an acoustic pressure
varying from 100 to 500 kPa in steps of 100 kPa was employed. Up to 5000
frames were recorded per MB to capture the entire event. 60 MBs were
investigated in experiment 2. The third experiment setup involves the com-
bination of the two cameras. The Photron camera was used to capture two
fluorescence pictures of the MB with millisecond-exposure before and after
the ultrasound excitation respectively. From these images the prevalence of
shedding, and final transportation distance are obtained. Simultaneously,
the Brandaris camera, operated at 10 Mfps in bright-field mode, was syn-
chronized with the arrival of the acoustic wave to record the MB oscillation
amplitude. The ultrasound burst consisted of 20, 50, 100 and 1000 cycles
at 200 kPa. The timing diagram of a single recording in experiment 3 is
shown in Fig. 3.1b. 46 MBs were studied in this experiment.
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Figure 3.1: Setup and timings. a. Schematic view of the experimental setup
for recordings shedding dynamics by only the Brandaris 128 camera in fluorescence
(experiment 1), the Photron camera (experiment 2) in fluorescence, or the combi-
nation of both cameras, in bright-flied for the Brandaris and in fluorescence for the
Photron (experiment 3). b Timing diagram of experiment 3).

3.2.3 Liposome-loadedmicrobubbles

MB lipid solution and liposome dispersion (mixed with fluorescence DiI)
were prepared separately as formulated by Geers et al.97 and Gelderblom161.
Then MBs were covalently loaded with maleimide-functionalized liposomes
by adding 100 µL of the liposome dispersion to 900 µL of the bubble lipid
mixture in a 2.5mL chromatography vial. After filling the headspace with
perfluorobutane gas, the vial was shaken for 15 s in a CapMixTM device.
This resulted in the formation of lps-MBs having DiI labeled liposomes.

3.3 Results

3.3.1 Observations of the shedding behavior

With reference to experiment 1, high-speed fluorescence imaging enabled
resolving the moment of shedding on the timescale of an ultrasound pulse.
Fig. 3.2 shows the shedding behavior captured by the camera operated at
around (a) 0.75 Mfps and (b) 1.96 Mfps, respectively. In both cases, within
several (<10) microseconds of the ultrasound excitation, fluorescently-labeled
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3. LIPOSOME SHEDDING

shell material was observed to be detached uniformly from the MB surface,
accompanied by a further transportation process. After ultrasound was
turned off, the transportation also ceased, leaving a fluorescent cloud sur-
rounding the MB. In Fig. 3.2b, after around 6 cycles of MB oscillations, the
emergence of the fluorescent spot in the surrounding region was resolved.

0 µs

0 µs 1.5 µs 3.1 µs 5.1 µs

10.2 µs

7.6 µs

12.2 µs 13.8 µs 14.8 µs 17.9 µs

2.6 µs 5.1 µs 6.4 µs 13.0 µs

a

b

Figure 3.2: Dynamics of the shedding behavior recorded by the Brandaris 128
camera running at a 0.75 Mfps and b 1.96 Mfps. Scale bars represent 5 µm.

3.3.2 Parametric study of the shedding transportation

In experiment 2, the shedding distance was tracked for the entire duration
of the pulse. Shedding distance dS is defined as the distance of the front
of the shed material with respect to the initial position of the MB wall. It
was derived for each MB frame by frame from the radial intensity profile of
the fluorescent image161. Fig. 3.3 examples dS as a function of time for 63
single MBs insonified with different US settings. For all of the three cases, dS
increases during the US exposure, indicating the continuous transportation
of the detached shell materials by a flow field around the MB.
The final shedding distance was derived for all MBs and was plotted as a
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function of the MB size and the acoustic pressure, see Fig. 3.4. We found
that the MB size plays a significant role in the shedding behavior. MBs with
an initial radius of 3 µm show largest dS for any given acoustic pressure.
Such radius corresponds to resonant MBs at 1 MHz98,188. Furthermore,
increasing pressure increases the transportation distance. Both results sug-
gest that microbubble oscillation amplitude is the major determinant of the
transportation distance. The current data remains insufficient to extract a
clear trend between the pulse length and the transportation distance.

3.4 Discussion and conclusions

This study showed that MB oscillation amplitude is of key significance for
the shedding dynamics of lps-MBs. When the oscillation amplitude reaches
∼0.35, a fast shedding (occurs within 10 cycles of MB oscillations) of ex-
cessive shell materials can be triggered. Then transportation of the shed
particles was strongly influenced the resonance of MBs. To the author’s
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3. LIPOSOME SHEDDING

Figure 3.4: Shedding versus bubble size The final shedding distance (dS)
plotted as a function of MB size and the acoustic pressure.

knowledge, this study is the first to track the dynamic lipid shedding pro-
cess quantitatively by fluorescence imaging at a high frame rate. The results
are further discussed below.

3.4.1 Detachment and transportation

Each shedding event we observed in this study actually consists of two in-
dependent physical processes: the detachment of shell materials from the
MB shell, and subsequent transportation of these shed particles by the sur-
rounding medium.
We detected a shedding occurrence for oscillation amplitudes larger than

35%. Oscillation amplitudes of 35% correspond to a surface reduction of
60% in the compression half-cycle. The presence of a threshold on the
shedding occurrence is in agreement with the previous study by O’Brien
et al.183, who proposed a lipid shedding model for lipid-coated MBs under
insonation. They argued that the occurrence of lipid shedding was driven
by the lipid monolayer collapse due to the oversaturation of phospholipids
on the MB shell, taking place on a timescale of a typical ultrasound pulse.
A surface reduction of at least 41% was derived from the model as requisite

53



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

1

2

3

4

5

6

ΔR/R
0

d
R
 (

μ
m

)

Figure 3.5: Shedding versus oscillation amplitude. Plot of relative shedding
distance (dR) as a function of the relative amplitude of oscillation (∆R/R0). The
black dashed line indicates a clear threshold at around ∆R/R0 ≈ 0.35.

for the film collapse. For a lps-MB, we speculate on a similar shedding pro-
cess: During the compression phase of the oscillation, a shedding event is
triggered instantly when the radius reaches the threshold value (∆R/R0 ≈
0.35 as obtained here). The difference between the actually found thresh-
old value and the value given in O’Brien et al.183 can be attributed to a
slightly different MB system (lipids, or lipids + liposomes). During the sub-
sequent transportation, vortical flow structures displayed by the detached
liposomes were captured in this study (results not shown here). These flow
structures and the flow velocity are on the same order of magnitude as
previously reported micro-scale steady streaming generated around an os-
cillating bubble190,199,208. A further calculation of the Stokes number (St)
for the liposomes based on the experimental conditions gives St ≈ 0.01 («
1), implying that the shed particles can closely follow the streaming field
generated by an oscillating MB.
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3. LIPOSOME SHEDDING

3.4.2 Experimental uncertainties

When using fluorescent dyes to track the liposomes, photobleaching and a
low SNR in the frames could influence the measurement result. Yet, the
method to obtain the front of the shed material was insensitive to photo
bleaching because of an intensity normalization step in each frame. More-
over, the laser intensity was adjusted to a level that minimizes photobleach-
ing while maintaining sufficient fluorescent signal. To check noise influences
on the shedding distance, ten shedding distance graphs such as exampled in
Fig. 3.3 were analyzed. The relative maximum error of shedding distance
(dS−error) was determined by:

dS−error =
dS−max�dS−min

dS−av
× 100%, (3.1)

where dS−max and dS−min are maximum and minimum values of measured
dS for each MB, while dS−av is the averaged dS . These values are measured
in the time interval after insonation. The value of dS−error for all ten MBs
was averaged, giving a final averaged dS−error of 6%. The found range of dS
in the experiments was 0 to 12 µm maximum, on which an error of 6% is not
significant. This shows that the analysis algorithm to obtain the shedding
distance produces stable results.

3.4.3 Controlled drug delivery

This study proved in vitro the feasibility of the controllable release of drug-
carrying liposomes from lps-MBs by manipulating US settings. The main
determinant of shedding and transportation was found the radial excursion
amplitude, which is strongly related to MB resonance behavior. To achieve
an efficient drug delivery at the lowest acoustic pressure, the US frequency
should be tuned to the resonant frequency of the majority of MBs in a
population. In the current experimental settings, a pressure of 200 kPa at
1 MHz was sufficient to overcome the shedding threshold. This corresponds
to a mechanical index (MI) of 0.2, which is well below regulatory safety limits
for medical ultrasound. Such pressure amplitudes are easily generated with
current diagnostic ultrasound machines, showing the large potential for drug
delivery with regular US machines. An optically resolved transportation
distance of order 10 µmmay seem small on a length scale of the human body.
Yet, a MBs targeting technique209 would possibly enable a highly localized
drug release. Furthermore, the transportation rate of shed particles is on
the scale of ∼0.1 m/s. This value is comparable to the human blood flow
velocity in veins and arteries (∼0.01-1 m/s mean flow velocity), especially
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nearby the vessel wall where the blood flow generally is lower than the
mean flow velocity. This suggests that the liposome particles can overcome
the blood flow within a short time duration (hundreds of micro-seconds
to milliseconds) after being shed, and reach the region of interest in the
vicinity.
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4
Investigation of liposome release relative to

microbubble dissolution

The liposome-loaded microbubbles are a highly successful design for ultrasound-
mediated drug delivery. Although in vitro studies have shown greatly im-
proved cell permeability and subsequent drug uptake using this drug delivery
vehicle, little is known about the process underlying liposome release and the
physical mechanisms such as shell destruction and microbubble dissolution.
Earlier, we observed lipid shedding from the microbubble surface using high-
speed fluorescence imaging161. For this purpose, the ultra-high speed camera
Brandaris 128 (10 Mfps) and a Photron camera (1000 fps) was combined
to investigate the occurrence of shedding as a function of microbubble oscil-
lation dynamics100. Here we apply the same technique for liposome-loaded
microbubbles. The data was supplemented with the observation of the bub-
ble dissolution for hundreds of milliseconds after the shedding event. No
significant difference in the threshold for shedding was found between lipids
and liposomes, however, a fast dissolution which may be related to bubble
fragmentation of up to 30% of the initial bubble size occurred. It was ob-
served that gradually bubble dissolute over hundreds of milliseconds until a
final stabilization was reached. The close correlation between lipid/liposome
shedding and microbubble destruction provides clinical support in the acous-
tic parameter space for combined imaging and drug delivery with ultrasound.

1to be submitted with Cha. 3 as G. Lajoinie, Y. Luan, E.C. Gelderblom, I. Skachkov,
H. Dewitte, I. Lentacker, A. F.W. van der Steen, H. J. Vos, M. Versluis and N. de Jong,
(2015)
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4.1 Introduction

Microbubble-mediated drug delivery is investigated for the enhancement of
drug delivery efficiency and for improved controllability at the target site.
The stabilizing microbubble shell, imparting a low surface tension and re-
sisting gas permeation210, plays a major role in carrying drug molecules. For
example, incorporated drug molecules can be within the microbubble shell
or within drug-loaded vesicles attached to the shell206,211. One highly suc-
cessful design of drug delivery vehicles is a liposome-loaded microbubble,
which was developed by conjugating liposomes to the microbubble sur-
face through biotin-avidin or covalent thiol-maleimide linkages97,212. It can
carry both hydrophilic and hydrophobic drugs, and has a higher drug pay-
load compared to lipid-shelled microbubbles. The strategy of applying this
liposome-loaded microbubble in ultrasound-mediated drug delivery is to fo-
cus ultrasound field in the target region, insonifying the bubbles, to locally
release the attached liposomes. Previous studies on Doxorubicin (DOX) -
liposome loaded microbubbles and lipoplex-loaded microbubbles (contain-
ing pDNA or siRNA) showed strongly improved DOX cytotoxicity170 and
pDNA and siRNA delivery to cells in vitro169,171. Although the therapeutic
effect has been proved, little is known about the process underlying liposome
release (e.g., the dynamics, the timescale) and the physical mechanisms such
as shell destruction and subsequent microbubble dissolution.
Lipid shedding behavior from lipid-coated microbubbles was studied be-

fore30,100. High-speed fluorescence imaging was performed to optically re-
solve the shedding behavior. We found a fast detachment of the lipid shell
material (within a few microseconds) and a subsequent transport of the de-
tached shell material by acoustic streaming. The shedding was observed at
two different time scales, namely in plane shedding (1 µs timescale) and
out-of-plane shedding (100 µs timescale). By using the Brandaris 128 cam-
era (10 Mega frames per second (Mfps)) and a camera Photron (1000 fps),
we found a threshold in the relative oscillation amplitude of around 0.3 for
initiation of lipid shedding100. For liposome-loaded microbubbles, a com-
parative study to lipid-shelled bubbles is crucial to understand the process
of liposome release, and in a further step, to quantify the release. It was
reported that microbubble dissolution is closely related with the loss of lipid
shell material181,184,213. The static bubble dissolution after the destruction
of the lipid shell was considered as an indirect measure from an increased
surface tension through the decreased concentration of lipids on the bubble
shell181,214. Therefore, to measure the dissolution of a microbubble directly
after the shedding event as a relevant parameter is highly desirable.
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Here we study the shedding of liposomes from single microbubbles rela-
tive to the oscillation dynamics, as well as the dissolution of the very same
microbubbles. The key questions to investigate are the process of liposome
release (i.e., how and when do liposomes detach, where do they go, what do
they take with them), and on the other hand the fate of the microbubble
during and after the shedding (i.e., if bubble destruction occur correspond-
ingly). We used a fluorescence lipid probe to label the liposomes, combined
with a continuous wave (CW) laser as the excitation illumination for the flu-
orescence microscopy. Similar to the previous study for characterizing lipid
shedding from lipid-shelled microbubbles100, the Brandaris camera was op-
erated at 10 Mfps to resolve the microbubble oscillation dynamics during
ultrasound exposure. Before and after the insonation, one fluorescent image
was recorded each to determine the occurrence of lipid shedding. The dif-
ference is that here the Photron camera was running continuously at 1000
fps to monitor the subsequent bubble dissolution in bright-field mode for
hundreds of milliseconds.

4.2 Materials and Methods

4.2.1 Microbubble formulation

Microbubbles were prepared by mixing 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) (Lipoid, Ludwigshafen, Germany) and either 1,2-
distearoyl- sn-glycero-3-phosphoethanolamine-N-[PDP(polyethylene glycol)-
2000] (DSPE-PEG-SPDP) for functionalized bubbles or 1,2-distearoyl-sn-
glycero- 3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000
(DSPE-PEG)(both Avanti polar lipids, Alabaster, AL) for non-functionalized
bubbles in a molar ratio of 65:35 in chloroform. For fluorescent label-
ing of the microbubbles membrane, the lipophilic dye DiI (Sigma-aldrich,
Bornem, Belgium) was added to the lipid mixture. After chloroform evap-
oration, the lipid film was dissolved in a 1:2:7 glycerine-propyleneglycol-
H2O mixture to obtain a clear solution with a final lipid concentration
of 4.10−4 mmol/mL. This lipid solution was aliquoted in 2.5 mL chro-
matography vials of which the headspace was filled with perfluorobutane
gas (F2 chemicals, Preston, UK). Finally, bubbles were obtained by high-
speed shaking of the chromatography vial in a Capmix™ device (3 M-ESPE,
Diegem, Belgium) for 15 s. Maleimide-functionalized liposomes were pre-
pared by mixing DPPC, 1,2-distearoyl-snglycero- 3-phosphoethanolamine-
N-[maleimide(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG
maleimide) (Laysan Bio Inc, Arab, AL), cholesterol and fluorescent dye DiI
(1,1′-dioctadecyl-3,3,3′3′-tetramethylindocarbocyanine perchlorate), all dis-
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solved in chloroform in a round-bottom flask at a 49:15:35:1 molar ratio and
a final lipid concentration of 16 mg/mL lipids. The chloroform was evapo-
rated and the remaining lipid film was hydrated with distilled water. The
liposomes were sized by extrusion through a 200 nm polycarbonate filter
using a mini-extruder at 60◦C (Avanti Polar Lipids, Alabaster, AL).
Microbubbles were covalently loaded with maleimide-functionalized lipo-

somes by adding 100 µL of the liposome dispersion to 900 µL of the bubble
lipid mixture in a 2.5 mL chromatography vial. After filling the headspace
with perfluorobutane gas, the vial was shaken for 15 s in a CapMix™ device.
This results in the formation of microbubbles with DiI-labeled liposomes at-
tached on the shell.

4.2.2 Experimental setup

The Opticell™ unit (NUNC, Thermo Fisher Scientific, Wiesbaden, Ger-
many) containing the microbubbles diluted with PBS solution (Invitrogen,
Bleiswijk, the Netherlands) was placed in a water bath (T = 22◦C) con-
nected to a 3D micropositioning stage. A focused, single-element transducer
(C302; Panametrics, Waltham, USA) with a center frequency of 1 MHz was
fixed on the side of the water tank. 43 microbubbles were investigated in
total. For each microbubble, a single burst with a pulse length of 100 cycles
at an acoustic pressure of 85 kPa, 128 kPa, 170 kPa or 255 kPa was ap-
plied. Acoustic pressures were calibrated in a separate setup with a needle
hydrophone (0.2 mm PVDF, Precision Acoustics, Dorchester, UK) prior to
the experiment. Two fast framing cameras were combined in the optical
system (Fig. 4.1a). 80% of the light path transmitted through the objec-
tive was projected by a beam-splitter into the Brandaris 128 camera160,161
operated at a frame rate of 10 Mfps, to record the microbubble oscillation
dynamics. The other 20% of the light path was captured by the Photron
camera running at 1000 fps. The laser was turned on for a duration of
2 ms before and after the ultrasound excitation respectively to track the
location of fluorescence materials. In addition, bright field images were cap-
tured subsequently for a duration of 350 ms to monitor the microbubble
dissolution. The timing diagram of a single recording is shown in Fig. 4.1b.

4.2.3 Data analysis

Derived parameters

In our last paper, we have described an out-of-plane shedding100, in which
the detached particles are transported perpendicular to the focal plane,
leading to the spread of an out-of-focus fluorescent halo observed from the
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Figure 4.1: Setup and timings. a. Schematic view of the experimental setup
and of (b) the timing diagram of the experiment.

top view. Here we use the same method to estimate the shedding distance
(de) from the top view observation. The size of the fluorescent halo (with a
diameter of dh) was derived by subtracting the image made before the ul-
trasound exposure from the one obtained afterwards. The transfer function
is written as100,187:

de =

√
s20
(
d2h − d2p

)
D2

a

−R0, (4.1)

where R0 is the initial radius of the microbubble, dp ≈ 2.10−7 m is the vesicle
diameter, Da = 5.10−3 m is the lens aperture diameter, and s0 = 3.3.10−3

m is the working distance of the lens. Fig. 4.2 shows a typical example of a
single recording and parameters derived from particular frames. The second
parameter was the relative amplitude of oscillations (∆R/R0) calculated
from the radius-time (R-t) curves obtained from the Brandaris recording. A
custom-designed image analysis software based on edge-tracking minimum
cost algorithm was used to obtain the radius time (R-t) curve188. Then
the relative amplitude of oscillation (∆R/R0) was evaluated by averaging
the maximum and the minimum amplitude of oscillations. The last two
parameters describe the dissolution of the microbubble during and after
the insonation. The instantaneous dissolution (∆Ri/R0 = (R0-Ri)/R0) was
measured from the bright-field recording, and Ri is the bubble radius at first
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frame after the ultrasound excitation. Moreover, the relative size reduction
of the static dissolution (∆Rs/R0 = (R0-Rs)/R0) was derived by tracking
the bubble radius in each frame for around 350 ms after the insonation, and
Rs is the radius when the bubbles was stabilized at around 300 ms. The
same edge-tracking minimum cost algorithm was applied as before.
The threshold of the occurrence of shedding was estimated by using the

mean square error (MSE) estimator to assess the change point of a data
set100,197:

MSE (m) =

m∑
i=1

(
Xi − X̄1

)2
+

n∑
i=m+1

(
Xi − X̄2

)2
. (4.2)

Here X1,X2,�Xn represents the 47 data points (de) sorted by the ascending
∆R/R0;

X̄1 =

∑m
i=1Xi

m
and X̄2 =

∑n
i=m+1Xi

n−m
. (4.3)

The data point after the first minimum value of MSE(m) represents the
threshold change location.

During US (10 Mfps) Before US (1 kfps) After US (1 kfps) 

0 µs-1 ms 13 µs 1 ms 2 ms 300 ms
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e

R
i

R
s

t

Figure 4.2: An example of a typical recording.The ultrasound was turned
on at 0 µs. The derived parameters are initial bubble radius (R0), the estimated
shedding distance (de), the bubble radius measured immediately after insonation
(Ri), and the final stabilizing radius (Rs). The size bar represents 10 µm.

Simulation

To understand the static dissolution process in response to the shedding
of lipid shell material, we performed simulations on the static diffusion of
uncoated microbubbles with an air core and a C4F10 gas core, respectively,
based on the model described by Epstein and Plesset214,215. The rate of
radius change for a free gas bubble can be written as:

dϵ

dτ
= −

(1− f) + δ
ϵ

1 + 2δ
3ϵ

+

(
τ

ϵ
+ 2

√
cs
2πρ

)
, (4.4)
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where ϵ and τ are the non-dimensional radius and non-dimensional time,
respectively. They can be expressed by the bubble radius R and time t
through the following equation:

ϵ =
R

R0
and τ =

√
2κcs
ρR2

0

t, (4.5)

with R0 the initial bubble radius; κ the coefficient of diffusivity, ρ the density
of the gas bubble and cs the saturation gas concentration; The other two
parameters δ and f can be described by:

δ =
2Mσ

R̄TR0ρ (∞)
and f =

Ci

Cs
, (4.6)

where M is the molecular weight of the gas; R̄=8.31 N.m/(k.mol) is the
universal gas constant; T=295 K is the temperature; σ=0.072 N/m is the
surface tension of water; ρ (∞) is the density of a gas bubble with gas-liquid
interface of zero curvature; ci and cs are the initial gas concentration and
the saturation gas concentration in the surrounding medium. Therefore f
varies from 0 (degassed water, as was assumed in this study) to 1 (complete
saturation). The constants used for simulation of an air bubble and a C4F10

bubble are listed in Table 4.1

Table 4.1: . Constants used in the modeling of dissolution of unencapsulated
bubble214.

gas M (× 10−3) ρ
ρ(∞) κ (× 10−10) cs (× 10−3)

units kg/mol kg/m3 m2/s kg/m3

air 28 1.2 20 8.15
C4F10 238 11.2 6.86 1.44

4.3 Results

4.3.1 The occurrence of shedding

The shedding of lipid shell materials occurred transiently and can hardly
be resolved unless they are transported away from the microbubble surface
due to the acoustic streaming100. Therefore the transport of shed lipid shell
materials was utilized to define the occurrence of the shedding. Fig. 4.3
illustrates the transport distance (de) as a function of the relative amplitude
of the microbubble vibrations (∆R/R0). A 100-cycle burst varying from 50
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to 255 kPa was applied. By using the mean square error (MSE) estimator, a
threshold change location at m = 23 among the 43 data points sorted by the
ascending ∆R/R0 was derived. This corresponds to the relative oscillation
amplitude ∆R/R0 of 0.38. Fig. 4.2 shows that below this threshold value,
de stays below approximately 2.0 µm, and no apparent shedding or very
minor shedding was captured. However, above the threshold value, de has
an abrupt increase to around 5.3 µm, and it rises to a maximum of 23.9 µm
at a ∆R/R0 of around 0.5.
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Figure 4.3: Transport versus amplitude of oscillation. Plot of the de as a
function of the relative amplitude of oscillations (∆R/R0) for microbubbles insoni-
fied at 85 kPa to 255 kPa, with a pulse length of 100 cycles.

4.3.2 Dissolution and shedding

Instantaneous dissolution

For each microbubble, we divide the dissolution process into two stages. The
first stage is an instantaneous dissolution, which was the bubble dissolution
taking place during and/or within very short time after ultrasound exposure.
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The relative size reduction (∆Ri/R0) was derived to quantify this process.
In Figure 8.4, ∆Ri/R0 was plotted as a function of the relative amplitude
of oscillations (∆R/R0). The MSE estimator indicates a threshold value in
∆R/R0 of 0.34, very close to the observed threshold value of the shedding.
A step function is shown in this plot: below the threshold, very minor short
shrinkage (∆Ri/R0 < 0.07) can be observed; however, there is an abrupt
increase of ∆Ri/R0 to 0.25 above this threshold value.
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Figure 4.4: Instant dissolution versus amplitude of oscillation. Plot of
the relative rapid shrinkage as a function of the relative amplitude of oscillations
(∆R/R0) for microbubbles insonified at 85 kPa to 255 kPa, with a pulse length of
100 cycles.

Quasi-static dissolution

The second dissolution stage is a longer process that lasts for a duration
of several hundreds of milliseconds. Fig4.5 illustrates the radius-time (R-t)
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curves of 4 individual liposome-loaded microbubbles as an example. Mi-
crobubbles showed either no deflation (a, d) or a gradual size reduction (b,
c). We found that with a similar initial radius (e.g., bubbles of 2.5 - 2.9 µm,
close to the resonance size), higher pressures (e.g., 255 kPa in case b and
170 kPa in case c) are more probable to induce dissolution of the bubble
than lower pressures (e.g., 85 kPa in case a). However, the initial bubble
size seems to also play a role: under the same acoustic setting, the bubble
much larger than the resonance size (d) does not show any deflation, which
contrasts with the microbubble near resonance (c)188.
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Figure 4.5: Dissolution dynamics and shedding. Radius as a function of time
for 4 different microbubbles exposed to an ultrasound burst. Size bars represent
10 µm.

The rate of static deflation (vs) was quantified by the slope of the linear
fit of the initial 100 ms of the R-t curve, and was plotted as a function of the
relative amplitude of oscillations (Fig. 4.6a). Here a threshold value of 0.34
was derived by the MSE estimator. The dissolution rate increases dramat-
ically above this threshold, up to 7.2 µm/s at maximum. For microbubbles
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showed a final stabilization at a certain size (Fig. 4.6b), the relative size re-
duction (∆Rs/R0, where ∆Ri is the absolute difference between the initial
radius and the radius measured 350 ms after the ultrasound application) was
also investigated as a function of ∆R/R0 (Fig. 4.6b). Similar to Fig. 4.3,
a step change can be found: ∆Rs/R0 is either very smaller (smaller than
0.7 for ∆R/R0 ² 0.34) or large (larger than 0.5 for 75% of microbubbles at
∆R/R0 > 0.34). We also noticed a strong correlation between the occur-
rence of dissolution and the occurrence of lipid shedding for all investigated
microbubbles. We defined three parameters for each bubble based on the
threshold of the events, the occurrence of shedding (0 or 1), the occurrence
of instantaneous dissolution (0 or 1), and the occurrence of static dissolution
(0 or 1) based on observations. The correlation between the occurrence of
shedding and that of the instantaneous and the static dissolution was in-
vestigated. The result was that the correlation of instantaneous shrinkage
and the shedding was 0.90, while the correlation between static dissolution
and shedding was 1.00. An example is given in Fig. 4.5, where a bubble
has no shedding behavior (a) is corresponding to a constant radius after
ultrasound exposure, while the shed bubble has a gradual size reduction
after insonation (c).

We also compared the measured static dissolution rate with that was
derived from the simulation for an unencapsulated air bubble and an unen-
capsulated C4F10 bubble of the same size. Fig. 4.7 illustrates the measured
static dissolution of two exemplary single bubbles which are around 2.2 µm
in radius after the instantaneous dissolution. Bubble 1 stabilizes at around
1.5 µm after 200 ms, while bubble 2 has a final radius of around 1 µm af-
ter 250 ms. For both bubbles the rate of static dissolution is much faster
than the simulated static diffusion rate of a C4F10 bubble (black curve), but
is comparable to that of an air microbubble (red curve). For example, it
takes around 120 milliseconds for bubble 1 to shrink to 1.5 µm. However, a
same size reduction takes ∼170 times longer (12 s) for an free C4F10 bubble
of the same initial radius, while it takes the same time scale (70 ms) for
the shrinkage of an free air bubble. We investigated all 24 bubbles which
showed a final stabilization: the rate of static dissolution is several tens to
hundreds of times faster than that of a C4F10 bubble but similar to (only
1-2 times slower) that of a free air bubble. The results suggest that a gas
exchange occurs prior to ultrasound excitation between the C4F10 gas core
and the surrounding medium. As a result, the bubble core consists of air
and dissolves quickly. This phenomenon was described earlier for individ-
ual sulfur hexafluoride (SF6) microbubbles coated with a soluble surfactant
placed into an air-saturated medium216.
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Figure 4.6: dissolution rates and bubble dynamics. Rate of (a) static
dissolution and (b) the relative size reduction of microbubbles as a function of
relative amplitude of bubble oscillations (∆R/R0). The ultrasound settings were
85 to 255 kPa in pressure, and the pulse length was 100 cycles.

4.4 Discussion

4.4.1 Liposome detachment

Previously, lipid shedding from lipid-shelled microbubbles triggered by ul-
trasound excitations was monitored by high-speed fluorescence imaging30,100.
The process of lipid shedding was formulated as the expulsion of lipid shell
material during bubble vibration. In this study, liposome particles that
were attached to the lipid shell were fluorescently-labeled, and showed sim-
ilar shedding behavior as compared to lipid-shelled microbubbles. First,
the threshold of shedding for both varieties was comparable (∼30% - 35%).
Second, there is prominent bubble shrinkage after shedding, and the rate of
dissolution is comparable to the static diffusion of a free air bubble. This
suggests that there can be a prominent destruction of the lipid shell accom-
panied by the liposomes release. Another issue to investigate is the content
of the released material, i.e., if liposomes themselves can be disrupted and
release the content encapsulated in the aqueous core under the prolonged
pulse applied. It has been reported before that the liposome content leakage
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Figure 4.7: Dissolution and stabilization. The measured static dissolution of
two microbubbles after shedding and the simulated dissolution of an unshelled air
bubble (red dashed curve) and an unshelled C4F10 bubble (black dashed curve).
Bubble 1 (dark blue curve) and bubble 2 (light blue curve) were applied with
150 kPa and 255 kPa in pressure and 100 cycles in pulse length, respectively.

was found at acoustic pressures as high as 7 MPa with a short pulse (5 cy-
cles)211. Here we performed a pilot in vitro study by labeling the liposome
aqueous core with doxorubicin (Dox-liposomes). The initial concentration
of doxorubicin within the core of the liposome was high, such that fluores-
cent molecules quenched leading to a low image intensity. Upon rupture of
the liposomes, free doxorubicin was released into the surrounding medium
and the fluorescence intensity was enhanced. Three fluorescent images were
recorded and compared. The first image was taken from the original sample,
which was prepared by injecting a diluted Dox-liposomes solution (46.9 µg
doxorubicin in 500 µL original solution) into the Opticell chamber. The
second image was taken after the ultrasound treatment. The third sample
was a control by adding 1% Triton X-100 to the original sample to dissolve
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all liposomes thereby release the doxorubicin. Figure 8.8 shows the his-
tograms of the three images. The sample added with Triton shows a great
enhancement (two times higher) of the image intensity compared to the
original sample. However, insonation does not show an apparent increase
of pixel intensity, indicating that either a minor amount of doxorubicin was
ruptured or no content release had occurred.
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Figure 4.8: Liposomes break-up. Image histogram of Doxorubicin loaded
liposomes for the original sample, the insonified sample, and the sample added
with triton.

Therefore we conclude here that in case of a liposome-loaded microbubble,
intact liposomes detach together with phospholipids on the microbubble
shell.

4.4.2 Fragmentation and shedding

We observed an instantaneous dissolution of ∼25% of the initial bubble size
on average at the relative oscillation amplitude above ∼40%. The signif-
icant size decrease of microbubbles on the time scale of milliseconds after
the ultrasound exposure indicates the occurrence of either fragmentation
or acoustically driven diffusion of the bubble214. Considering the high cor-
relation (0.9) between shedding and the instantaneous dissolution, we can
speculate that bubble fragmentation may be involved during the shedding
of the shell material. Ultra-high-speed imaging by Brandaris camera cov-
ered only the first 10-12 cycles of bubble oscillations, which was therefore
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not sufficient to resolve fragmentation over a prolonged ultrasound excita-
tion. However, by combining the fluorescence recordings and bright-field
images after the shedding event, we were able to find several cases where
fragmented bubbles distributed in a same way compared to that of the fluo-
rescent vesicles/particles. Fig. 4.9 shows 3 particular examples. In Fig. 4.9a,
fragmentation initiated in the first few cycles of oscillations. After the in-
sonation, a daughter bubble appears in the same focal plane next to the
original bubble, and from the fluorescent recording we observe the distri-
bution of a large amount of fluorescent shell material at the same location.
This indicates that the daughter bubble may carry shell material with it,
and it can maintain a stable size for even a longer time duration than the
original bubble. Fig. 4.9b shows an example of a dark �imprint� on the left
of the original microbubble, which was fragmented during the ultrasound
exposure. The fluorescent image shows a fluorescent halo corresponding to
the location of the imprint. We speculate here that during the insonation a
daughter microbubble may be generated and been transported away from
the focal plane by the local flow field. In figure 8.10c, a surface mode os-
cillation of the microbubble was captured, which was reported as a sign of
bubble fragmentation200. Multiple bubble fragments and/or vesicles were
distributed surrounding the microbubble, and as was expected, the distri-
bution pattern of daughter bubbles and/or vesicles showed to be similar
with that of the shed materials displayed by the fluorescent recording.

For all investigated bubbles, we clarified four categories of phenomena
which may be related to the fragmentation of bubbles during lipid shed-
ding. The observation was obtained from the bubble oscillation dynamics
during the ultrasound exposure (by the Brandaris camera), the fluorescent
recording after insonation (by Photron camera), and the bright field image
taken right after the insonation (also by Photron camera). The first cate-
gory is shedding of shell material, without observable bubble fragments in
the neighborhood afterwards. For this category, normally a halo appears
surrounding the bubble in the fluorescent image, suggesting the occurrence
of out-of-plane shedding reported in our previous work100. Here either no
fragmentation occurred, or the fragments were transported away perpen-
dicularly. 30% of the investigated bubbles belong to this category. Both
the second and the third category have observable shedding events, and the
bubble was fragmented during the first 10 cycles of ultrasound exposure.
For the second category, one or multiple black imprints appear after the
shedding event (Fig. 4.9b), suggesting that out-of-plane shedding of fluo-
rescent shell materials together with daughter bubble fragments may occur.
However, for the third category, daughter bubble fragments and/or lipid
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Figure 4.9: Shedding patterns. Three examples of different distribution pat-
terns of shed shell materials. The Brandaris recordings during the ultrasound
excitations indicate microbubble oscillation dynamics and/or fragmentations. The
ultrasound settings for each case are: a. 128 kPa, 100 cycles; b. 170 kPa, 100
cycles and c. 128 kPa, 100 cycles. Scale bars represent 10 µm.

vesicles were captured in the same focal plane (Fig. 4.9c). This may be
corresponding to the in-plane shedding observed for lipid-shelled microbub-
bles30,100. It should be noted that the occurrence of the second category
(31%) is much larger than the third category (6%) - As was found previ-
ously; out-of-plane shedding dominates the shedding behavior. The rest of
bubbles (34%) do not show a shedding behavior and fall in category 4.
The pinch off of daughter bubble fragments together with lipid shell mate-

rials and the subsequent transport out of the focal plane by the surrounding
streaming field will be demonstrated by the side-view observations in the
following chapter.

4.4.3 Shedding and static dissolution

Subsequent to the instantaneous dissolution, we captured a longer static
dissolution occurring on the order of hundreds of milliseconds. The cor-
relation between the occurrence of lipid shedding and that of the static
dissolution was 1.00. Additionally, the threshold ( 35% of relative oscilla-
tion amplitude) of lipid shedding and that of the static dissolution was the
same. These phenomena indicate that the static dissolution can be due to
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the loss of the lipids from the shell together with attached liposomes. This
speculation is in agreement with previous studies that destruction of the
lipid shell can lead to bubble shrinkage, and the bubble surface reduction
is closely related with the amplitude of oscillations181,184,217.
The rate of dissolution varied from individual bubbles (on the order of

1-10 µm/s), all of which were on the similar scale (only slightly slower)
with the rate of natural dissolution of an unencapsulated air microbubble
predicted by simulation217. A majority of bubbles showed a linear diffusion
profile, which was observed previously for single SF6 microbubbles after gas
exchange in an air-saturated medium216. A final stabilization at around 0.5-
1.5 µm after a size reduction of up to 70% in radius was found for nearly
all microbubbles. The stabilization was explained by previous studies as
the presence of condensed lipid molecules where the shell became �jammed�
and increasingly rigid at smaller diameters. Therefore the density (amount)
of lipid molecules again proves to be a key factor to decrease the surface
tension, to resist gas permeation into the surrounding medium and thus
stabilize the bubble183,210,214.
However, here we cannot validate the hypothesis on either the bubble

dissolution due to the shell destruction or the stabilization due to the re-
mained shell materials. Since we cannot quantitatively measure the mass
of the shed (or remaining) lipid shell materials. The reasons include the
following factors which can greatly influence the intensity profile of the
fluorescent image: 1) the transportation trajectory of the shell materials
which is perpendicular to the focal plane; 2) the focusing of the image; 3)
the quenching of the highly-dense fluorophore (DiI molecules) on the bubble
shell; 4) photobleaching of the fluorophore by the laser illumination. If the
rate of long bubble dissolution is proportional to the loss of shell materials,
as was claimed by previous studies181 184, then the release of liposomes can
indeed be quantified based on the mapping displayed by Fig. 4.6b. Above
the shedding threshold, the relative bubble size reduction is comparable,
and the amount of liposome release would be only dependent on the initial
bubble size.

4.4.4 Clinical implication

This in vitro study provides direct implications for combined therapeu-
tic and molecular imaging applications of liposome-loaded microbubbles.
Above the threshold of the bubble oscillations, liposomes can be released
together with lipid shell material. Therefore, using monodisperse bubble
populations close to resonance would be a preferable strategy to achieve
efficient drug delivery. However, upon the destruction of the lipid shell af-
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ter prolonged excitation, bubbles would rapidly shrink (within hundreds of
milliseconds) with a size reduction of up to 70%. This means that either
different acoustic parameters, e.g., a higher frequency, should be applied
after insonation.

4.5 Conclusions

In this study we investigated the process of liposome release from single
microbubbles and related physical phenomena, e.g., the bubbles vibrational
dynamics, the subsequent bubble dissolution. Comparing to lipid-shelled
microbubbles, the loading of liposomes did not affect the shedding behav-
ior: a very similar threshold of oscillation amplitude ( 35%) can initiate
the shedding of liposomes with lipids and possibly with daughter bubble
fragments. In the meantime, a fast dissolution of up to 30% occurred which
may be related with bubble fragmentations. It was followed by a gradual
bubble dissolution for hundreds of milliseconds until a final stabilization
was reached. The same threshold values for dissolution with shedding and
the close correlations between them suggest that the amount of liposomes
release may be estimated from the subsequent dissolution rate.
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5
Non-spherical oscillations drive the lipid

shedding of microbubbles near a boundary

Local drug delivery for highly specific and efficient therapy has been a center
of interest for medical research in the past years. Among the investigated
vectors, microbubbles offer a combination of unique acoustic response and
versatile shell properties allowing for any combination with molecules or
complexes. Previous studies have demonstrated the feasibility of the acousti-
cally triggered release of the bubble load, also called shedding. The dynamics
were qualitatively described by means of top view observations. These stud-
ies however assumed a spherical bubble behavior which has been shown not to
hold at relatively high pressures (≥100 kPa). An in-depth understanding of
lipid shedding was inhibited by the limited experimental vision. In this study,
ultra-high-speed and fluorescence imaging techniques in side-view are applied
to reveal the details of non-spherical bubble oscillations in order to relate
it to the detachment and transport of the phospholipids initially coating the
microbubble. First, a model developed on the base of the Rayleigh-Plesset
equation is established that demonstrates how the lipids locally oversaturate
in the region of the bubble in contact with a rigid supporting membrane. This
analysis reveals that the non-spherical bubble behavior is mainly responsible
for the phospholipid detachment. We also characterize the streamlines and
quantify the streaming velocity. Good agreement is found between experiment
and theory.

1to be submitted as: G. Lajoinie, Y. Luan, E. Gelderblom, B. Dollet, I. Lentacker, H.
Dewitte, N. de Jong and M. Versluis, Non-spherical oscillations drive the lipid shedding
of microbubbles near a boundary. (2015)
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Significance

This work demonstrates theoretically as well as experimentally the phenom-
ena leading to the shedding of lipids from an oscillating microbubble and
the underlying mechanisms. This problem is crucial for all microbubbles
applications such as microbubbles stability for medical imaging, drug deliv-
ery or mechanical action of the microbubbles on their environment. These
phenomena have been evidenced multiple times, but never fully understood.
The new understanding presented here allows for the development and op-
timization of number of micro bubble related applications, in particular in
the field of healthcare.

5.1 Introduction

Microbubbles have been used for decades in clinics owing to their unique
acoustic properties that make them unchallenged ultrasound contrast agents.
As such, they are able to compensate for the low specificity of ultrasound
imaging that otherwise combines the requirements for an ideal medical imag-
ing modality: safety, speed and resolution. Therefore much was done to
formulate stable microbubbles, mostly encapsulated in a phospholipid shell
for a reduced interaction with the immune system and an increased circu-
lation time. The development of microbubble coatings encountered such
success that microbubbles can now be targeted to specifically recognized
and adhere to tissues90,218,219, opening possibilities in molecular imaging.
Microbubbles were also loaded with drugs95,99,220,221 or liposomes that can
entrap genes97,212,222,223 for example in the optics of gene therapy. These
developments are of great interest for therapeutic applications at a time
when the medical research is highly oriented toward personalized224–226,
localized and vector mediated medicine227–229. More and more interest is
brought into this microbubble resonance mechanism for it is expected to
have a much broader spectrum of applications than only ultrasound imag-
ing.
In this context, three pressure regimes are to be considered. The first one,

at low or mild pressures (PA ≤ 150 kPa) is the imaging regime, It is also
the best known and most investigated. At low pressures, the response of a
microbubbles to the ultrasound field is mostly linear and offers an enhanced
scattering. At mild pressures, Microbubbles start to generate harmonics and
subharmonics86,230,231 that are used by clinical scanners to enhance further
the contrast to tissue ratio7,232,233. On the other side of the pressure spec-
trum (PA ≥ 500 kPa) the very large radial oscillations mostly lead to a
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5. SHEDDING AND NON-SPHERICAL OSCILLATIONS

chaotic behavior234,235 associated with broadband acoustic emissions236–238
and destructive collapse34,69 as historically observed on ships propellers.
Nonetheless, this highly uncontrolled behavior recently found many appli-
cations for instance in cleaning where the non-spherical bubble collapse,
namely jetting can efficiently remove the contaminants of a surface68,69,204.
More medically oriented applications also arose from this inertial cavitation
such as sonothrombolysis172,239 where the violent microbubble collapse is
used to disrupt kidney stones, or for vessel walls disruption in an attempt
to enhance the penetration depth of medicines in tumors240–244. In between
these two regimes is an intermediate regime characterized by a violent but
not uncontrolled bubble behavior. The bubble oscillations are then highly
non-linear81,245 and even non-spherical201,202,246. In this regime were also
reported the occurrence of shape instabilities200 and bubble pinch-off. More
interestingly, in this regime was also reported that drug or liposomes loaded
bubble microbubbles223 could release their payload in the surroundings, ef-
fectively achieving a selective and local drug delivery.
If the experimental evidence that microbubbles are capable of releasing

their payload is clear, the mechanism behind it is yet to be unraveled.
Some attempts were made to explain these phenomena: Borden et al.181
proposed that the surface area reduction leads to the expulsion of excessive
shell materials and later, Kwan et al.75 have concluded that the shedding
could originate from a cyclic nucleation and aggregation of folding events.
These explanation however are not supported by much experimental evi-
dence owing to the very short time and length scales. Furthermore, these
explanations assume spherical bubble behavior in the free field and it was
shown that, on the one hand, the presence of a boundary changes the micro-
bubble behavior, and in particular its resonance frequency40, and that, on
the other hand, the assumption of spherical oscillations does not hold at
the high pressures (PA ≥ 200 kPa)201 required to obtain shedding from a
microbubble next to a boundary100.
There are two time scales here corresponding to two physical problems.

First the microbubble oscillation time, typically sub-microsecond, is also the
release100,223 timescale. The release, or detachment of the payload from the
bubble is the first mechanism to investigate. The second time scale is that
of the motion of the payload once detached from the bubble. This occurs on
the sub-millisecond timescale100,191 and characterizes the actual transport
or delivery of the drug. To address both problems we thus combine two
type of high-speed cameras running at 5 to 50 thousand frames per second
for the first one and 10 million frames per second for the second one. Two
length-scales are also present in the system. Firstly the bubble size and the
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transport distance present both a typical scale of a few micrometers that
can be resolved by standard bright field microscopy. The nanometric size
of the drug however cannot be optically resolved. We therefore use a fluo-
rescent molecule as model drug to locate the payload. Finally, the spherical
assumption is removed by imaging from side-view. Using this apparatus
and a model developed on the base of the Rayleigh Plesset equation, we set
to demonstrate how the lipids can locally oversaturate in the region of the
bubble in contact with the membrane, where they subsequently detach. The
material is then transported upward by the microstreaming generated by
the non-spherical microbubble oscillations. The streaming is theoretically
quantified and shows good agreement with our experimental observations.
We expect that these new observations and descriptions will facilitate the
clinical translation of therapeutic applications of microbubbles.

5.2 Non-spherical oscillation dynamics

5.2.1 Modeling the microbubble oscillations

In order to model the microbubble behavior, one needs to judiciously choose
a coordinate system. The ultra-high speed imaging of the microbubble
oscillations reveals that the displacement of the Opticell membrane during
the ultrasound exposure is not significant as compared to the change in the
microbubble radius that is typically of several micrometers. The maximal
expected displacement of the membrane can be estimated using the no-
slip boundary condition. For the studied range of pressures at 1 MHz,
this displacement is approximately 40 nm , which is negligible as compared
to the observed bubble oscillations that are typically on the order of a
micrometer. Thus the membrane can be considered as fixed and the center of
the contact area of the bubble taken as the origin to build our axisymmetric
model based on a spherical coordinate system. The spherical coordinates
are required to make use of the Rayleigh-Plesset dynamics in the following.
As a first approximation, we consider the velocity potential to be radial
in this coordinate system, which allows rewriting of the Rayleigh-Plesset
equation in 2 dimensions:

ρ

(
R̈ (θ, t)R(θ, t) +

3

2
Ṙ(θ, t)2

)
= Pi − Pe, (5.1)

with

Pi = −4α
νṘ(θ, t)

R(θ, t)
−∆P + P0

(
V

V0

)γ

, (5.2)
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Figure 5.1: Setup and model schematics. a. Setup schematics. The setup
comprises two high high-speed cameras to image the two relevant time scales, a
1 MHz focused transducer for the acoustic excitation and a CW laser for the flu-
orescence excitation. The observation is made orthogonally to the membrane. b.
Schematics of the model where the bubble is subdivided in angular sectors. c.
Schematics of the timings used in the experiment. The Brandaris camera is set
to record the ultrasound burst hitting the bubble while the fluorescence Photron
recording runs before and after the Brandaris movie in order to follow the fluores-
cent bubble payload.

and
Pe = P0 + PA, (5.3)

Each bubble can then be discretized and divided into angular sectors, with
R=R(θ,t) the length of the segment that links the surface of the bubble,
under an angle θ, with the origin of the referential. It corresponds to the
length of the angular sector (see Fig. 5.1b). ρ is the density of water,
and Pi and Pe are the pressures respectively inside and outside the bubble.
ν = 10−3 Pa.s is the viscosity of water, P0 is the ambient pressure, PA is
the applied ultrasound pressure, V0 is the initial bubble volume and V is the
time-dependent bubble volume. γ is the polytropic exponent of the gas. ∆P
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is the local pressure drop across the interface. The Young-Laplace equation
is used to generalize this pressure drop due to the surface tension247:

∆P = σw

(
1

Rc
+

1

rloc

)
, (5.4)

where σw is the surface tension of water, Rc is the radius of curvature in the
axisymmetric direction and rloc is the local curvature on the bubble surface
in the observation plane. rloc is calculated using a finite difference method
with the two closest neighbors. The radius of curvature Rc can be estimated
from the average radius of the bubble and practically calculated from the
bubble volume so that:

Rc =

(
3V

4π

) 1
3

. (5.5)

In general, each angular sector of the microbubble is considered to obey the
previous relation and all sectors together are coupled through the volume of
gas that in turn determines the internal gas pressure. The set of differential
equations (one equation per angular sector) is then solved using the ODE113
solver of Matlab. The pressure inside the bubble is calculated at each time
step from the volume and the volume is calculated by summation of the
individual sectors volumes. This numerical model treats coupled oscillating
sector and therefore allows for the existence of surface waves on the bubble.
In the model as such, these surface waves experience little attenuation and
a mostly elastic relation that reduces the stability of the model. In practice,
however, these surface waves are known to attenuate with a typical time
scale that is dependent on their wavelength. We therefore implement a
correction of the acceleration of each angular sector in the numerical model
with a damping term proportional to the relative velocity of the neighboring
segments so that:

˜̈R(θ,t) = R̈(θ,t) −

(
Ṙ(θ,t) −

Ṙ(θ−dθ,t) + Ṙ(θ+dθ,t)

2

)
κ. (5.6)

κ = 1.4.108 is the only fitting parameter of the model.

5.2.2 Comparison to the experiments

The implementation of the experimental setup is represented by the schemat-
ics of Fig. 5.1a. Figure 5.1c explains how the different elements are triggered:
the Brandaris camera is set to record the ultrasound oscillations in bright
field at 10 million frames per second and the Photron camera is set to record
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the motion and location of the fluorescent bubble payload before and after
the ultrasound exposure. When insonified, microbubbles floating against a
membrane behaved in a non-spherical manner as demonstrated in Fig 5.2.
Fig. 5.2a shows the radius-time curve of a representative bubble oscillating
under an ultrasound field of 166 kPa, together with the simulated response
at this pressure and for this particular bubble size. Fig. 5.2b shows the
corresponding simulated and detected contours. Fig. 5.2c and d also show
simulated and experimental contours of microbubbles exposed to 249 kPa
and 313 kPa, respectively. From these contours, one can see how the bub-
bles take an elongated shape in the horizontal direction while growing and
an elongated shape in the vertical direction while collapsing. this feature
was previously observed by Dollet et al.246 and interpreted as a phase dif-
ference between a horizontal and a volumetric oscillation. The experimental
behavior of the microbubbles however showed large deviations (see A1) ow-
ing to the nature of the pressure regime that is in fact a transition regime
to a chaotic behavior. The general features remain nonetheless the same.

5.2.3 Explanation

As a result of the different initial length of the diverse segments, each sector
vibrates with a different phase than its neighbors because of their oscillator
like behavior. Thus for increasing θ, the initial segment length increases
and so does the phase of the oscillations, locally. Therefore the small angles
expend first, hence the horizontal elongation shape during growth and the
small angles retract first hence the vertical elongation during collapse. this
phase discrepancy along the surface of the microbubble will prove crucial for
both the release of the shell material and its transport as we will demonstrate
in the following sections.

5.2.4 Effect of the wall and of the targeting

If the presence of a wall is known to affect the bubble resonance, little in-
vestigation was performed on its effect on the sphericity of the oscillation
in this pressure range and plane of observation. The imposed asymmetry
in the flow pattern enhances the non-sphericity of the oscillations. Interest-
ingly, the simple model as described earlier is able to capture the change
in resonance frequency and decreased oscillation amplitude at resonance as
well as the change in the bubble shape. Unlike our preliminary study100

in which microbubbles floating against a wall were investigated, targeted
microbubbles were used here, resulting experimentally in the pinning of the
area in contact with the opticell. This pinning behavior was numerically
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Figure 5.2: Experimental and simulated non-spherical microbubbles os-
cillations. a. Simulated and experimental radius-time curve of a 3.9 µm radius
microbubble exposed to a 166 kPa ultrasound burst. b. Snapshots of the simulated
and experimental contours of the bubbles depicted in a at the times depicted by
the green circles. c and d. Snapshots of simulated and experimental contours of
app. 3 µm radii bubbles exposed to 249 and 313 kPa, respectively

implemented in the model. by preventing the motion of the first sector. Ex-
perimentally the radius of the contact line is on average half of the bubble
radius with no obvious dependency on the size the bubble or other quan-
tifiable parameter. rcontact = R0

2 is therefore used for the simulation. In
practice, the contact radius can vary from 25% up to 70% of the bubble
radius for the extreme cases. The size of the contact area has a limited
impact on the simulation output: mostly the neck observed in the collapse
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5. SHEDDING AND NON-SPHERICAL OSCILLATIONS

phase becomes less pronounced (see Fig. 5.3a). Removing the pinning in
the simulation leads to the same conclusions, but the shape of the bubble at
small θ angle shifts from a neck to a tip for which all the following reasonings
apply. We note that this tipping like shape was previously observed191 by
ourselves on the bubbles presenting the smallest contact areas. The pinning
of a targeted bubble did also not experimentally change the observed shed-
ding dynamics as compared to previous observations100 and as confirmed
by our preliminary check.

5.3 Lipid detachment as a result of non-spherical oscilla-
tion dynamics

The most commonly considered mechanism for detachment of the shell ma-
terial from the surface of a microbubble involves the oversaturation of the
lipid layer during the compression phase. It was also investigated although
mostly explained in terms of spherical oscillations75,181,183. However, in
vitro like in vivo, microbubbles are hardly in free space. In the free field,
the symmetrical collapse of a bubble is prevented by a rapid increase of
pressure and temperature in the gas core. Near a boundary however, the
earlier collapse of the bubble surface at small θ angles is not prevented by the
same pressure increase owing to the phase lag of the bubble surface furthest
from the wall. One can then expect, given sufficient acoustic pressure, that
nothing prevents this same part of the bubble from fully collapsing. Fig 5.3
shows simulated lipid shell collapse for a pinned (targeted) microbubble,
demonstrating this effect. Also from Fig. 5.3a, it becomes obvious that the
aspherical collapse leads to a local oversaturation of phospholipids close to
the membrane where they will ultimately detach before being transported
away by the local flow field. Complementarily, Fig. 5.3b shows the change
in surface area of each angular sector in the collapse phase for increasing
ultrasound pressure. The corresponding increase in the local phospholipids
concentration also increases with the pressure, going as high as 11-folds at
313 kPa.

5.4 Non-spherical oscillation dynamics sets up a stream-
ing pattern

Microstreaming surrounding the microbubble during ultrasound exposure
was previously proposed as an important transport mechanism following
shedding100. The velocities observed were typically on the order of 0.1 m/s.
The experimental evidence of this streaming process captured from the side
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Figure 5.3: a. Shape of the bubble in the collapse phase for increasing pressure
showing how the bubble deforms and the phospholipids oversaturate. b. reduction
in surface area of the phospholipids in the compression phase for the same pressure
than in (a) as a function of the angle. The reduction surface area and thus the
increase in concentration can be as high as ten times.

view is presented in Fig 5.4. Fig. 5.4a shows a typical example of fluorescent
material transport over a few tens of microseconds. The fluorescent material
detaches from the bubble before moving upwards. This unintuitive behavior
can in fact be explained when looking at the streaming generated by such
microbubbles.

5.4.1 Streaming pattern

Marmottant et al.191,199 solved this streaming problem for 100 µm sized
bubbles resonating at lower frequencies. They observed a significant stream-
ing field due to the non-spherical oscillation of the microbubble. They sim-
plified the vibrations into two decoupled oscillatory motions: the volumetric
oscillations of the bubble and the upright oscillatory translation of the bub-
ble. They could then estimate the streaming due to the phase difference
between these two oscillatory motions with a good quantitative agreement.
We apply this analysis to our system as we evidence a similar microbubble
behavior, although at a shorter length scale. The volumetric and trans-
lational oscillations were derived from the computation of our model and
resulted in a phase difference dependent on the bubble radius.

5.4.2 Streaming velocity

The velocity field resulting from this approach is then given by a combina-
tion of 3 Stokes singularities, a stokeslet (stk), a dipole (dip) and a hexapole
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(hexp)199. The streamlines obtained for a 2.5 µm radius bubble exposed to
a burst of 100 cycles at 1 MHz are shown in Fig 5.4.b and explain perfectly
the trajectory followed by the fluorescent material: the phospholipids detach
and move along the microbubble surface. Once at the top of the bubble,
the material is transported straight upwards as illustrated by Fig 5.4b.

t = -20 µs t = 0 µs t = 20 µs t = 40 µs t = 60 µs t = 80 µsa

b

Figure 5.4: Experimental evidence of streaming. a. Release of the fluo-
rescent material from an oscillating microbubble showing a clear transport toward
the opposite of the membrane. b. Schematics of the shedding process seen at 50
kfps, including the theoretically calculated streamlines (solid black lines).

The velocity field at any point located on the z axis (see Fig 5.1b) writes:

u = ϵzϵRsin
(
ϕ

π

180

)
R0ω(stk + dip+ hexp), (5.7)

where

stk =
2

z̄ − d̄
− 1

z̄ + d̄
− (z̄ − d̄)

2

(z̄ + d̄)
3 − 8d̄z̄

(z̄ + d̄)
3 , (5.8)

dip = −

(
1

(z̄ − d̄)
3 − 7

(z̄ + d̄)
3 +

6d̄

(z̄ + d̄)
4

)
, (5.9)

hexp = −1

2

(
1

(z̄ − d̄)
6 − 1

(z̄ + d̄)
6

)
, (5.10)

z is as described in Fig 5.1b, d is the initial distance of the center of the
bubble to the wall, thus slightly smaller than the bubble radius due to the
pinning, and the overbar is used to notify that a space variable is non-
dimensionalized by division by the initial bubble radius R0. ϵz and ϵR are
the amplitudes of the relative volumetric oscillations and relative translation
amplitudes as defined in199. The prefactor gives the typical velocity of the
streaming and is proportional to the sine of the phase difference between the
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two oscillatory motions. As a result, no streaming can arise from spherical
oscillations. The participations of the Stokes functions as described above
are non-dimensional.

5.4.3 Streaming-induced displacement

The displacement along the vertical axis is then given by:

z(t) =

∫ t

0
u(z(t))dt. (5.11)

An example of experimental and analytical displacement versus time is plot-
ted in Fig 5.5a. The integration is carried out over the duration of the ultra-
sound burst, in this case 100 µs. After this time, the progression of the travel
distance experimentally measured suddenly stops. This is a consequence of
the highly viscous behavior of the water at the combined short times and
length scales. This calculated displacement is valid for bubbles in permanent
regime and at a fixed location. Very often however the bubble breaks-up,
jets, pinches-off daughter bubbles or moves rapidly on the membrane thus
disturbing the streaming field. This displacement can therefore only be seen
as the maximum reach of a bubble population. The displacement generated
by microbubbles stably vibrating on the membrane is plotted in Fig. 5.5b
together with the prediction made from the model and the streaming cal-
culation. Considering the large variation in the responses displayed by the
bubble, the calculation is in reasonable quantitative agreement with the
experiments.
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Figure 5.5: Transport of the microbubble payload. a. Experimental (red
triangles) and computed (solid black line) position-time plot of the fluorescent
material shedded by a app. 2 µm radius microbubble b. Simulated (solid lines)
and measured (empty circles) transport distance for microbubbles exposed to a 100
cycles, 1 MHz ultrasound burst of 166, 249 and 331 kPa.
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5.4.4 Applications

In the present paper, we demonstrate how an non-spherical bubble behavior
lead to the detachment of the phospholipids coating the microbubble and
how this material, potentially a drug is transported by the bubble-generated
microstreaming. This has very direct implications on making the promises
of therapeutic and local drug vector microbubbles a reality. The realization
of such a challenge can in the long term significantly impact the healthcare
quality. In the meanwhile, the most direct applications are in medical re-
search. Research projects on the topic will indeed have to be designed so
that they account for the demonstrated effects in order to reach the required
efficiency for clinical translation.

5.5 Discussion

The shell influence on the microbubble dynamics was shown to become
mostly negligible above 40 kPa196. The model elaborated here can thus
describe accurately the microbubbles behavior without taking into consid-
eration the shell characteristics. Nonetheless, in a few cases (less than 5%),
small vibration amplitudes were observed and the energy was instead dissi-
pated through surface mode oscillations201 200 202.This behavior however is
of low interest for the drug delivery applications for it does not lead to lipid
shedding.
The shedding of the shell is often accompanied by the pinch-off of submi-

cron daughter bubbles from the top of the original microbubble. A direct
implication of this pinch-off is the immediate size reduction of the microbub-
bles that is measured just after the ultrasound burst. This was suggested by
other studies184 182 and our earlier investigations248. These events however
are hardly predictable and reproducible. From the fluorescence recordings,
The secondary daughter bubbles appear to carry some fluorescent shell ma-
terial with them away from the membrane. During the collapse of some
bubbles a gas ligament is formed from which appears to originate the sub-
micron bubble. The formation of this bubble during the collapse phase could
also explain the high concentration of shell material around the daughter
bubbles. The pinch-off occurred in about 1/3 of the cases with no obvious
dependency on the bubble size or oscillations amplitude. It mostly inter-
feres with the detached phospholipids that follow the same trajectory and
cannot be used as a direct quantification of the shedding.
For larger bubbles and high pressures, the formation of jet was often

observed. At 414 kPa, 85% of the microbubble population tested jetted.
Such jets were reported earlier for microbubbles249 204 without considering
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the becoming of the shell for a contrast agent. During the jetting, the
fluorescent coating is transported from the top part of the bubble through
the gas core and deposited on the supporting membrane. This is yet another
type of shedding originating from a completely different physical mechanism
than the lipids oversaturation.
Finally, the most significant error associated with the model decomposi-

tion is expected to arise from the orientation of the velocity field that is
considered radial in the spherical reference frame chosen. This error is how-
ever shown to be low by using the admissible velocity potential of such a
bubble sitting on a membrane derived by Vos et al.202. More details on the
quantification of this error are given in A2.

5.6 Conclusions

Using high-speed fluorescence imaging and ultra-high-speed bright field imag-
ing performed in side view, we acquired for the first time an in-depth under-
standing of the lipid shedding behavior. We captured highly non-spherical
bubble vibrations, leading to lipids shedding and that involves two very
distinct phenomena: the phospholipid detachment or release and the phos-
pholipid transport. Theoretical explanations have been brought through a
newly built axisymmetric model that reveals the key aspect off the non-
spherical microbubble oscillations. These non-spherical features are shown
to provoke a local oversaturation of the phospholipids by locally reducing
the shell surface area by over ten folds in the microbubble compression
phase. On the longer timescale of the ultrasound burst, these same non-
spherical features are shown to induce a strong streaming field that carries
away the shell material away from the bubble, in the direction opposite to
the membrane.

5.7 Materials and Methods

Bubble preparation Biotinylated microbubbles218 were prepared by son-
ication. The coating was composed of 1,2-distearoyl-sn-glycero-3-
phosphocholine (59.4 mol%; Sigma-Aldrich, Zwijndrecht, the Netherlands),
polyoxyethylene-40 stearate (357 mol%; Sigma-Aldrich), 1,2-distearoyl-sn-
glycero-3-phosphothanolamine-N-methoxy(polythyleneglycol)-2000 (DSPE-
PEG) (4.1% mol; Avanti polar lipids, Alabaster, AL, USA) and DSPE-
PEG(2000)-biotin (0.8 mol%; Avanti Polar Lipids). For fluorescence label-
ing of the microbubble membrane, the lipophilic dye 1,1-dioctadecyl-3,3,3-3-
tetramethylindocarbocyanine perchlorate (DiI) (Molecular Probes, Eugene,
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OR, USA) was dissolved in ethanol and added to the solution before soni-
cation.
Sample preparation For the sample holder, the topside of an OptiCell
(Thermo Fisher Scientific, Waltham, MA, USA), a 75µm thick polystyrene
membrane, was used as a target surface. 24 hours before the experiment,
the membrane was coated with NeutrAvidin (Life Technologies Europe,
Bleiswijk, The Netherlands) by adding 1 mL of 1 µg/mL solution of Neu-
trAvidin in phosphate-buffered saline (PBS) (Life Technologies Europe).
The OptiCell membrane was incubated overnight at room temperature in
a humidity chamber. Right before the experiment, the surface was rinsed
with PBS to remove all the unbound protein and incubated for 1 h with 1%
bovine serum albumin (BSA) (Sigma-Aldrich) to prevent unspecific binding.
Afterwards, the surface was cut into rectangular pieces of 5 mm x 20 mm.
Before using each piece, it was rinsed again with PBS, then mounted with
the coated side down in a tank filled with PBS. Biotinylated microbubbles
were injected into the tank and allowed to interact with the coated surface
by flotation for 5 minutes. In the end, the surface was carefully rinsed with
PBS to remove all unbounded microbubbles.

Experiments The bound microbubbles were immersed in a water bath
(T ≈ 22◦C) at a 45◦ angle relative to the vertical axis and could be inde-
pendently positioned with a 3-D micropositioning stage. A focused, single-
element transducer (C302, Panametrics, Waltham, MA, USA) with a center
frequency of 1 MHz was fixed on one side of the water tank and was used
to insonify the microbubbles. For each recording, a single microbubble at-
tached to the Opticell membrane was exposed to a single ultrasound burst
with a pulse length of 100 cycles with an acoustic pressure of 166, 249, 332
or 414 kPa. A total of 106 single microbubbles were investigated in this
experiment. The bubbles selected one by one before each US exposure are
chosen around the expected resonant size. Moreover, a relevant number
of bubbles out of resonance are insonified to cover the range of available
bubble sizes. The optical recordings were realized using a fluorescence mi-
croscope equipped with a 40x water-immersion objective (LUMPFL, NA =
0.8; Olympus, Zoeterwoude, The Netherlands). The microscope was fixed
at a 45◦ angle relative to the vertical direction in order to observe the tar-
geted microbubbles from the side. A continuous wave laser (5W , λ = 532
nm; Cohlibri, Lightline, Osnabr�ck, Germany) was focused onto the sample
through the same microscope to excite the fluorescence labeling. The laser
light was gated using an acousto-optic modulator (AOTF.nC-VIS, AA Op-
toelectronic, Orsay, France) to generate a single pulse with a duration of
500 µs. Simultaneously, a bright-field illumination was used (KL2500LED,
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Schott, Mainz, Germany) superimposed with the fluorescence recording.
High-speed recordings were acquired with a CMOS-based high-speed cam-
era (SA-X, Photron, West Wycombe, UK), operating at 5,000 to 50,000
frames per second (fps). Ultra high-speed imaging was performed with the
Brandaris 128 camera160 161 at a framerate 3 orders of magnitude faster at
5 million fps. The combination of bright field and fluorescence recordings
was enabled through the splitting of the optical beam in two pathways by
an 80%/20% beam splitter. 80% of light was directed into the Brandaris
camera, while the 20% light path was directed toward the Photron camera.
To confirm the validity of the current setting, a test study was performed
for 12 targeted microbubbles recorded in a top-view configuration. Identi-
cal shedding phenomena were observed compared with the previous study:
lipid shedding and subsequent transport appeared as the spread of a fluores-
cence halo around the microbubble. This demonstrates that the targeting
procedure does not affect the capacity of the microbubbles to shed away
their lipid coating.
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5.8 Appendix

A1: Experimental setup and bubble responses

The acoustic pressures given here were measured before the experiment in
a separate setup with a calibrated needle hydrophone (0.2 mm, Precision
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Acoustics, Dorchester, UK). Most of the bubbles studied are in the ex-
pected resonant size range (3-4 µm)188. For the side view experiment, we
found diversified bubble behaviors at the applied pressures that are above
the threshold required for the lipid shedding (166, 249, 332 and 414 kPa).
In general, microbubbles display a highly non-spherical behavior, includ-
ing bubble fragmentation, pinch-off of submicron bubbles, and jetting. The
relative radial expansion of the individual microbubbles irradiated by an
ultrasound burst at various pressures is shown in Fig 5.6.a. It displays an
important spread of data points and a large deviation from the character-
istic predictable responses. The data was fitted with the damped bubble
oscillation equation250:
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Figure 5.6: Individual microbubble response. Experimental (empty circles)
and fitted (dashed lines) response of individual microbubbles.

A2: Error estimation

The admissible velocity potential was computed from the equation derived
by Vos et al.202 using Matlab and was numerically differentiated to obtain
the velocity field. From this velocity field, the ratio of the tangential velocity
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to the total velocity is computed and the result is plotted in Fig 5.7 for three
bubble sizes. The tangential velocity is maximal when the velocity of the
interface is maximal and can reach 30% of the total speed. Thus the radial
velocity is at least 95% of the total velocity and the range of the error is less
than a bubble radius. Considering the velocity as radial in our spherical
referential therefore proves to be a good approximation.
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6
Real-time counting and sizing of

microfluidically producedmicrobubbles
formed at high production rates

Microfluidic technology is more popular than it has ever been since its
introduction 30 years ago for its low volume samples, its precision, and the
compactness of lab-on-chip devices. Bubbles and droplets can be formed with
high monodispersity. However, long-term stable operation of the devices is
required for commercialization. Feed-back quality control is thus nedded to
maintain the monodispersity. Here, we present a light-transmission based
measurement technique that provides real time information on the production
rate, up to 1 MHz, and the bubble size. We also show how such a system
should be used in existing or future devices to control the output bubble size
and production rate. The measurement technique has the potential to develop
microfluidic platforms that can be operated by non-specialist end users.

1to be submitted as G. Lajoinie, T. Segers, and M. Versluis Real-time counting and
sizing of microfluidically produced microbubbles formed at high production rates. (2015)
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6.1 Introduction

Microfluidic technology has emerged over the past 30 years. In the eight-
ies, microfluidics was mostly a way to keep the flow laminar while work-
ing on a single purpose and small volumes, e.g. for DNA detection and
mulitplexing. During the three following decades, the field has shown the
potential in many applications and complete lab-on-a-chip platforms have
been developed251–254 e.g. for complex biological sensing255,256, organs on-
chip52,53, high-throughput sample characterization257–260 and logical oper-
ations261–263. Moreover, recent advances allow for the highly controlled
manipulation and characterization of single cells264–267.
More recently, microfluidics was shown to be a powerful tool for ultra-

sound contrast agent sorting268,269 and the production thereof83,270,271. The
production of monodisperse bubbles in a flow-focusing device was shown to
exceed rates of half a million bubbles per second83, hereby overcoming the
typical issue of low throughput microfluidics. Furthermore, such controlled
methods allow for a unique size monodispersity272–274 that was proven to
significantly enhance the acoustic contrast270,275.
As a consequence of all its advances, microfluidic technology has become

an elementary technique for a range of applications, which in turn led to
its worldwide acceptance. Thus its commercial potential has become a real-
ity and an increasing number of companies design and produce microfluidic
chips, either with standard specification, or on-demand for customers pre-
senting a plethora of scientific profiles. The fact that these new users are
more and more non-fluidic experts poses new difficulties. In particular, the
discrepancy between the simplicity of the chips and the complexity of the
systems used to drive them has become obvious. Also there are companies
are trying to fill the gap by developing easy-to-use, off-the-shelf, driving
systems that partially fulfill the need for such users276.
The shift from a scientific method to a real tool that aims at being used by

non-experts is evident for example for the production of ultrasound contrast
microbubbles at bed-side. Such a platform cannot go without a simple, safe
and reliable feed-back system. For microbubbles or droplets production,
such a system needs to be able to characterize, in real time, the activity
of the chip, i.e. the MHz production rate of bubbles of a size of the order
of a few micrometers. The preferred method until now to characterize or
monitor such microfluidic chips is high-speed imaging, which is expensive
and not easily available83. Furthermore, high-speed imaging only allows for
taking �snapshots� of the activity of the chip and is therefore unsuited for
continuous monitoring.
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6. BUBBLE SIZING AND COUNTING

Several low-cost technologies have been investigated. Some make use of
electrical potentials or currents to detect the passage of a particle277,278.
Such methods are fast but present the inconvenience of requiring a specific
chip design that includes electrodes, hereby making the production of the
chip more complicated. Moreover, electrical sensing methods require a pre-
cise calibration that has to be performed for each type of liquid and gas
sample. Optical methods based on fluorescence were also proposed279,280

on the basis of cytometer technology that allows for an in-depth character-
ization of the sample. However, such techniques are limited in sensitivity
when the velocity of the particles increases and can exclusively be applied to
fluorescent agents, with potentially undesired and limited biocompatibility
for a medical application.
Here we propose a simple method based on light transmission changes

as the agent crosses a focused laser beam. Such a system can be realized
with standard lab equipment. We show that this system can measure both
the production rate and the size of microbubbles produced by a standard
glass microfluidic device in real time. Production rates above one million
per second were readily measured for bubble radii below 5 micrometer,
corresponding to the practical limit we could achieve with our chip in this
context. We show that this instrument can achieve a full characterization
of the chip′s performance faster than any available system known to the
authors, while offering the possibility for the monitoring of transient states
of the device with only a minimum knowledge of the microfluidic parameters.
Finally, we show how this method can be used to ensure the long-term
stability of the production while making an optimal use of the microfluidic
platform.

6.2 Methods

The bubble detection system consisted of a low power (5 mW) laser module
of which the circular beam was focused in one direction by a cylindrical
lens (Eriks, f = 200 mm) before it was coupled into the light path of a
microscope equipped with a 20× objective. The geometrical shape of the
resulting light sheet, focused in the microfluidic bubble formation channel
(Fig. 6.1), aided the robust alignment of the beam with the bubble stream.
The transmitted light was received by a fast photodiode (DET36A, Thor-
labs, Si Detector, 350 - 1100 nm, 14 ns rise time, 13 mm2). A discharge
resistance of 100 Ω was connected in parallel to the photodiode to ensure
a good ratio between the signal amplitude and the response rate of the
diode where an increased resistance results in an increase of both the de-
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tector sensitivity and the response time. The output voltage of the diode
was measured with an oscilloscope (no specific requirements) that was con-
nected to a personal computer running Matlab to download the waveforms
at a rate of approximately 15 times per second. The production rate was
calculated from the stored waveforms using a cross-correlation method, in
our case much faster than a Fourier transform method. The passing times,
from which the bubble size is calculated, was measured from the waveforms
using a thresholding and peak detection method.
The sizing and counting performance of the proposed optical system was

measured using a simple and generic bubble production chip that was previ-
ously described by De Castro et al.270, however, here it was manufactured in
glass. Briefly, in a microfluidic cross-flow geometry a gas stream is focused
in between two liquid co-flows resulting in a gas filament that regularly
breaks up into monodisperse bubbles downstream of the focusing region.
The liquid flow consisted of a demineralized water mixed with surfactants
(Tween 80, Sigma Aldrich) and it was mass-flow controlled (EL-Flow series,
Bronkhorst, NL). The gas flow was also mass-flow controlled and the gas
pressure was measured in the gas supply tube by a pressure sensor (Dig-
itron).
The mass-flow controllers were operated by a personal computer running

tailor-made software from which it was possible to program fully automated
sequences of mass-flow rates. The actual flow-rates were measured 10 times
per second from the mass-flow controllers and they were logged to a text
file.

6.3 Results

6.3.1 Gas pressure and transient flows

To characterize the bubble production we start by considering the properties
of the on-chip fluid flow. Typically, in microfluidics the flow is laminar
resulting from the low Reynolds numbers:

Re =
ρV̄ L

ν
, (6.1)

where V̄ is the average flow velocity, L the typical length scale of the flow,
i.e. the diameter of the smallest channel, and ν the viscosity of the water.
During the experiments the average flow velocity was not exceeding 10 m/s,
the smallest length scale was ∼30 µm and water was used resulting in an
maximum Reynolds number of 300 and therefore the flow is laminar281–283.
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Figure 6.1: a) Schematic representation of the optical bubble detection setup.
The laser beam is focused by an objective microscope after it has passed through a
cylindrical lens resulting in a laser sheet. A fast photodiode is employed to measure
the change in light intensity observed when bubbles are passing through the laser
sheet. b) Typical output voltage for different production frequencies (from high to
low). The letter ϕ represent the flow rates.

The bubble formation will be driven by the gas pressure at the focusing
region of the chip where the gas and liquid flows meet. The gas pressure
in the gas supply line can be considered homogeneous since the viscosity of
the gas is very low resulting in a negligible viscous dissipation. Therefore,
the perfect gas law and mass conservation can be used to calculate the rate
of change of the gas pressure Pg:

Ṗg =
1

Vg

(
TrRg

M̃g

ϕgm − ϕobPat

)
, (6.2)

with Vg the volume of the gas line, Tr the ambient temperature, M̃g the
molar mass of the gas, Rg the ideal gas constant, ϕgm the gas mass flow
rate in the inlet, ϕob the gas volume flow rate at the chip outlet and Pat the
atmospheric pressure.
The pressure drop over the outlet channel of the chip is neglected since

the outlet has typically a much larger cross-section than the rest of the chip
geometry. Thus, the pressure drop over the bubble production area can be
written as284,285:

∆P = Pg − Pat =
KiρV̄

2
+

KoρV̄

2
+

K (x) ρV̄

2
+RH0V̄ S, (6.3)

where Ki characterizes the entrance losses due to the reduction of the cross-
section of the microfluidic channels, Ko quantifies the losses due to the
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increase in cross-section of the outlet channel. K (x) is the Hagenbach factor
and characterizes additional losses due to the development of a flat velocity
profile into a parabolic Poiseuille profile284,285. Finally, ρ is the density of
the fluid, S the cross-section of the narrow channel and RH0 the hydraulic
resistance. In our microchannel, a constriction is designed for the bubble
production270. Across this narrow channel, the pressure drops resulting in
an increasing volume gas flow-rate due to compressibility. Let’s therefore
write ϕob,av an average gas flow rate to be quantified. A quick look at the
Stokes number:

St =
V̄ Rb

2ρl
9νL

≈ 0.1, (6.4)

is sufficient to say that the bubble velocity will be any different from that
of the surrounding water. In Eq. 6.4, Rb is the bubble radius and L is the
length of the narrow channel. The average velocity then takes the shape:

V̄ =
ϕ

S
=

ϕl + ϕob,av

S
. (6.5)

Furthermore, the inertial pressure drop depends on the density of the fluid,
here a mixture of gas and water. We therefore define the density:

ρ = ρl
ϕl

ϕl + ϕob,av
, (6.6)

with ρl = 103 kg/m3 the density of the continuous phase. The precise
expression of each of the factor in Eq. 6.3 will be highly dependent on the
geometry of the chip. Therefore, using Eq. 6.5 and Eq. 6.6, we choose to
rewrite Eq. 6.3 in a more generic form:

∆P = Pg − Pat = RH0 (ϕl + ϕob,av) +K2ϕl (ϕl + ϕob,av.) (6.7)

RH0 and K2 are the linear hydraulic resistance and the quadratic inertial
loss coefficient of the chip, respectively. RH0 and K2 can be calculated
using the pressure measured in the gas line in relation with the set flow rates.
Finally, an assumption is required to express the average gas flow rate ϕob,av.
The change in the gas volume flow rate while crossing the narrow channel
requires a much deeper knowledge of the flow behavior that is difficult to
translate (and for the general application of this work undesirable) from
chip to chip. It is therefore convenient to write the simple approximate
relation:

ϕob,av ≈ ϕob

2

(
1 +

Pat

Pg

)
. (6.8)
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We will show later that this expression is in fact sufficient for our purpose.
Combining Eq. 6.2 and Eq. 6.7 to the first-order (or in the limit of a high
pressure driving of the chip):

Ṗg ≈ − 2Pat

Vg (RH0 +K2ϕl)
Pg+

TrRg

M̃gVg

ϕgm+
2Pat

2

Vg (RH0 +K2ϕl)
+2

ϕlPat

Vg
, (6.9)

Eq. 6.9 is a first-order differential equation that present a typical transient
time:

τ =
Vg (RH0 +K2ϕl)

2Pat
. (6.10)

Note that the prefactor 1/2 becomes 1 in case of low flow rates, (low pressure
drop across the chip), implying that a strongly driven chip will respond
faster than a mildly driven chip. From Eqs. 6.7 and 6.10, one can determine
an approximate solution for the response to a pressure change:

Pg (t) ≈ Pg,t=0 + (Pg,eq − Pg,t=0)
(
1− e−

t
τ

)
, (6.11)

with
Pg,eq =

1

2

(
δ +

√
δ2 + 2 (RH0 +K2ϕl)ϕlPat

)
, (6.12)

and where

δ = Pat + (RH0 +K2ϕl)

(
ϕl +

TrRgϕgm

PatM̃g

)
. (6.13)

For a more precise characterization, i.e. an in-detail study of a new chip
design, the proposed reasoning can be reapplied with more details on the
flow dynamics. From the previous, one can easily translate Eq. 6.2 and
Eq. 6.7 to the gas flow rate:

˙ϕob ≈ − 2Pat

Vg (RH0 +K2ϕl)
ϕob +

2TrRg

M̃gVg (RH0 +K2ϕl)
ϕgm − 2ϕ̇l. (6.14)

The gas flow rate thus experiences the same transient as the gas pressure.
It also becomes apparent that the gas flow rate depends on the variations of
the liquid flow rate. Thus, a constant input gas flow rate does not necessarily
imply a constant outlet gas flow rate.
In the following, we will consider two sets of experiments. In the first,

we vary first the liquid flow rate by steps while maintaining the gas flow
rate constant and in the second set, we vary first the gas flow rate by steps
while maintaining the liquid flow rate constant. The liquid flow rate was
varied between 10 and 22 ml/h and the gas (mass) flow rate was varied
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Figure 6.2: Pressure in the gas line a. Variation of the pressure in the chip
during the transient time. Experimental reading (blue curve) and simulation (red
curve) are compared showing a good agreement although the measured pressure
is slightly slower than the simulated one. b. Comparison of the simulated and
analytical estimation of the pressure to the measured pressure. Also here the
variations from the line y = x are a consequence of the slight difference in the
transients.

between ∼5 and ∼23 ml/h. We will come back on these experiments in
more details later. For each step in the flow rates commands, we recorded
the pressure variation in the gas line in time. This pressure variation is
then scales between 0 and 1 to make all the steps comparable. Figure. 6.2a
compares this measured pressure to the calculated transient behavior of the
gas pressure. The transient estimated from the simulation and the measured
one are in good agreement; and the slightly slower pressure change observed
in the experiments can most probably be attributed to an underestimation
of the dead gas volume (estimated to 0.8 mL in our setup, and set mostly
by the chosen length of the tube linking the pressure-meter to the gas line).
The full comparison of the calculated and simulated pressure versus the
measured one is displayed in Fig. 6.2b and here again good agreement is
observed. The variations around the line y = x are also due to the minor
difference in the transient states.
In order to translate this reasoning to droplets, one can use the incom-

pressibility of the inner phase, which leads to a constant density (the ideal
gas law is then no longer necessary). The simplification expressed in Eq. 6.8
is also not necessary for the same reason. This leads to a significant sim-
plification of the proposed description and to a reduction of the transient
time. Thus, such system can thus be treated as quasi-static.
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6.3.2 Bubble counting
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Figure 6.3: Measured input and outputs of the chip. a and b are the inputs
and outputs, respectively, of a first experiment where only the liquid flow rate was
changed. The inputs in a are the liquid flow rates and the gas mass flow rates. The
outputs in b are the production frequency and the passing time of the bubble as
measured directly. c and d present the same quantities as for a and b for a second
experiment where only the gas flow rate was varied.

The laser beam is aligned with an area of the chip where the bubbles
pass in a single line (see Fig. 6.3a). This resulted in the disturbance of the
narrow beam (app. 1.2 µm in width) for each single bubble. Examples of
reading of such bubble train can be seen in Fig. 6.1b. The bubble counting,
i.e. the determination of the production frequency, is straightforward (see
Methods) from the measured waveforms. The results for two typical exper-
iments where only the liquid flow rate or only the gas flow rate is varied are
displayed in Fig. 6.3. Figures. 6.3a and c show the flow rates used during
these two respective measurements and Figs. 6.3b and d display the quan-
tities that are directly measured by the bubble counter system, namely the
production frequency and the bubbles passing times. In order to prove the
speed and reliability of the system, the chip was driven in extreme conditions
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of pressures and flow rates. This resulted in bubbles of a few micrometers
produced at up to 106 bubbles per second. Higher production rates could
be recorded, but the flow dynamics became rapidly unstable beyond this
limit.
As a first remarkable result, the production rate seems to be only slightly

affected by the change in the gas pressure. The production frequency indeed
seems to follow the change in liquid flow rate (Fig. 6.3a), followed by lower
order variation at the timescale of the pressure transient. This result is
noticeable in itself as all previous papers on the topic predict or observe a
production frequency dominated by the ratio of the gas to water flow rates,
with various exponents, ranging from 1/4th to 5/12th depending an the flow
regime286. This obviously does not hold in this system as can be seen from
Fig. 6.3d where the gas flow rate to water flow rate ratio varies by a factor 5
and the production rate only varies by a few percents. Although this effect
is interesting to study on its own, we will only use it here as an example
to emphasize the need for systems such as the one proposed here. For
consistency with the concern of generality and simplicity, a straightforward
scaling with the liquid flow rate is performed and shown in Fig. 6.4a. This
scaling gives a good first-order result and can be implemented in a computer
model as such.

6.3.3 Bubble sizing

The bubble size is the second required parameter in order to control and
characterize the bubble production in real time. In contrast with the pro-
duction rate, this quantity is not directly measured. The waveform gives
the passing time of the bubbles. The translation to the size can therefore be
achieved only when knowing the velocity of the bubbles. The bubble veloc-
ity itself is related to the flow rates and flow profiles (considering Eq. 6.4).
We have established in the previous that the flow was laminar, an assump-
tion that generally holds in microfluidic applications. The flow profile will
therefore vary from flat to parabolic over the typical entrance length:

L ≈ 6.10−2ReDh = 6.10−2ϕDh
2ρ

νS
. (6.15)

In the chip presently investigated, and at the location where the bubbles
are measured, the flow is thus fully developed and if we assume the bubbles
not to significantly disturb the flow profile, the bubble velocity writes:

Vb ≈ 2V̄ . (6.16)

102



6. BUBBLE SIZING AND COUNTING

Therefore:
Rb = −Dlaser

2
+ βTpass

ϕob + ϕl

S
, (6.17)

with Dlaser the thickness of the laser sheet, Tpass is the passing time of the
bubble and β = 1, while in the case of a flat profile, β = 1/2. β is thus here
a convenient flow parameter to generalize the derivation for any laminar
flow profile. From Eq. 6.7 it follows that:

ϕob =
2

1 + Pat
Pg

(
Pg − Pat

RH0 +K2ϕl
− ϕl

)
. (6.18)

And, finally, Dlaser can be estimated using the following formula287:

Dlas

2
≈ 1.22

λF

D
≈ 1.2µm, (6.19)

Here, λ = 700 nm is the wavelength of the laser, F is the working distance
of the objective and D the diameter of the beam entering the microscope.
This result can easily be translated to a droplet train by considering the
inner flow incompressible, which reduces the prefactor of Eq. 6.18 to 1 since
in that case ϕob,av = ϕob.
The result of the measured, calculated and simulated bubbles sizes for

the experiments depicted by Figs. 6.3a and d are shown in Figs. 6.4b and c,
respectively. One finds a good general agreement between the experimental
and simulated curves. Two main discrepancies can be pointed out, corre-
sponding to a breakdown of the validity of the proposed general model. The
first one is visible in Fig. 6.4b when the bubbles are the largest, of an order
of 20 µm, corresponding to a very large gas flow rate to liquid flow rate ratio.
At this point, the influence of the bubbles on the flow breaks the validity
of the general assumptions made. This will reflect in a large inaccuracy in
the measured bubble size. This flow rate ratio regime is, however, of little
interest for microfluidic applications. The second discrepancy appears in
Fig. 6.4c, at early times. The gas flow rate is then dropping rapidly from a
very large flow rate and does not follow the predicted values because of the
transient behavior. This can be understood as an effect of underestimating
the transient times. On the other hand, the measured size is still accurate.
In practice this difficulty disappears if a feedback loop in implemented, as
we propose in the following, section 6.4.

6.3.4 Timescale and polydispersity index (PDI)

Many chip design are available nowadays, and many flow regimes are used
to produce microbubbles or droplets. Their relative efficiency is very often
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Figure 6.4: Production rate and bubble size. a. Production rate of the
microbubbles VS the liquid flow rate. The experimental data is displayed with blue
circles and the best fit (R2 = 0.99) is depicted by the red solid line. b. Comparison
of the bubble sizes experimentally measured, simulated and analytically estimated
over time when varying the flow rate of the continuous phase. c. Similarly to b,
bubble size measured, estimated and calculated when varying the gas flow rate.

characterized in terms of throughput and the polydispersity index (PDI).
This PDI just at the output of the chip is also often characterized using
high-speed cameras, that allow for a determination of a PDI a posteriori
using (heavy) image processing techniques. The analysis then concerns up
to a few hundred of bubbles produced in a row. The outcome of such
measurement in often a PDI of less than 1%83,288. This PDI is taken as
the standard deviation (or 1/e half width) of the size distribution assuming
a Gaussian envelope. Figs. 6.4b and c, however, show variations in the
measured bubble sizes on the timescale of a few seconds. This makes it also
the timescale relevant to characterize a PDI. This timescale also happens
to be typically longer than the duration of a high-speed movie. Also here,
the PDI evaluated on short times is lower than 1%. It however jumps to up
to 3% when considered on a relevant duration. This is crucial not only for
the characterization of a technology or regime, but also to compare what
happens on chip to the populations of bubbles/droplets once they have left
the chip274. The polydispersity is indeed one of the main measures for the
aging of a population produced or processed in microfluidics. This real time
system allows for a correct estimation of the PDI as compared to currently
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6. BUBBLE SIZING AND COUNTING

used techniques.

6.4 Performance optimization

For this study, we used flow controller that offer a much shorter response
time than any of the phenomena investigated here. External parameters
(Environment, vibrations, temperature, dust in the chip or aging of the
chip in case of PDMS for example), however, can influence the functionality
of the microfluidic chip. This translate by a slow drift of the produced
bubble size/production rate or variations on a timescale of a few seconds.
These environmental variations are the main source of noise in our data and
we have already discussed their implications on the size distribution.

6.4.1 Optimal use of a microfluidic chip
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Figure 6.5: Possible correction strategies for flow rate driven systems. a.
Passive correction, implementing a pole compensation corrector to cancel the slow
transient time of the system. This correction does not offer a better stability but
can be very easily implemented. b. Strategy for an active correction of the system,
based on the output parameters: frequency and bubble size. This implementation
offers a decreased response time and increased stability and ease of use.

Current systems are designed to stabilize the input, regardless of the vari-
ation in the outputs of the chip. In the previous, we saw that the transient
time is long owing to the dead gas volume (set on purpose here to ∼0.8
ml) and that this translates into a first-order transfer function. The slow
response could thus be compensated for using a classical pole compensation
corrector directly coded in the computer. Such correction is most suitable
to make use of the full capacity of the system, mostly by overshooting the
gas flow rate. This passive system correction is illustrated in Fig. 6.5a. Flow
controllers generally do not allow for negative flow rates. In this context, an
asymmetry will arise as increasing flow rates can be corrected faster than
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decreasing flow rates; in other words, positive overshoots are only limited
by the system flow reserves but negative overshoots are limited to positive
flows.

6.4.2 Optimal production stability

The system presently proposed offers the possibility for an active control
of the microchip activity. As illustrated in Fig. 6.5b, the direct read-out of
the bubble size and of the production frequency can be used in a feedback
loop and stabilized by a classic PID controller to control and stabilize as
precisely as possible and as quickly as possible the output of the chip in a
manner that is independent of the chip used. This strategy not only uses
the full system capability and reduces to a minimum the transient times,
but also offers better stability of the chip function. The stability will be
only limited by the read-out speed of the chip outputs. But beyond this
technical consideration, an active correction renders the system easier and
more intuitive to be used by a general user.

6.5 Discussion

First, bubble sizing in our experiment was performed off-line in order to
explain and show the necessary steps. However, we want to point out that
all of what was shown here can be performed in real time.
In the example displayed, and for sake of simplicity, we chose to implement

step variations in the liquid flow rate. These steps provoke a significant
overshoot of the bubble size that would be less prominent with less abrupt
changes. These steps were therefore useful here to make the point, but the
authors would not recommend them.
We chose to keep the study simple and therefore not to go in the depth of

the response of the particular chip we use here. The frequency response is
however surprising and to our knowledge not yet reported. This effect would
be interesting to study and the law extracted for the production frequency
should not be considered universal. The strategy however can be adapted
to different chip designs and different flow regimes.
Also and for the sake of simplicity, choice was made to use the ideal gas

law. This assumption could give some error for heavier gases such those
typically used for ultrasound contrast agents production, but the authors
do not expect it to be significant as the proposed method uses the change
in volume and pressure rather than the absolute relation.
Finally, we make here the case of a flow-rate controlled system. They are

of interest as they are thought to bring a better stability. As we have shown
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6. BUBBLE SIZING AND COUNTING

above, however, the pressure is a key parameter to control the output of
the chip. Current pressure controllers also offer the possibility of pressure
regulation through direct vent, hereby canceling the long transient times.
The proposed physics, and the conclusions on the production stability and
mode of control remain relevant and applicable

6.6 Conclusions

A bubble counter and sizer is proposed, based on the transmission of laser
light through a microfluidic chip. We have successfully measured produc-
tion frequencies in the MHz range with bubble sizes in the order of a few
micrometers. The method only uses basic knowledge of microfluidics, which
makes it applicable to many chip designs and platforms and does not re-
quire any specific feature to be implemented in the design of the chip, the
only requirement being optical transparency. This condition is verified in
almost any microfluidic device nowadays, owing to its convenience for using
the chip. We have demonstrated a method that can be used to implement
a simple computer model of the chip. We have also shown that this real
time measurement could, and should, be used on commercial platforms as
a feedback system to control, stabilize and optimize the functionality of the
device. This setting then can help microfluidic technologies to spread to
more general users. To conclude, the authors want to point out that the
method is perfectly applicable for almost any agent, including droplets and
cells and not only to the production of bubbles, which, as we know, presents
the greatest difficulty.
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7
Laser driven dynamics of optically

absorbingmicrobubbles: a theoretical and
numerical study

Microbubbles coated with a layer of optically absorbing material can greatly
enhance the contrast in photoacoustic imaging. Such bubbles can also be used
to enhance ultrasound contrast and are therefore of prime interest. The aim
of this paper is to provide a theoretical framework to describe the underlying
physical phenomena. We present a model for a spherical gas microbubble
suspended in an aqueous environment and coated with an oil layer containing
an optically absorbing dye. The model includes the effects of heat transfer
between the gas core surrounding liquids. This framework is suitable for
investigating both continuous wave and pulsed laser regimes. We utilize a
combination of finite difference simulations and numerical ODE integration
to determine the influence of the physical properties and thickness of the oil
layer on the microbubble response. We also derive a normalization scheme
for a linearized version of the model to facilitate comparison with experi-
mental measurements. The results show that the viscosity and thickness of
the oil layer determine whether or not microbubble resonance can be excited
and as such the potential application of these microbubbles as photoacoustic
contrast agents. We also examine the use of non-sinusoidal excitation to
promote nonlinear acoustic emissions and for utilizing harmonic imaging
techniques to further improve the imaging signal to noise ratio.

1to be submitted as: G. Lajoinie, E. Linnartz, P. Kruizinga, G. van Soest, E. Stride
and M. Versluis, Laser driven dynamics of optically absorbing microbubbles: a theoretical
and numerical study (2015)
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7.1 Introduction

Ultrasound imaging is at the same time safe, fast and cheap, while offering
good resolution and deep penetration. This modality is only limited by its
lack of specificity. While acoustic contrast agents are being developed to
attenuate this problem, an alternative modality was developed: photoacous-
tics. Photoacoustic imaging is base on the specific absorption of light289.
Upon irradiation by a pulsed laser light, absorbers that are specifically sensi-
tive to the irradiating wavelength heat up and, through thermal expansion,
emit an acoustics wave that can be detected by an ultrasound transducer.
The image is then reconstructed from the registered pressure wave simi-
larly to a standard echo image. Since its creation, photoacoustic has proved
useful for many applications, including highly functional on mice brains290
or on the cellular level289. tumor malignancy characterization291 and high
resolution photoacoustics offering information about capillary structures292
and sub-cellular structures293. Photoacoustics was also used in tomography
setting to image biological structures over their broad range of sizes294.
A major limitation of photoacoustic (PA) imaging is its limited penetra-

tion depth that restritcs the technology to superficial tissue imaging. Scat-
tering and absorption of both the incident light and subsequent acoustic
emissions prevent adequate signal to noise ratios from being obtained be-
yond a few mm295. One solution is to utilize contrast agents, in the form of
dyes or nanoparticles suspensions, to increase optical absorption at the site
of interest and hence increase the amplitude of the acoustic emissions from
that region118,296. Metallic nanoparticles in particular have been shown to
offer considerable improvements in photoacoustic contrast297. By exploit-
ing plasmon resonance phenomena their optical absorption at a given wave-
length can be much greater than that available from e.g. hemoglobin298.
These agents were designed with multiple shapes and sizes to tune the ab-
sorption wavelength and add specific functionalities298–300.
The biological safety of nanoparticle agents, however, remains uncertain,

motivating the scientific community to look for alternatives. It has recently
been proposed that even greater contrast enhancement in photoacoustic
imaging could be achieved through the use of volatile droplets whose vapor-
ization is triggered by light118,301,302. However, the necessity of providing
these agents with enough energy for sustaining the phase change makes the
use of the available energy inherently suboptimal for the generation of acous-
tic waves. Stable Microbubbles modified with the addition of an optically
absorbing coating are proposed as a potential solution to this problem112,303.
Gas bubbles are also well established as contrast agents for conventional ul-
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7. LASER DRIVENMICROBUBBLES: THEORY AND NUMERICS

trasound imaging2,74,304,305. In this case the microbubble oscillations are
stimulated by the heating and cooling of the coating and subsequently of
the gas core under optical irradiation.
Previous work has examined the case of a microbubble exposed to a laser

pulse113. The purpose of that study, however was to compare the relative
efficiency of different types of PA contrast agents according to there configu-
rations. For simplicity, the effects of heat transfer between the microbubble
coating, gas core and surrounding liquid were neglected. Here, we show that
these effects are in fact crucial for generating photoacoustic contrast wit such
absorbing microbubbles. In the following section we propose a theoretical
description of a spherical bubble consisting of a gas core surrounded by an
optically absorbing layer suspended in an aqueous environment. The model
can be used to simulate the resulting microbubble dynamics under optical
excitation. The absorbing layer considered here consists of an oil in which a
dye of specific optical properties can be dissolved. Such a system can be eas-
ily produced96. We show that through appropriate selection of materials, a
strong microbubble resonance can be excited. We also study the influence of
the different microbubble and exposure parameters upon the amplitude and
frequency spectrum of the acoustic emissions and demonstrate the potential
for utilizing harmonic imaging techniques to achieve further improvements
in signal to noise ratio.

7.2 Theory

7.2.1 Physical problem and finite difference modeling (FDM)

The microbubble system (Fig. 7.1) consists of three domains: gas core, oil
layer and surrounding water and is assumed to remain spherically symmet-
ric. There are three interrelated physical processes that need to be evaluated
in each of these domains. First, the thermal diffusion convection problem
will define the heat transfer and the instantaneous temperature in each
domain. This may be written in spherical coordinates as:

Dj
∂2

∂r2
T̃ +

rBj

ρjcp,j
=

∂T̃

∂t
, (7.1)

where T̃ = rT , ρj is the density of the fluid, cp,j is the specific heat capacity
of the medium j, Dj is the heat diffusivity and Bj is the thermal power
deposition density (W.m−3). r and t are the space and time variables,
respectively. j refers to one of the three domains. Second, the state function
of the gas determines the relation between the temperature and the pressure
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Figure 7.1: Schematic of the microbubble system with the three domains and the
corresponding physical parameters

in the gas core. Considering the lowMach number (Ma < 1e−2) the pressure
can be considered homogeneous in the gas core. This approximation holds
far beyond the considered size range. The ideal gas law is chosen as the state
function for air core in the considered range of temperatures (between. 20◦C
and 100◦C) and pressures (around ambient pressure 105 Pa) thus:

4π

3
PgRi

3 = nKTg, (7.2)

where Pg is the gas pressure, Ri is the bubble radius that is also the inner
oil radius, K is the universal gas constant, Tg is the gas temperature and
n is the number of moles of the gas that is assumed constant as we neglect
vaporization and molecular diffusion phenomena in this derivation. Finally,
writing the momentum equation in the both oil and the water phase will
determine the dynamic behavior of the system by relating the motion of
the fluids to the inner gas pressure. Again, due to the low Mach number
in the water and the oil (Ma < 5e−3), the radial momentum equation
can be derived from the Navier-Stokes equation in potential flow. The
momentum equation is then integrated from the inner to outer boundaries
of each domain. The boundary conditions at the interfaces are obtained by
balancing the normal stress tensors on each side of the interface:

Pg − P (R+
i ) = 4µo

Ṙi

Ri
+

2σo
Ri

(7.3)
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for the gas/oil interface and:

P (R+
e )− P (R−

e ) =
4ṘiR

2
i

R3
e

(µo − µw)−
2σwo

Re
(7.4)

for the oil/water interface. Here i and e refer to the gas/oil interface and
oil/water interface, respectively. R is the radius of the interface (gas/oil
interface and oil/water) and the superscript + and − refer to the outer and
inner side of the interface, respectively. µ is the dynamic viscosity, σwo is the
oil/water interfacial tension and σo is the gas/oil interfacial tension. The
subscripts o,w and g refer to the oil, the water and the gas, respectively.
The boundary equations are inserted into the integrated momentum equa-

tion, leading to:

Pg − P∞ = R̈i

[
R2

i

Re
(ρw − ρo) + ρoRi

]
+ Ṙ2

iRi

[
ρo

(
3

2Ri
− 2

Re
+

1

2

R3
i

R4
e

)
+

ρw
Re

(
2− 1

2

R3
i

R3
e

)]
+ 4µo

[
Ṙi

Ri
− ṘiR

2
i

R3
e

]
+ 4

ṘiR
2
i

R3
e

µw +
2σow
Re

+
2σo
Ri

, (7.5)

where P∞ is the pressure far from the bubble. The principle of this deriva-
tion is identical to that of the derivation of the Rayleigh-Plesset equation306

but with multiple domains. The above equations can be discretized and used
in the finite difference model, see the FDM section in the methods.

7.2.2 Governing differential equation

At this point, a number of simplifications can be made to the description
of the physical system presented above. First, the microbubble resonance
frequency is assumed to fall in the same range as its resonance frequency
when acoustically driven (fr( MHz) R0(µm) ∼ 3.3 verified a posteriori).
The dynamic thermal boundary layer δ for a sphere radiating in spherical
coordinate obeys:

1

δ
=

1

Rs
+

1√
πDt

, (7.6)

D is the diffusivity, Rs the radiusvof the sphere and t the time. The tem-
perature in the gas can then be considered constant for bubbles smaller
than:

R =
πDg

6.6
≈ 11 µm, (7.7)
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This limit comprises the range of bubble sizes relevant for medical use.
Thus, both pressure and the temperature are homogeneous in the gas core.
Therefore the bubble is considered to oscillate around its equilibrium state
given by the resolution of the static heat diffusion equation. One then easily
obtains:

∆Tg,eq =
BaRi,eq

2

3λo

(
−3

2
+

Ri,eq

Re,eq

(
1− λo

λw

)
+

Re,eq
2

Ri,eq
2

(
1

2
+

λo

λw

))
,(7.8)

Ri,eq = Ri,0

 Tg,eqP0

T0

(
P∞ +

2σgo
Ri,eq

+
2σow
Re,eq

)

1/3

, (7.9)

Here λ is the thermal conductivity, the subscript ”,eq” refers to the equi-
librium state and Ba is the average thermal energy deposited by the laser.
Over the course of each oscillation, the temperature has to change not only
in the oil layer but also in a layer of water corresponding to the thermal
diffusion radius over half of the excitation period: Rd =

πDg

2flas
with flas

the laser driving frequency. Here, we are primarily interested in frequencies
in the MHz range, corresponding to commonly used ultrasound imaging
frequencies. Higher frequencies offer a higher resolution whereas low fre-
quencies offer a deeper penetration. To a first approximation, the thermal
diffusion radius is then equal to rd ≈ 2πDw/flas ∼ 0.1 µm with a corre-
sponding volume Vw0.1.The heat capacity of the gas, i.e. the thermal energy
that can be stored in the gas is negligible as compared to the specific heat
of the oil and the water and can therefore be omitted. The heat diffusion
in the gas is rapid when the condition given by Eq. 7.7 is satisfied. Thus,
the temperature variation in the gas can be estimated by considering the
change in enthalpy of the system following a change in the temperature:

dTg

dt
=

Ba(t)Voil

ρoVoilcpo + ρwVw0.1cpw
, (7.10)

with Voil the volume of the oil layer. This temperature variation can then
be inserted into the equation of state of the gas together with the equation
for the equilibrium radius (Eq. 7.9) to obtain the gas pressure as a function
of the system parameters and as a function of the initial and equilibrium
bubble radii. In turn, the gas pressure can be replaced in the modified
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Rayleigh-Plesset equation (Eq. 7.5) to give:

P0R
3
i,0

T0R3
i

[ ∫ t
0 Ba(t)dtVoil

ρoVoilcpo + ρwVw0.1cpw

+
Ba

3λo

(
−1.5R2

i,eq +
R3

i,eq

Re,eq

(
1− λo

λw

)
+R2

e,eq

(
0.5 +

λo

λw

))
+ Troom

]

− P∞ = R̈i

[
R2

i

Re
(ρw − ρo) + ρoRi

]
+ Ṙ2

iRi

[
ρo

(
3

2Ri
− 2

Re
+

1

2

R3
i

R4
e

)
+
ρw
Re

(
2− 1

2

R3
i

R3
e

)]
+ 4µo

[
Ṙi

Ri
− ṘiR

2
i

R3
e

]
+ 4

ṘiR
2
i

R3
e

µw +
2σow
Re

+
2σo
Ri

.

(7.11)

7.2.3 Linearization and resonance behavior

We can now differentiate Eq. 7.11 to suppress the integral and approximate
Ri to Ri,eq in the non-linear products giving:

αBa − ζṘi =
...
Riβ + 2γR̈iṘi + δR̈i + 2Ṙiϵ, (7.12)

where

α =
P0R

3
i,0

T0R3
i,eq

(
ρoCpo + ρw

Vw0.1

Voil
Cpw

) ,

ζ = 3
P0Tg2

T0

R3
i,0

R4
i,eq

= 3
Pg,eq

Ri,eq
,

β =
R2

i,eq

Re,eq
(ρw − ρo) + ρoRi,eq,

γ = Ri,eq

[
ρo

(
3

2Ri,eq
− 2

Re,eq
+

1

2

R3
i,eq

R4
e,eq

)
+

ρw
Re,eq

(
2− 1

2

R3
i,eq

R3
e,eq

)]
,

δ = 4

(
µo

Ri,eq
+

R2
i,eq

R3
e,eq

(µw − µo)

)
,

ϵ =
−σow
R2

e

+
−σo
R2

i

,
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If the purely non-linear term 2γR̈iṘi is neglected, Eq. 7.12 then becomes:
ri

Ba
=

α/(2ϵ+ ζ)

jω

[
1 + jw

δ

2ϵ+ ζ
− ω2

β

2ϵ+ ζ

] . (7.13)

Here ω is the angular frequency and the underlining refers to the complex
notation. A consequence of the term 1/ω in Eq. 7.13 is a −π phase instead of
−π/2 for an acoustically driven bubble at resonance. This is a consequence
of the necessary integration of the heat deposition as the energy is the quan-
tity driving the system. One notices that the direct influence of the laser
intensity appears only in the gain of this transfer function. Equation 7.13
gives directly the undamped natural frequency of the system:

f0 =
1

2πRi,eq

√√√√√ 2

Ri,eq

(
2σo + σow

(
3x− x2

))
+ 3Patm

x(ρw − ρo) + ρo
, (7.14)

where x =
Ri,eq

Re,eq
is the non-dimensional variable describing the influence of

the oil layer thickness. x also includes a secondary influence of the laser
induced heating via the dilatation of the bubble denoted by the subscripts
eq:

Ri,eq > Ri,0 implies Ri,eq

Re,eq
<

Ri,0

Re,0
.

The undamped natural frequency of the laser driven microbubble (Eq. 7.14)
has a form similar to that of an acoustically driven bubble and is (mostly)
inversely proportional to the equilibrium bubble radius. This corresponds
to the similar nature of the volumetric oscillations in both cases. For com-
parison, if the bubble is acoustically driven, Ri,eq = Ri,0, Re,eq = Re,0,
Pg,eq = Pg,0 and the term ζ becomes ζ = 3κ

Pg,0

Ri,0
where κ is the polytropic

exponent of the gas. κ is then also the corrective factor of the description the
thermal behavior of the gas between the acoustically and thermally driven
bubbles. Neglecting the surface tension terms for the larger bubbles, the
resonance frequency for both driving modes will differ by the quantity

√
κ.

For the smaller bubbles where the surface tension dominates, both expres-
sions become identical. As a remark, this also correspond to an isothermal
acoustically driven bubble where κ = 1.
This equilibrium radius term Ri,eq can in fact be generalized to be the

average bubble radius at any time following the reasoning presented above.
The expression is therefore also applicable to the transient thermal state.
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The calculated resonance frequency given in Eq. 7.14 also has a strong
dependency on the density of the oil and interfacial tensions as one would
expect from the mechanical nature of the system, and similarly to the re-
sult by Church307. From the same equation one can obtain the theoretical
damping coefficient of the microbubble, that is:

z =
1

2

δ√
β(2ϵ+ ζ)

≈ µo + x3 (µw − µo)√
Pg,eq (ρo + x (ρw − ρo))

2√
3Ri

. (7.15)

Thus the damping coefficient depends on the oil and water viscosities, and
also on the densities of the oil and the water.

7.2.4 Response amplitude and parameter space

The parameter space of the problem has four dimensions: the thermal power
deposition density, proportional to the laser intensity and the oil absorp-
tion coefficient, the oil layer thickness, the laser modulation frequency and
the initial bubble radius. The amplitude of the microbubble response at
resonance can be derived from Eq. 7.13 for w = wo:

ri =
Baαβ

(2ϵ+ ζ) δ
, (7.16)

ri α
Ri,0

F (x)

(
y − 1

y2

)
(ρo + x (ρw − ρo))

ρocpo + g(x)ρwcpw

1

(µo + x3 (µw − µo))
, (7.17)

with

F (x) =

(
−3

2
+ x

(
1− λo

λw

)
+

1

x2
,

(
1

2
+

λo

λw

))
,

g(x) =

(
1 +

ew
Re,eq

)3

− 1

1− x3
.

Similarly to x, the variable y =
Ri,eq

Ri,0
is a measure for the thermal dilatation

of the microbubble. ew = 0.1 µ m is the thickness of the water layer subject
to thermal diffusion during the irradiation cycle. Practically, Eq. 7.17 is a
normalization function that must be calculated from experimentally mea-
sured quantities . The presence of the variable x and y prohibits a simple
scaling as far as the laser intensity and oil layer thickness are involved. On
the other hand, varying the frequency alone and using Eq. 7.14 enables to
reduce Eq. 7.16 to the following approximation:

ri α ω−8/3. (7.18)
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Thus, an intrinsic property of the thermally driven microbubble is a decrease
in the maximum response according to a −8/3 power law with increasing
excitation frequency. As a consequence the parameter space can be divided
in two subspaces. The first is the modulation frequency whose influence is
described by Eq. 7.18 and the second captures the influence of the oil layer
thickness and the laser intensity described using Eq. 7.17.

7.2.5 Physical parameters

The four key parameters describing the system: the thermal power deposited
by the laser, the oil layer thickness, the microbubble initial radius, and the
laser modulation frequency were chosen to be representative for biomedical
imaging applications. The microbubble size range was 1 µm to 10 µm,
corresponding to both the medically relevant bubble size range and to the
limit of validity of the proposed theory and the oil layer thickness was varied
from 0.1 µm to 3 µm. The power deposition is, to a first approximation,
equal to Iνabs with νabs the absorption coefficient of the oil. A value of
2500m−1 was chosen for the absorption that can be reached by dissolution
of a dye such as oil red in an organic oil and the laser intensity was varied
from 0.25.1010 W.m−2, which is necessary for obtaining a significant bubble
response to 2.5.1010 W.m−2 that can still be easily reached in practice.

7.2.6 ODE integration

The ODE integration concerning both the non-linear and linear bubble dy-
namics equations were performed in Matlab (version R2012a, The Math-
works, Natick, MA). For the non-linear simulations, the integration was
performed using the ODE 113 solver as the problem is non-stiff for the con-
sidered range of parameters. Simulations were performed to cover the full
3D parameter space using both a sine and a square wave modulation for the
laser.

7.3 Finite difference model

7.3.1 The mesh

The mass of each grid volume is defined to be constant and the grid is
recalculated every time step to hold on to this definition. Initially, before
the laser is turned on and before the bubble starts to oscillate, the grid
is defined with a regular size interval of 31.25 nm up to a radius twice the
typical bubble radius. Beyond this radius the grid gets 15% bigger each step
outward. Without an excessive amount of grid points, the outer point, kept
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at room temperature, is over 3000 times the typical bubble radius making
negligible the thermal drift due to a finite simulation volume.

7.3.2 Description of the gas

The gas is considered to obey the ideal gas law and the simulation is defined
such that the mass in each grid-volume remains constant in time. The
pressure is thus defined by:

P =
P0

T0

4

3
πR3

0

1∑
Vk/Tk

,

where
∑

Vk/Tk can be written as

∑ Vk

Tk
=
∑ 4

3
π
(rk−1 + pk)

3 − r3k−1

Tk
,

where P is the pressure, V is the volume, m is the mass, µ̃ is the molar mass
in kilograms per mole, Rg is the ideal gas constant. The subscript 0 stands
for the initial value before the laser is turned on and k is the coordinate of
a grid point.
The speed of the bubble wall Ṙ is assumed much smaller than the speed

of sound in air or water so that the pressure in the bubble is considered ho-
mogeneous. Together with the mass conservation, this leads to a condition
on the radius of the grid points in the bubble:

rk−1 =

(
−Rg

µ̃P
ρ0Tk

[
(kp0)

3 − ((k − 1) p0)
3
]
+ r3k

)1/3

,

where rk is the radius in meters that belongs to grid point k. To speed
up the calculation in Matlab or Fortran, a Taylor expansion is made to the
order 3.

7.3.3 Description of the liquids

The mass in each elementary volume is also defined as constant over time.
The oil and the water are assumed incompressible and therefore the volume
in each grid volume in the oil and water domains remains constant:

rk+1 =
([

((k + 1) p0)
3 − (kp0)

3
]
+ r3k

)1/3
.
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7.3.4 The heat equation

The heat convection diffusion equation writes:

D∇2T +
I

ρcp
=

DT

Dt
,

where I is in units of W.m−3. The heat equation can be approximated with
a central difference scheme in space and a forward finite difference scheme in
time, which gives a condition on the temporal evolution of the temperature:

Tn+1
k = Tn

k−1

dtDr2k
(
rk−1 +

1

2
pk)

)2

pk

(
1

2
pk +

1

2
pk+1

)


+ Tn
k

1− dtD

r2k

(
1

2
pk +

1

2
pk+1

)

(
rk +

1

2
pk+1)

)2

pk+1
+

(
rk−1 +

1

2
pk)

)2

pk




+ Tn
k+1

 dtD

r2k

(
1

2
pk +

1

2
pk+1

)
(
rk +

1

2
pk+1)

)2

pk+1


+

dtI

ρcp
. (7.19)

7.3.5 Treatment of the interfaces

The interfacial conditions are given by the heat flux conservation and writes:

λo
∂To

∂r
|Re = λw

∂Tw

∂r
|Re (7.20)

for the oil/water interface and:

λg
∂Tg

∂r
|Ri = λo

∂To

∂r
|Ri (7.21)

for the gas/oil interface. A discrete second order Taylor expansion is used
here in order to ensure the stability of the simulation. Equation 7.20 and
7.21 are then easily rewritten:

Tk =
−λo (ETk−1 + FTk−2) + λw (BTk+1 + CTk+2)

λoD − λwA
,
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and:
Tk =

−λg (ETk−1 + FTk−2) + λo (BTk+1 + CTk+2)

λgD − λoA
,

where:

A = −(pk+1 + pk+2)

pk+1pk+2
− 1

(pk+1 + pk+2)−
(pk+1 + pk+2)

2

pk+1

,

B =
(pk+1 + pk+2)

pk+1pk+2
,

1

C
= (pk+1 + pk+2)−

(pk+1 + pk+2)
2

pk+1
.

and:

D =
(pk + pk−1)

pkpk−1
− 1

(pk + pk−1)
2

pk
− (pk + pk−1)

,

E = −(pk + pk−1)

pkpk−1
,

1

F
=

(pk + pk−1)
2

pk
− (pk + pk−1).

7.3.6 Momentum equation

The momentum equation defined in Eq. 7.5 was also discretized in time
using finite differences. Both the velocity and the acceleration are calculated
at each time step. This scheme is used to simulate the responses of the
microbubbles upon laser irradiation using Fortran and is hereafter referred
to as finite difference model/simulations (FDM).

7.4 Results

7.4.1 Undamped natural frequency

The undamped natural frequency, Eq. 7.14, was calculated for triacetin oil
that has been used in previous studies96 to coat microbubbles; and hep-
tane oil that is a commonly used linear chain organic oil. The results are
displayed in Fig. 7.2. As expected the frequencies for the range of bubble
sizes considered lie within the MHz range corresponding to that used in
standard ultrasound and photoacoustic imaging systems. There is a no-
ticeable difference in resonance frequency between the heptane-coated and
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triacetin-coated microbubbles owing to the different densities of the two
oils. In the same figure we also plot the resonance frequency of a free gas
bubble driven by ultrasound. The undamped natural frequency of a laser-
driven oil-coated microbubble differs from that of the acoustically driven
bubble due to both the different properties of the microbubbles (oil density,
oil viscosity, interfacial tensions...) and the different excitation schemes as
discussed before.
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Figure 7.2: Undamped natural frequencies of laser driven microbubbles coated
with oil layer of 1 µm. The undamped natural frequencies of heptane coated (short
dash red) and triacetin coated (long dash green) microbubbles are lower than that
of an acoustically driven free gas bubble (solid black curve).

7.4.2 Damping coefficient and choice of the oil

In order to fully characterize an oscillating system it is essential to determine
the damping coefficient. In the present case the damping coefficient is given
by Eq. 7.15 and depends primarily on the oil and water viscosities, as well
as the thickness of the oil layer. Common oils have a specific density of
approximately 0.7, but the viscosity can vary over two orders of magnitude,
from as low as 386 µPa.s for heptane to as high as 17 mPa.s for triacetin
for example.
Figure 7.3 shows the variation in the damping coefficient with radius for

microbubbles coated with heptane and triacetin. The difference in viscos-
ity between these two oils leads to a difference in damping of more than
an order of magnitude. A damping coefficient as high as 0.5 for a 3 µm
triacetin-coated microbubble drastically limits the benefit of the mechanical
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Figure 7.3: a. Damping coefficient for heptane (continuous line) and triacetin
(dashed line) coated microbubbles with different oil layer thicknesses as a function
of the microbubble size. b. corresponding damping coefficients as a function of the
oil layer thickness for a 3 µm oil-coated bubble.

resonance of these microbubble as compared to the heptane-coated bubbles.
In practice, there will be additional dissipation due to the necessary use of
stabilizing agents thereby decreasing even further the amplitude of oscilla-
tion at resonance. Thus using a low viscosity oil is a necessary condition to
obtain significant microbubble oscillations. Since the damping coefficient is
also a function of the oil layer thickness, there is a further difference between
high viscosity oils (> 10−3 Pa.s) and low viscosity oils (< 1e−3 Pa.s): for
heptane, the damping decreases when increasing the oil thickness whereas
for triacetin, the damping increases with increasing oil thickness. This is
captured by Eq. 7.15 and shown in Fig. 7.3.

7.4.3 Low viscosity oil in the parameter space

We have shown that using a low viscosity oil is crucial for obtaining a strong
bubble response. For the remainder of the study therefore we will consider
heptane-coated bubbles only. The shape of the excitation waveform when
using ultrasound is limited to quasi-sine waves due to the limitations of
the relatively narrowband transducer technology. The laser intensity on the
other hand can be modulated using any arbitrary waveform with frequency
components up to hundreds of MHz, which is the maximum frequency of
the currently available acousto-optic modulators. Preliminary simulations
were therefore performed using sine and square modulation waveforms. The
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latter ones showed a slightly higher efficiency as the oscillation amplitude is
slightly larger at equal average energy deposition.

The simulated response of heptane-coated microbubbles to a square wave
modulated laser as a function of the initial bubble radius for different laser
intensities, oil layer thickness and modulation frequency is shown in Fig. 7.4.
Figure 7.4a-c show the simulation results of the finite difference model.
Figure 7.4d-e show the response simulated using the non-linear theory of
Eq. 7.11 and Fig. 7.4f-h show the corresponding phase difference between
the laser excitation and the microbubble response. The response simulated
with both models is very similar in amplitude and quality factor, showing
that the proposed theory is representative of the physical problem simulated
by the FDM. The only significant difference between the fe and the non-
linear model is the resonant radius of the initial bubble. This discrepancy
originates from the equilibrium assumption made in the non-linear theory
and the fact that the FDM is simulated over a period of 100µs, which places
the system in the quasi steady state regime. The fully stable regime in the
FDM is only reached after several tens of milliseconds of exposure due to the
slow thermal processes. The quasi stable temperature can differ by 20% to
30% from the equilibrium temperature. Figure 7.4a-d depict the variation
of the microbubble response when increasing the oil layer thickness. The
oscillation amplitude decreases for a thicker oil layer despite the decreasing
damping coefficient. It can be seen from Fig. 7.4a and d that the response
amplitude amplitude passes through a maximum for a heptane oil layer
thickness at a size near 1.1 µm. This effect is mathematically represented
by the existence of an optimum in the amplitude at resonance as a function
of the variable x presented in Eq. 7.17. Physically, for a thin oil layer, the
energy deposited in the oil is quickly transferred to the gas and the sur-
rounding water and thus the temperature in the oil layer changes quickly
enough to follow the excitation. In this regime the microbubble response is
limited by the energy deposited by the laser that is to first order propor-
tional to the volume of absorbing oil. Above a critical oil layer thickness, the
time required to change the temperature in the oil slab is no longer negligi-
ble compared to the laser modulation period. Thus the temperature in the
oil slab fails to follow the variation in the heat deposited by the laser. This
phenomenon of thermal inertia decreases the amplitude of the temperature
variation in the gas, and therefore decreases the response amplitude. Fig-
ure 7.4b and e show the variations in the microbubble response as a function
of the heat deposited by the laser. As expected, the microbubble oscillations
become stronger with increasing laser intensity. Interestingly, and unlike
the temperature variation, the response does not increase linearly with the
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intensity. The laser intensity in Eq. 7.17 is represented by the variable y
that is a measure of the thermal dilatation of the microbubble. Neverthe-
less, in Eq. 7.17, the laser intensity is presented as a proportional term that
describes the influence of the density of heat deposition and an inverse term
that corresponds to the change in bubble size with increasing temperature.
Figure 7.4c and f present the simulation results for different modulation
frequencies. The response of the laser-driven microbubbles at resonance in-
creases strongly when decreasing the laser modulation frequency. We find
here the trend expressed by Eq. 7.18. Physically, the temperature variations
in the gas core and therefore the driving pressure will vary with the energy
deposited during half the period of the laser excitation and will therefore be
larger when the modulation frequency becomes lower. Finally, Fig. 7.4g to
i show the variation of the phase difference between the microbubble oscil-
lations and the laser excitation. As expected from the linearized equations,
the phase varies from −π/2 to −3π/2 and crosses π at resonance. Thus the
bubble oscillates in anti phase with the laser excitation.

7.4.4 Scaled resonance curves

In order to translate to an experimental case, one must consider the difficulty
of producing stable microbubbles with the same oil thickness and to expose
them to the same laser intensity. It is therefore most useful to normalize the
microbubble resonance curves using parameters accessible experimentally.
This is the role of the normalization functions given in Eq. 7.18 and Eq. 7.17.
Equation 7.18 and Eq. 7.17 are derived from the linearized equation Eq. 7.13.
We also know from Eq. 7.14 that the resonant bubble size can be described as
a function of the ”hot” bubble radius that is experimentally accessible. This
hot bubble radius can thus be used instead of the initial bubble radius and
then be normalized to the resonant radius using Eq. 7.14. The resonance
curves simulated from the non-linear theory for varying intensity and oil
thickness and normalized using Eq. 7.17 are plotted in Fig. 7.5a and those
for a varying laser modulation frequency normalized using Eq. 7.18 are
plotted in Fig. 7.5b.
The normalization function from Eq. 7.17 is effective for scaling the micro-

bubble responses simulated using the non-linear theory. Equation 7.18 gives
a similar result for varying modulation frequencies but with a significant de-
viation for the lowest frequency (500 kHz). The resonance curves simulated
by the FDM and scaled with the same equations are plotted in Fig. 7.6. For
the FDM, the amplitude of the scaled curves for the oil layer thickness and
laser intensity (Fig. 7.6a and b) have a higher amplitude and deviation more
from the theoretical curves. This is mostly due to the differences between
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Figure 7.5: Scaled resonance curves. a Scaled resonance curves at 1 MHz for
an oil layer thickness varying from 0.6 µm to 3 µm and a heat deposition ranging
from 6.7e3 GW.m−3 to 40.5e3 GW.m−3. b Resonance curves for an oil thickness
of 1 µm and a heat deposition of 27e3 GW.m−3 at different frequencies scaled by
ω−8/3.

the thermal equilibrium radius used in the theory and the quasi equilib-
rium average radius simulated by the FDM. The proposed normalization
applied to the results of the FDM reduces a 7-fold variation in the response
amplitude to a small error margin.
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Figure 7.6: Scaled resonance curves. a Scaled resonance curves at 1 MHz for a
heat deposition of 27e3 GW.m−3 with an oil layer thickness varying from 0.6 µm
to 3 µm. b Scaled resonance curves at 1 MHz for an oil layer thickness of 1 µm and
for a heat deposition ranging from 6.7e3 GW.m−3 to 40.5e3 GW.m−3. b Scaled
resonance curves for a heat deposition of 27e3 GW.m−3 and an oil layer thickness
of 1 µm, and for a frequency ranging from 0.5 MHz to 1.5 MHz

Fig. 7.6c shows the FDM simulation for different excitation frequencies
normalized by the -8/3 power law of Eq. 7.18.
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7.4.5 Harmonics and subharmonics

Beyond the strength of the fundamental resonance, one feature of micro-
bubble oscillations has become increasingly important and investigated for
ultrasound imaging: the harmonic and subharmonic pressure wave genera-
tion.
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Figure 7.7: Harmonic behavior of laser driven microbubbles. (a) harmonic
and (b) subharmonic oscillations of the microbubbles when irradiated by a square
wave modulated laser beam or (c) and (d) a sine wave modulated beam

Figure. 7.7a and b show the harmonic and subharmonic microbubble os-
cillations respectively relative to the fundamental response on a dB scale
for square wave excitation and for different heat deposition densities. Fig-
ure 7.7c and d depict the same quantities for sine wave laser modulation.
Both the square and sine wave laser modulation generate harmonics from
bubbles around the resonant size but the square wave also generates signifi-
cant harmonics for much smaller bubbles. We attribute this to the harmonic
composition of the square wave itself that includes a first higher frequency
component at 3 times the fundamental frequency. The generation of har-
monics thus depends strongly upon the choice of the laser modulation wave-
form.
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7.5 Discussion

The normalization function in Eq. 7.17 derived from the linear theory fails to
satisfactorily scale the thinner oil layers (≈ 100 nm) ands these are therefore
not presented in Fig. 7.5a and Fig. 7.6a. We justify this omission by the
much lower predicted response for such thin oil layers (Fig. 7.4a and c) in
combination with the high laser intensities discussed in this paper.
As discussed above, the FDM simulations were run over a simulation

time of 100µs, allowing for the model to reach a quasi steady state that is
nonetheless significantly different from the perfect equilibrium state used as
a reference in the theory. The FDM was also run for longer timescale with
a non-modulated laser driving and converged toward the expected thermal
equilibrium. 100 µs is, however, a more relevant timescale for a practical
application with these bubbles. The theoretical model could be modified to
match this quasi steady state but any choice of a precise timescale would
be subjective.
Both the proposed theory and the FDM were considered in the context

of incompressible potential flow. In fact, an oscillating bubble emits an
acoustic wave, therefore producing a weakly compressible flow carrying en-
ergy away from the microbubble. This effect was treated earlier, the main
model coming from Keller et al.308 and Prosperetti et al.309. From these
models, an approximate form of the losses by radiation can be added as an
supplementary pressure term in Eq. 7.11 for low Mach numbers:

Prad =
R

cw

∂Pg

∂t
, (7.22)

where Pg is the gas pressure. Using the state function of the gas and
Eq. 7.10, Eq. 7.22 becomes:

Pac, rad =
P0R

3
i0

cwT0

1

R2

(
ρocpo +

V01

Voil
ρwcpw

) (B(t)− 3Ṙ

R

∫ t

0
B(t)dt

)
−P0R

3
i0Ṙ

cwR3
.

(7.23)
Here the dominant damping term is on the right-hand side. The addition
of this term in the theory and corresponding simulations produced only a
negligible effect on the total damping. Reradiation is therefore negligible
compared to viscous dissipation, even in the low viscosity case of heptane.

7.6 Conclusions

On the basis of theoretical considerations, we have demonstrated the pos-
sibility of using the mechanical resonance of microbubbles in the MHz fre-

129



quency range typically used in ultrasound imaging for photoacoustic pur-
poses. We have developed a theory supported by finite difference model
simulations that clarify the underlying phenomena and predict the natural
frequencies and resonance characteristics of laser driven microbubbles. The
resonance frequency of the laser-driven microbubbles is different from the
acoustically driven bubble by a factor

√
κ, which is the polytropic exponent

of the gas. The natural frequencies of such microbubbles present some fun-
damental dependency on the density of the oil coating, as is already shown
for acoustically driven bubbles. The proposed theory indicates the crucial
importance of choosing an oil with a low viscosity, i.e. similar to that of
water in order to obtain a sufficiently high quality factor for the resonance.
We have also extracted from the linearized theory normalization functions
within the investigated parameter space that will allow for scaling datasets
using experimentally accessible parameters to reduce significantly the error
due to variations in oil thickness and laser exposure. The proposed theo-
retical considerations are valid for continuous wave exposure and can also
be applied to the more usual case of pulsed photoacoustics. Similarly, the
response of other optically absorbing microbubbles that do not contain an
oil layer can be extrapolated from the proposed work by setting the correct
equivalent parameter set (density, thickness and viscosity) for the absorbing
layer. Finally, we have seen that laser-driven microbubbles exhibit similar
behavior as compared to acoustically driven microbubbles in terms of har-
monic and subharmonic generation, thereby opening new possibilities for
harmonic photoacoustic imaging that could have a further potential impact
on the signal to tissue ratio.
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8
Laser-driven resonance of microbubbles:

experimental study

Metallic nanoparticles have been shown to produce significant contrast en-
hancement in photoacoustic imaging through exploitation of surface plasmon
resonance phenomena. The biological safety of these agents however remains
uncertain and recent work has indicated that even greater improvements in
image contrast may be achieved through the use of surface functionalized
microbubbles. In a previous study, we developed a theoretical description of
a microbubble coated with a layer of optically absorbing liquid that would
undergo a phase change upon laser irradiation, thereby stimulating oscilla-
tion of the gas core. In this experimental study, we exposed microbubbles
coated with an optically absorbing oil to both pulsed and continuous wave
(CW) laser irradiation and characterized their response using ultra high
speed imaging. We found good agreement between the experimental results
and theoretical predictions in terms of the frequency and amplitude of micro-
bubble oscillation following pulsed excitation. Under CW irradiation, highly
nonlinear behavior was also observed which may be of considerable interest
for developing new photoacoustic imaging techniques with greatly improved
contrast enhancement.

1to be submitted as: G. Lajoinie, J. Y. Lee, J. Owen, P. Kruizinga, G. van Soest, N.
De Jong, E. Stride and M. Versluis, Laser-driven resonance of microbubbles: experimental
study (2015)
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8.1 Introduction

Over the past decade, photoacoustic (PA) imaging has emerged as a new
modality combining the safety and portability of ultrasound imaging with
the specificity of optical imaging and offering excellent spatial resolution293,310.
PA imaging exploits the photoacoustic effect311 whereby absorption of mod-
ulated electromagnetic radiation leads to heating followed by expansion and
contraction of the absorbing material. This results in the generation of a
pressure wave and these acoustic emissions can be detected and used to
reconstruct an image. The utility of PA imaging has been demonstrated in
applications ranging from blood oxygenation mapping to functional brain
imaging290,312 and is rapidly being translated into both pre-clinical and clin-
ical use. The penetration depth and consequently also the contrast in PA
imaging are quite severely limited by the attenuation of both the optical
and acoustic signals in tissue. To address this challenge and also to improve
specificity for molecular imaging applications, a number of PA contrast
agents have been developed289,296,313. These include dyes such as methylene
blue or indocyanine green which give enhanced absorption at specific wave-
lengths; and also metallic nanoparticles. The latter are of particular interest
as tuning the plasmon resonance characteristics to a particular optical wave-
length can lead to effective absorption cross-sections several orders of mag-
nitude larger than those typically obtained from a dye314. Concerns about
the potential toxicity of nanoparticles have hindered their development for
clinical use. A possible alternative is to use microbubbles made of a 1-2 µm
in diameter gas core, transient or stabilized by a surfactant or polymer coat-
ing. These are well established as contrast agents for ultrasound imaging on
account of their excellent acoustic scattering cross-section and nonlinear be-
havior315,316. Phase change microdroplets that turn into bubbles upon laser
irradiation have shown a ten-fold increase in acoustic emissions as compared
to nanoparticles118,123. However this technology is inherently limited by the
amount of energy required to vaporize the surrounding liquid. To overcome
this limitation, stabilized microbubbles enhanced with an absorbing mate-
rial are proposed112,127,302,317. Thus, provided they can be functionalized
to increase their optical absorption characteristics, the ability of such mi-
crobubbles to produce strong acoustic signals can similarly be exploited in
PA imaging. Previous theoretical work318 has indicated that by coating
microbubbles with a thin layer of an optically absorbing liquid, the heat
deposited during optical irradiation and its subsequent heat transfers can
initiate oscillation of the microbubbles if the correct choice of materials is
made. This leads to acoustic emissions of significantly higher amplitude
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than those from metallic nanoparticles. The aim of this study was to fabri-
cate microbubbles to exhibit this behavior and to characterize their response
using a combination of ultra high-speed video microscopy and monitoring
of acoustic emissions in order to validate the theoretical modeling.

8.2 Theory

8.2.1 Linear theory for the microbubble oscillations
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Figure 8.1: Schematic of the microbubble system with the three domains and the
corresponding physical parameters

Theoretical expressions describing thermally driven microbubble oscilla-
tions have been developed previously for both pulsed and continuous wave
laser excitation318. An expression for the natural frequency of these oscilla-
tions can be obtained through linearization318 and a key objective for this
experimental study was to measure the corresponding damping coefficients
for the impulse response of the microbubbles. For damped oscillations the
transfer function describing the microbubble response is:

ri

Ba
=

G

jω

[
1 + 2jw

z

ω0
− ω2

ω2
0

] . (8.1)

Here G is the gain of the transfer function, z is the non-dimensional damp-
ing, and ω0 is the angular eigenfrequency (undamped natural frequency) of
the microbubble. ω is the angular frequency of the laser excitation. The
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third order transfer function (Eq. 8.1) reduces to the product of a resonator
transfer function (of order 2) and jω that essentially implies a increasing
efficiency of this driving method with decreasing frequency. The gain G of
the transfer function is given by318:

G =

P0R
3
0

T0R3
i

(
ρoCpo + ρw

Vw0.1

Voil
Cpw

)
2

(
−σow
R2

e

+
−σo
R2

i

)
+ 3

Pg

Ri

, (8.2)

where Ri is the bubble equilibrium radius, Tg its equilibrium temperature,
Voil is the volume of an optically absorbing liquid surrounding the micro-
bubble. The only requirement of this liquid is to be immiscible in water. In
the following we therefore use the general term ”oil” even if the liquids used
are not necessarily oils in a chemical sense. ρw the density of water, ρo the
density of the oil, T0 the initial temperature. cpw and cpo are the specific
heats of the water and the oil, respectively, σow and σo are the interfacial
tension of the oil-water and oil-gas interfaces ,respectively. P0 is the initial
pressure and R0 is the initial bubble radius.

8.2.2 Undamped natural frequency

From Eq. 8.1 the undamped natural frequency of the system can be de-
rived318:

f0 =
1

2πRi

√√√√√ 2

Ri

(
2σo + σow

(
3x− x2

))
+ 3Patm

x(ρw − ρo) + ρo
, (8.3)

where x =
Ri + eoil

Ri
(with eoil the thickness of the oil layer) is a non-

dimensional parameter for the amount of oil surrounding the microbubble.
A crucial feature of this expression is the dominance of Ri, the instanta-
neous or ’hot’ bubble radius in determining the natural frequency. Also, the
influence of the oil density present in the denominator can shift significantly
the natural frequency.

8.2.3 Scaling function

From the amplitude of the theoretical response of the microbubble, a scaling
function was derived in318 that compensates for the influence of variations
in the different parameters upon the amplitude of the oscillations. Here we
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consider the thickness of the oil layer difficult to measure experimentally
for each bubble. This oil layer thickness can therefore not be used for
normalization of individual microbubble responses. The scaling function
then reduces to:

ri α y − 1

y2
, (8.4)

where the variable y =
Ri,eq

Ri,0
is a measure of the thermal dilatation of the

microbubble that can be obtained from the optical recordings. This function
compensates for the variations produced by differences in the absorption of
individual microbubbles (i.e. encapsulation efficiency) and potential inho-
mogeneities in the irradiating laser beam due to its finite size. Using Eq. 8.1
in combination with Eq. 8.4 gives a range of expected microbubble responses
depending only on their individual coating and geometrical properties and
not on their absorbance or conditions of irradiation. This normalization is
essential in order to extract the dynamic behavior of the microbubbles from
the experimental measurements, as described below. This function applied
to the theoretical prediction was corrected by a factor 1/1.7 to account for
the non fully-stable thermal state of the microbubble after 200 µs according
to318.

8.3 Materials and Methods

8.3.1 Materials

Albumin from bovine serum (BSA), Oil red, Nile Red, dichloromethane
(DCM) and toluene were purchased from Sigma-Aldrich (Bornem, Belgium).
Perfluoropentane (PFP, 99 %) was obtained from Fluoromed (Round Rock,
TX, USA). All chemicals were of reagent grade and used without further
purification.

8.3.2 Microbubble preparation

To prepare a saturated oil red solution, 50 mg of oil red was dissolved in 1
mL of DCM. The solution was stirred for 10 min and left to sink the excess
amount of oil red at room temperature. Then, 10 µL of PFP was mixed with
200 µL of the oil red solution. The mixture was added to an aqueous solution
of BSA (1 mg/mL) and sonicated using a probe sonicator (Bandelin Sonorex
HD3200) with the tip held in the center of the vessel for 5 sec and at the
air/liquid interface for 15 sec. The prepared bubbles were extracted using
a syringe and dispersed in 20 mL of DW. To make BSA/toluene bubbles,
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the same volume of toluene was used instead of DCM, and the process was
repeated.

8.3.3 Confocal microscopy

In order to estimate the thickness of the oil layer that encapsulates the mi-
crobubbles, a fluorescently labeled batch was produced. Nile Red dye was
chosen for this purpose. Confocal microscopy images were taken of ∼100
microbubbles for each formulation. The thickness of the oil layer was ex-
tracted by measuring the 1/e width of the Gaussian fit of the fluorescence
intensity surrounding the microbubbles (Fig. 8.2b) using a home-written
script in Matlab. The thickness of the oil layer for the toluene-coated mi-
crobubbles was estimated at 1.77 µm with a standard deviation of 0.37 µm
and that of the DCM-coated microbubbles was estimated at 1.92 µm with
a standard deviation of 0.32 µm. The bubble radius ranged from ∼1 µm to
∼20 µm and no obvious dependency of the oil layer of the bubble size was
found.

8.3.4 Experimental setup

The combined optical and acoustical behavior of the microbubbles was stud-
ied by introducing a diluted suspension into an Opticell™ cell culture de-
vice, consisting of two optically and acoustically transparent membranes in
a rigid frame. The Opticell was immersed in a water bath at room tempera-
ture and laser illumination was provided using a frequency-doubled Nd:YAG
pulsed laser (Evergreen, 150 mJ) that was used for pulsed excitation (pulse
width ∆t=8 ns, λ=532 nm ) and a CW diode-pumped solid-state laser
(2 Watt, λ = 532 nm, Changchun New Industries) that was used for CW
excitation. The laser was focused onto a ∼40 µm diameter spot within the
Opticell through a water-immersion objective (LUMPLFL, 60×, NA=0.9,
Olympus). The Brandaris 128 ultra high-speed camera160,161 was used to
make optical recordings (128 images) of individual microbubbles through
the same objective at frame rates of ∼10 million frames per second. Illumi-
nation was provided by a Xenon flash light (EG&G FX-1163, PerkinElmer
Optoelectronics, Salem, MA).
For the pulsed laser irradiation experiments, the laser was first fired only

in the second of the series of 6 movies (sequence of 128 images) recorded
by the Brandaris camera, so that the first movie would provide a reference.
The pulsed laser was fired a total of three times at low energy setting (∼
50 mJ/cm2). The laser output before entering the microscope was set close
to the minimum (∼ 3 mJ) and further reduced using neutral density filters
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Figure 8.2: a Schematics of the experimental setup comprising the ultra high-
speed camera Brandaris 128, a pulsed or CW laser coupled through a microscope
objective, and a 1 MHz ultrasound receiving transducer to record the acoustic
emission from the microbubbles. b Example of confocal image of an oil-coated
microbubble where the oil is labeled with fluorescent Nile Red.

(ND 1.65).

The CW laser output was modulated in time at a chosen frequency by
an acousto-optic modulator (AA-optoelectronics, France). In the CW laser
experiments, the laser was turned on 233 µs before the start of the movie
and the AOM triggered to pass the laser light onto the sample 200 µs before
the start of the Brandaris recording to allow for the bubbles to reach a quasi-
stable thermal state. Each bubble was irradiated 5 times consecutively with
a 100 ms time interval.

The acoustic signals emitted by the vibrating microbubbles were recorded
by a 1 MHz focused broadband transducer (C302, Panametrics) located at
the bottom of the water bath, then fed into a pre-amplifier and stored using
a digital oscilloscope (DPO3034, Tektronix). The optical focus and the
acoustic focus were co-aligned using a 0.2-mm diameter needle hydrophone
(Precision Acoustics, UK).
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8.3.5 Data processing

Pulsed laser irradiation

The radius-time curves describing the response of the microbubbles to the
pulsed laser irradiation were extracted from the ultra-high speed movies
using a custom written Matlab script (version R2012a, The MathWorks,
Natick, MA) implementing a combination of contrast correction, threshold-
ing and area detection. This analysis method showed good stability despite
the variations in illumination intensity across the recording. A second script
was used to extract the properties defining the microbubbles oscillatory be-
havior, through fitting of the experimental data to the following equation
describing the impulse response of a damped oscillator:

R(t) = R0 +Ae−zω0(1−z2)tsin(ω0

√
1− z2 t). (8.5)

Here A is the amplitude of the response, z is the damping coefficient of the
oscillator and ω0 its eigenfrequency. t is the time, R0 is the initial bubble
radius. The script is based on an error minimization based on a discrete
variation of the parameters A, z and ω0. Discrete steps of 10−2 for the
damping coefficient, 10 nm for the amplitude and 10 kHz for the frequency
were chosen. The approach allows for a more robust analysis while ensuring
the required precision.

CW laser irradiation data

The radius-time curves of the bubble responses from the movies were ex-
tracted using the same Matlab script as for the pulsed excitation. The fre-
quency content and corresponding amplitude of the oscillations were then
extracted using fast Fourier transform analysis (fft). The phase of the oscil-
lation was determined by fitting a sine wave to the microbubble oscillations.
Both operations were also performed in Matlab.
The pressure emission curves recorded by the 1 MHz transducer and cor-

responding to the first CW laser irradiation were all analyzed using the fast
Fourier transform function in Matlab also for the harmonics and subhar-
monics. The transducer was calibrated in emission by sending a chirp wave
to a needle hydrophone (0.2 mm, Precision Acoustics) placed at the focus
of the transducer. Then a perfect reflector (stainless steel) was placed at
the focus of the transducer to measure the reception characteristic using the
same chirp wave319. Finally, the conversion of the time to a bubble radius
was performed with the help of a finite differences simulation318. During
the CW laser irradiation, the bubble heats up and grows in time following
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a function f(1/τ) with τ = R2
ieq/Dw where t is the time variable, Dw the

thermal diffusivity of water and Rieq the equilibrium radius of the bubble,
also equal to the thickness of the thermal boundary layer at equilibrium123.
the function f is given by the finite differences simulation. The conversion is
finally achieved by using the two reference points given by the cold radius of
the microbubbles measured in the first high-speed recording(laser off) and
the average radius of the microbubble after 200 µs of heating measured in
the second Brandaris movie, i.e. corresponding to the first laser irradiation.

8.4 Results

8.4.1 Pulsed irradiation
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Figure 8.3: a and b Example of response of a DCM-coated (a) and toluene-
coated (b) microbubbles to ∼50 mJ/cm2 pulse laser irradiation. The arrival of
the laser pulse is indicated by the vertical green line. c Frames of the ultra-high
speed recording of the event plotted in a. d and e Theoretical and experimental
resonance frequencies of DCM and toluene-coated microbubbles, respectively. R-P
in the legend corresponds to the Rayleigh-Plesset equation for a free, acoustically
driven bubble.

The aim of the pulsed laser experiments was to examine the impulse re-
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sponse of the microbubbles and as such extract their oscillatory behavior.
Two examples of impulse responses of DCM and toluene-coated microbub-
bles are displayed in Fig. 8.3a and b, respectively, derived from the ultra
high speed optical recordings. The laser pulse of 8 ns hits the microbubble
at t = 0. During the pulse, the oil quickly heats up and transfers the
thermal energy to the microbubble core, thereby initiating the microbubble
oscillations. Example frames from the optical recording for a DCM-coated
microbubble are shown in Fig. 8.3c.
The same experiment was reproduced to obtain 66 individual responses

for the toluene-coated microbubbles and 57 for the DCM-coated microbub-
bles. The corresponding undamped natural frequencies for each bubble were
extracted by fitting Eq. 8.5 to the radius-time curve. The results are shown
in Fig. 8.3d and e. The theoretical undamped natural frequencies were
calculated from Eq. 8.3 and are also plotted in Fig. 8.3d and e.
The theoretically computed microbubble undamped natural frequencies

agree very well with the measured values for both microbubble populations.
The difference between the undamped natural frequencies of both micro-
bubble populations can also be seen in Fig. 8.3d and e. The damping coef-
ficient for the two populations also showed a large variation. The toluene-
coated microbubbles exhibited a damping coefficient of z = 0.148

+0.15
−0.1 whilst

for the DCM-coated microbubbles was higher z = 0.247
+0.15
−0.15 . The measured

damping coefficient did not present any obvious dependency on the micro-
bubble size.

Response stability

Comparing the behavior of microbubbles in response to successive laser
pulses enabled the stability of their response to be assessed. This is an
important parameter for the development of practical optoacoustic imaging
protocols. The results are shown in Fig. 8.4. As a consequence of repeated
laser exposures, the toluene-coated microbubbles exhibited a decrease in the
response amplitude of ∼40% that can be attributed to photobleaching of the
dye, and an increasingly large standard deviation. The statistical response
of DCM-coated microbubbles on the other hand increased by ∼18% after
multiple pulses, again with increasing standard deviation. This counter-
intuitive effect could originate from the encapsulation mechanism: as the
bubble is formed with a saturated dye concentration in the oil phase, the
oil layer can entrap micrometer size dye crystals that will then break into
smaller more efficiently absorbing dye particles when hit by a pulsed laser,
thereby increasing the microbubble response upon subsequent irradiation.
Thus, and depending on the choice of the oil and fabrication process, oil-
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Figure 8.4: Relative response amplitude of DCM (blue circles) and toluene (red
squares) coated microbubbles when irradiated by 3 successive laser pulses. The
reference is chosen as being the response to the first laser pulse.

coated microbubbles can display a very different average response amplitude
when irradiated multiple times.

8.4.2 CW laser irradiation

Experimental bubble response

An example of optically recorded response of a DCM-coated microbubble to
a CW laser irradiation is shown in Fig. 8.5a-c. The first recording was taken
before the laser was on thereby displaying the size of the ’cold’ bubble. In
the following 5 exposures, the microbubble was irradiated by the laser for
200 µs before the optical response was recorded in order to reach a quasi
stable thermal equilibrium. As indicated in Fig. 8.5b and c, the average size
of the microbubble when exposed to the laser light increases significantly.
Clear oscillations around this average radius are also visible in Fig. 8.5a.
These oscillations are a direct consequence of the modulation of the laser
intensity. The bubble was further irradiated for 100 µs thus for a total of
300 µs during which the vibrating microbubble emits an ultrasound wave
that was recorded by the receiving transducer positioned at the bottom of
the water tank. An example of the acoustic emission from a DCM-coated
microbubble irradiated by a 1 MHz modulated laser is displayed in Fig. 8.5d.
The acoustic trace was filtered in the Fourier domain to remove the high
frequency noise arising from the electronics.
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Figure 8.5: a Radius-time curve of a DCM-coated microbubble extracted from an
ultra high-speed optical recording. b and c Still frames of the optical recording used
to obtain a. b is taken from the first movie, before the laser is turned on and shows
the ’cold’ bubble. c is taken from the first laser irradiation and when the radius
of the bubble coincides with the average radius. d displays the acoustic emission
from a DCM-coated microbubble over the full 300 µs of laser irradiation recorded
by the 1 MHz focused ultrasound transducer. The observed peak at t=170µs is an
low frequency artifact from the triggering system, corresponding to the high-speed
recording.

Single microbubble resonance

Fig. 8.5b and c show the increase in the microbubble size between 2 time
points. In fact, the microbubbles are growing continuously during the 300 µs
during which the laser is on. Thus, in some cases, the microbubble will grow
from below the resonant size to above the resonant size thereby describing
its own resonance curve. This feature cannot be optically captured as no ex-
isting optical system can record the phenomenon with sufficiently high time
resolution over such a duration. The ultrasound transducer on the other
hand can capture these events via the pressure emitted by the microbubble.
A sample of such resonance curves is given in Fig. 8.6 for DCM-coated mi-
crobubbles irradiated by a CW laser modulated at frequencies of 1 MHz
(Fig. 8.6a and b) and 0.75 MHz (Fig. 8.6c and d) and toluene-coated mi-
crobubbles irradiated by a CW laser modulated at 0.75 MHz (Fig. 8.6e and
f). The phase measured here is translated along the y axis of a constant
unknown amount corresponding to the phase differences induced by the op-
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Figure 8.6: a,c and e Sample of resonance curves of single microbubbles obtained
from the acoustical recordings when a microbubble, heated up by the average irra-
diating laser power, grows from below the resonant size to above the resonant size.
Each color represent a different bubble.a,c and e correspond to DCM-coated mi-
crobubbles irradiated by a 1 MHz and 0.75 MHz modulated CW laser and toluene-
coated microbubbles irradiated by a 0.75 MHz modulated CW laser, respectively.
b,d and f show the phases of the oscillations for each curve of a,c and e, respec-
tively.

tical system, the transducer and the uncertainty in the wave propagation
time. The theoretical eigenfrequency of the microbubble at the irradiation
frequency is represented by a vertical black line. It is clearly visible in
Fig. 8.6 that the resonance is correlated with a strong shift in the phase of
the received pressure wave, as expected from a resonating system. It is also
clear that single microbubbles display a significantly different behavior one
from another and the resonance frequency of each can differ by as much
as 15% from the predicted theoretical value. Note that this deviation from
the theoretical predictions is not observed when the bubble is irradiated
with a pulsed laser. Also, and as expected from the impulse response of the
microbubbles, the damping is significantly different for each microbubble as
is evident from the width of the individual resonance peaks. Another inter-
esting observation is that the resonant size appears to reduce in most cases
with increasing response amplitude, i.e. for more absorbing microbubbles.
This effect is therefore not a property of the microbubbles but most likely
an effect of a parasite mechanism, namely a partial vaporization of the oil
layer surrounding the microbubble during the exposure to the laser light.

143



Microbubble population response
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Figure 8.7: a Predicted resonance behavior of a population of DCM-coated mi-
crobubbles to a 1 MHz modulated CW laser (red area) given the experimentally
measured damping coefficients for the considered microbubbles. The experimental
data extracted from the ultra high-speed recordings are represented with empty
black circles. b Relative phase of the microbubble oscillations with the same rep-
resentation formalism than in a

In order to better understand the behavior of the microbubble popula-
tion as a whole, we now look at the response of each bubble at a single
time point given by the optical recording. By doing so, we look at the
global behavior of such laser-driven microbubbles. The influence of the
variation in absorbance from one microbubble to another can be compen-
sated for using Eq. 8.4. Using the range of damping coefficients measured
from the impulse response of the microbubbles, a theoretical range for the
microbubble responses can be calculated. This range is represented by the
red area in Fig. 8.7a. On the same graph, the individual responses of the
microbubbles are represented by a black circle. Overall, the microbubbles
show a stronger response than predicted. This is once more probably due to
a partial vaporization/condensation of the oil layer, which absorbs part of
the pressure variations in the core of the microbubble and thus allows for a
larger oscillation amplitude. Despite this discrepancy, the resonant radius,
the general trend and the relative phase shift evidenced in Fig. 8.7b are in
good agreement with the expected behavior.

Harmonic and subharmonic generation

The resonance phenomenon shown in Fig. 8.7 is based on the response
of the microbubbles at the fundamental frequency, i.e. that of the laser
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Figure 8.8: a,c and e Harmonic generation by single microbubbles obtained from
the acoustical recordings when a microbubble, heated up by the average irradiating
laser power, grows from below the resonant size to above the resonant size. a, c
and e correspond respectively to DCM-coated microbubbles irradiated by a 1 MHz
and 0.75 MHz modulated CW laser and toluene-coated microbubbles irradiated by
a 0.75 MHz modulated CW laser. b,d and f show the sub-harmonic generation
in the same order. On the x-axis is the radius of the microbubble normalized by
its resonant radius is plotted and the emitted pressure is plotted in dB with the
maximum emission at the fundamental frequency for reference.

modulation. Just as in the case of acoustic excitation, the microbubbles
also generate acoustic emissions at harmonic and subharmonic frequencies
due to the intrinsic non-linearity of their volumetric oscillations. The non-
linearities are known to be further strengthened by the presence of the
coating (surfactant, protein or phospholipid for example) necessary to sta-
bilize the microbubbles long enough to use them in practice320. Fig. 8.8
shows the amplitude of the first harmonic and the subharmonic generated
by a single microbubble relative to the fundamental frequency. The same
bubbles as those depicted in Fig. 8.6 are used here and the horizontal axis
is scaled to the natural frequency of the individual microbubbles.
From the results it appears that the harmonic generation mostly occurs

around resonance (Fig. 8.8a c.and e) with an amplitude up to -10 dB as
compared to the fundamental, which makes them practically usable. This
amplitude is much larger than that theoretically predicted for a laser-driven
oil-coated bubble318 and only a few bubbles did not generate a significant
second harmonic . Interestingly the generation of subharmonic components
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was not highest from bubbles of resonant size but in the case of DCM-coated
microbubbles for radii ∼ 10% bigger for the DCM-coated microbubbles
(Fig. 8.8b and d). In some cases the subharmonic was actually larger than
that at the fundamental frequency, with a maximum of +8 dB. A positive
sub-harmonic generation on a dB scale practically implies that the micro-
bubble experiences a period doubling as observed in a few optical recordings.
This effect was not observed for the toluene-coated microbubbles (possibly
due to the smaller number of bubbles growing across their resonant size)
and could be a result of the higher volatility of the DCM as compared to the
toluene. Such period doubling behavior is not accounted for in the theory
developed in318.

8.5 Discussion

As regards the theoretical treatment of the system, the correction needed for
the normalization function used here is based on finite differences simula-
tions that run for 100 µs which brings the system in quasi stable equilibrium.
In the presented experiment, the exposure lasts for 200 µs before the movie
is taken. Also from the finite differences simulation, we know that a reso-
nant bubble at 1 MHz reaches 73% of the final thermal equilibrium radius
after 100 µs and 79% in 200 µs which represents only a small difference.
Due to the spherical configuration, after a rapid transient time (< 100 µs),
the temperature rises very slowly in the system so that it takes up to several
tens of milliseconds for the bubble to grow to 95% of its equilibrium size.
This problem could be addressed theoretically more rigorously by setting
the equilibrium radius to be time dependent, and considering its variations
to be slow compared to the timescale of the oscillations. To present a real
interest however this treatment should be combined with a treatment of
the partial vaporization of the fluids that is for now the main imprecision
of the proposed model. The partial vaporization of the oil layer was, in
accordance with the current theory, not the dominant phenomenon in our
observations and was therefore not the focus of this study. Further develop-
ment of the theoretical model could be undertaken to include vaporization
but also molecular diffusion relevant on the longer irradiation timescales of
interest here.
Experimentally, an important further step will be the development of the

microbubble formulations, in particular the use of more biocompatible oils.
These oils should also be less volatile. In terms of safety, the microbubbles
were seen to be highly responsive at low laser energy: the energy used for
the pulsed excitation was ∼50 mJ/cm2 well within the range considered safe
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for medical use321 when using the biological window (∼1000 nm). The use
of CW lasers offers many advantages in term of costs, ease of use, signal
to noise ratio, and allows for making use of some rather unique features as
demonstrated above but it also requires higher levels of energy deposition
by the laser. We estimate the intensity of the CW laser used for these
experiment to be between 50 kW/cm2 and 500 kW/cm2 which, integrated
over the irradiation time is too high for medical use. Nonetheless, reaching
such performances with these relatively low powers during the concept phase
is a good sign that this technology has the potential to meet the biomedical
requirements for the use of CW lasers.
The CW laser in this study was modulated using a sine wave for practical

simplicity. In theory, a square wave is expected to induce a slightly higher
response and to also duplicate the peaks in the harmonic generation curves.
A sine modulation seemed therefore more suited for a proof of concept study,
but this should be explored further in future work.

8.6 Conclusions

In this study, we have fabricated two types of oil-coated microbubbles, first
with dichloromethane and a second type with toluene. In both cases, the
oil entraps a red dye that absorbs the laser light. The bubbles were first
irradiated with a pulsed laser and good agreement between the measured
natural frequency and the theoretical predictions was observed. The non-
dimensional damping coefficient was also measured and shown to be slightly
higher than that expected for an oil-coated microbubble. There was also
considerable variation from one bubble to another. The microbubble re-
sponse was seen to vary with repeated laser pulses, with up to a 60% change
in response amplitude being recorded for individual microbubbles. Under
CW laser irradiation individual microbubbles also displayed considerable
variation in behavior, mostly in their resonance size, with some bubbles
growing from sub-resonant to super-resonant size during exposure. Despite
this variability, there was still good agreement with the theoretical pre-
dictions for the behavior of the microbubble population as a whole. The
microbubbles exhibited a stronger nonlinear character than expected, mani-
fested in the generation of acoustic emissions at harmonic and subharmonic
frequencies. In particular a sub-population of bubbles ∼10% larger than
the resonant size generated significant subharmonics, possibly due to pe-
riod doubling behavior. This surprising result may have significant interest
for contrast-enhanced photoacoustic imaging.
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9
Resonant vaporization of perfluorocarbon
phase-change agents with surface acoustic

waves

Phase-change agents consist of low boiling point perfluorocarbon droplets that
can be triggered by ultrasound to phase-change from the metastable liquid
state to the thermodynamically stable gas state, a process termed acoustic
droplet vaporization (ADV). The potential of ADV for imaging and therapy
is promising, however the acoustic pressures required to trigger the vaporiza-
tion process are near or even beyond the FDA approved limit for diagnostic
ultrasound. Here, we report ADV with high-frequency ultrasound, gener-
ated by leaky surface acoustic waves (SAW) generated using interdigitized
transducers (IDTs) operating at a frequency of 19.6 MHz and 45.4 MHz. A
theoretical model was developed describing the acoustic coupling between the
aqueous medium and the phase-change droplet and it revealed the existence
of a resonant coupling between the drop size and the ultrasound frequency.
Ultra high-speed imaging was employed to visualize the vaporization events
and the measurements confirmed the theoretical droplet size-dependent res-
onance behavior with very good agreement. The presented results show that
it is essential to drive phase change droplets at their resonance frequency
for efficient ADV. Furthermore, during a second ultrasound exposure the
vaporization of almost all droplets with sizes down to 100 nm is triggered
by the presence of precursor bubbles. The resonant droplet vaporization and
the phase-change dynamics during multiple ultrasound exposures may have
great potential for the future clinical use of phase-change agents.

1To be submitted as: T. Segers, G. Lajoinie, N. de Jong and M. Versluis, Resonant
vaporization of perfluorocarbon phase-change agents with surface acoustic waves (2015)

149



9.1 Introduction

Phase-change agents are droplets made from a low boiling point liquid, typ-
ically a perfluorocarbon (PFC) dispersed in an aqueous phase. The droplets
are stabilized by surfactants such as fluorosurfactants322,323 or by phospho-
lipids324,325. While the boiling point of the perfluorocarbon is low (e.g.
perfluoropentane, Tb = 29◦C), the droplets do not spontaneously vapor-
ize in-vivo at a temperature of 37◦due to the confinement of the PFC to
a micron sized sphere326 that does not present nucleation sites. Moreover,
the overpressure within the droplet resulting from the interfacial surface
tension increases the boiling point of the PFC for an increased droplet sta-
bility. Perfluorocarbons are inert, non-toxic in small quantities and are
already clinically used. The shelf life of a PFC droplet emulsion is on the
order of months since PFCs are immiscible in water, they have a high molec-
ular weight and a low surface tension327. The droplets can also be loaded
with drugs, e.g. by using nanoemulsions328 within the droplet, that are
otherwise difficult to bring to the target site. Additionally, droplets in-
jected in-vivo are stable for days329 which makes them highly suitable for
biomedical applications.
Exposure of superheated droplets to ultrasound can trigger the phase-

change of the droplet from the metastable liquid state to the thermodynam-
ically stable gas state through a volumetric expansion process. This phase
transition phenomenon is known as acoustic droplet vaporization (ADV).
Upon vaporization, the payload within a droplet is released and the droplet
itself is converted into a highly echogenic bubble of similar size as con-
ventional ultrasound contrast agents. Thus, they can be visualized using
clinical ultrasound scanners which has a great interest for monitored drug
delivery. Recently, it was shown that nanometer sized droplets (≈ 200 nm)
may extravasate blood vessels through leaky tumor vasculature330,331 (EPR
effect) and as a result, passively accumulate in tumorous tissue where the
controlled release of chemotherapeutic drugs is of greatest interest. Once
vaporized, these phase-change agents become echogenic and allow for tu-
mor imaging with ultrasound, without the strict limitation of the classic
ultrasound agents to the vascular network.
The acoustic pressures required to vaporize the droplets are reported to

be in the MPa range332 with mechanical indices333 as high as four, well
above the FDA-approved limit of MI = 1.9 for diagnostic ultrasound. At
low acoustic pressures, the probability of vaporizing a droplet is negligi-
ble up to a certain threshold after which the probability increases linearly
with the applied acoustic pressure322,332. Several groups have reported
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the decrease in the acoustic pressure threshold for increasing driving fre-
quencies322,332,334,335. Recently, Shpak et al.116 have revealed that droplet
vaporization is initiated by focusing of the nonlinear acoustic wave by the
spherical droplet due to a mismatch in acoustic impedance between the PFC
droplet and the surrounding water. The multiple superharmonics generated
during the non-linear propagation of the acoustic wave reach wavelengths
on the order of the size of the droplet allowing for a superharmonic focusing
effect to occur. The peak negative pressure of the incident wave is typically
amplified by a factor 6 for a 10 µm radius droplet and a by factor 2.2 for a
4 µm droplet. Thus, the amplification decreases with a decreasing droplet
size.
Human tissue has a nonlinearity parameter B/A up to two times that

of water, however, its attenuation coefficient ranges from 100 to 300 times
that of water, for blood and tissues, respectively. It therefore becomes much
more difficult to generate the harmonics of the driving ultrasound frequency
required for the focusing effect to occur in-vivo as the attenuation increases
exponentially with the frequency. Furthermore, the generation of significant
superharmonics intrinsically requires the use of high insonation pressures in
order to obtain non-linear propagation, which is one of the main limiting fac-
tors of the clinical application of the superharmonic focusing effect. These
difficulties regarding the applicability of the focusing mechanism emphasize
the need to go from a gentle passive focusing of the ultrasound wave in the
droplet, to a resonant mechanism that does not require non-linear propaga-
tion but does drive the pressure in the drop below its vaporization threshold
in order to vaporize it.
Here, we investigate the vaporization of micrometer-sized droplets by high

frequency ultrasound. An interdigitized transducer (IDTs) was employed to
generate surface acoustic waves (SAW) on a piezoelectric lithium niobate
(LiNbO3) substrate that generates bulk acoustic waves once in contact with
a water sample on top of the substrate containing the PFP droplets. IDTs
have proven to be a versatile and an efficient tool for the acoustic forcing of
microfluidics by ultrasound frequencies ranging from 10 to 500 MHz336–338.
The use of SAW to investigate acoustic droplet vaporization at high ultra-
sound frequencies has the advantage over conventional transducers that the
droplets are spatially confined within micrometer distance from the position
where the bulk ultrasound waves are generated. Therefore, the ultrasound
wave will consist purely of a sinusoidal wave at the frequency of the SAW
as there is no propagation distance allowing for the wave to become non-
linear. The use of SAW is therefore an excellent way to investigate the
vaporization of phase-change agents at high ultrasound frequencies. In the
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present study, we experimentally investigate ADV using IDTs generating
high frequency ultrasound, at a frequency of 19.6 MHz and 45.4 MHz. The
vaporization events are recorded using ultra-high speed imaging to access
the instantaneous size-dependent droplet vaporization. First, a theoreti-
cal model is developed describing the acoustic coupling the acoustic wave
and the droplet in the aqueous medium. Second, the experimental setup
is described. In the Results section the measured size-dependent droplet
vaporization is compared to the modeled pressure amplification within the
droplet as a function of size. We also investigate droplet vaporization at
multiple ultrasound exposures and its efficiency. Finally, the results are
discussed to end with our conclusions.

9.2 Theory

The studied physical system is comprised of two liquid media separated
by an interface. Medium 1 consists of perfluoropentane (PFP) that forms
the droplet with radius R. It has a density ρpfp and speed of sound cpfp.
The surrounding water forms medium 0 and in first approximation it is
considered to be of infinite size. Its density is ρw and it has a speed of
sound cw.
The dynamical behavior of the PFP droplet can be derived in an analogous

way as the derivation of the bubble dynamics equation, a.k.a the Rayleigh-
Plesset equation. The main difference here is that, while the gas pressure
can be assumed constant in the bubble case, the pressure distribution in
the droplet needs to be calculated explicitly. The interest here lies in the
fundamental volumetric oscillation mode of the droplets, since it is expected
to be of larger amplitude and dominant over the higher-order modes. We
therefore consider a purely spherical geometry. Due to the difference in the
speed of sound of the PFP (cpfp = 457.3 m/s at 20◦C) and that of water
(cw = 1490 m/s at 20◦C), the acoustic wavelength is more than three times
shorter in the PFP droplet than it is in the surrounding medium. In the
following we therefore also assume the droplet to be small compared to the
acoustic wavelength in the water. This assumption is later validated by
showing that the resonant droplet size is close to 1/4-th of the wavelength
in the PFP. Thus, it is approximately 1/15-th of the acoustic wavelength in
water.

Acoustic approximation in the drop

The three governing equation in the droplet are the mass conservation equa-
tion, the momentum equation and the compressibility equation and they
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write in spherical symmetry:

div (ρv) +
∂ρ

∂t
= 0, (9.1)

ρ
∂v

∂t
+ ρv∂v

∂r
= −∂P

∂r
, (9.2)

β = − 1

V

∂V

∂P
|S , (9.3)

Here ρ is the density, v is the velocity of the fluid particle. P is the pressure
of the fluid particle and V its volume. We can now write the acoustic
approximation in this fluid:

ρ = ρ0 + dρ with dρ << ρ0 (9.4)
P = P0 + dP with dP << P0 (9.5)

(9.6)

in the later, dρ and dP are written ρ and P respectively in order to simplify
the writing. Eq. 9.1 to 9.3 then become:

β
∂P

∂t
= −2v

r
− ∂v

∂r
, (9.7)

∂v

∂t
+

1

2

∂v2

∂r
= − 1

ρ0

∂P

∂r
, (9.8)

βρ0P = ρ. (9.9)

Eq. 9.7 to 9.9 can then be rewritten:

∂2P

∂t∂r
= −ρ0

∂2v

∂t2
− ρ0

2

∂2v2

∂t∂r
, (9.10)

∂2P

∂t∂r
= − 1

β

(
−2v

r2
+

2

r

∂v

∂r
+

∂2v

∂r2

)
. (9.11)

The right hand term of Eq. 9.10 is purely non-linear and must therefore be
neglected to obtain a wave equation in the drop. From the previous, a wave
equation a relation between the pressure and the velocity can be derived:

∂v

∂t
≈ − 1

ρ0

∂P

∂r
, (9.12)

ρ0
∂2v

∂t2
=

1

β

(
−2v

r2
+

2

r

∂v

∂r
+

∂2v

∂r2

)
. (9.13)

considering a harmonic oscillation in time with an angular frequency ω:

r2
∂2v

∂r2
+ 2r

∂v

∂r
+ v

((rω
c

)2
− 2

)
= 0 with c2 =

1

βρ0
. (9.14)
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c here is the speed of sound in the PFP. After changing the variable x =
rω

c
:

x2
∂2v

∂x2
+ 2x

∂v

∂x
+ v

(
x2 − 2

)
= 0, (9.15)

which is the spherical Bessel differential equation for n(n+1) = 2 i.e. n = 1.
To forbid the divergence in r = 0 i.e. x = 0, the solution has to be written
on the base of the Bessel functions of the first kind thus.

v(r, t) = f (t)

sin
(rω

c

)
(rω

c

)2 −
cos
(rω

c

)
rω

c

 . (9.16)

Eq. 9.16 can obtained by a variable separation method for an identical result.
At any given time, v(R, t) = Ṙ using the overdots for the time derivative
and R as the drop radius. Eq. 9.16 then gives:

f (t)


sin

(
Rω

c

)
(
Rω

c

)2 −
cos

(
Rω

c

)
Rω

c

 = Ṙ (9.17)

at any point that is not a zero crossing point of the Bessel function:

v(r, t) = Ṙ

sin
(rω

c

)
(rω

c

)2 −
cos
(rω

c

)
rω

c

sin

(
Rω

c

)
(
Rω

c

)2 −
cos

(
Rω

c

)
Rω

c

. (9.18)

For simplicity, we write X =
ωR

c
and x =

ωr

c
. Eq. 9.18 becomes:

v(r, t) =
ṘR2

r2
sin (x)− xcos (x)

sin (X)−Xcos (X)
=

ṘR2

r2
T (x)

T (X)
, (9.19)

using Eq. 9.7 without the non-linear term and Eq. 9.19

∂P

∂r
= −ρ0

T (x)

x2
ω2

c2

(
R̈R2 + 2Ṙ2R

T (X)
+ Ṙ2R3ω

2

c2
sin (X)

T (X)2

)
(9.20)

154



9. ADVWITH SAW

, and by integration over the radius of the drop:

P (R−, t)− P (r, t) =

− ρ0

(
sin (x)

x
− sin (X)

X

)
ω

c

(
R̈R2 + 2Ṙ2R

T (X)
+ Ṙ2R3ω

2

c2
sin (X)

T (X)2

)
.

Here the subscripts − and + refer to the inner side and outer side respectively
of the interface. Eq. 9.7 can now be rewritten as:

∂P

∂t
= −ρ0ω

3

c

sin (x)

x

R2Ṙ

sin (X)−Xcos (X)
. (9.21)

We now assume that X ≈ π/2 which corresponds to the first antinode of the
J1 Bessel function describing the velocity profile in the drop. In different
terms, this assumes that the resonance in the drop is approximately at
λ/4 where λ is the acoustic wavelength. This approximation is verified a
posteriori and Eq. 9.21 then becomes:

∂P

∂t
= −ρ0ωc

sin (x)

x

Ṙ

sin (X0)

X0
2 − cos (X0)

X0

, (9.22)

where X0 =
R0ω

c
. If we now integrate Eq. 9.22 and use the static Laplace

pressure as an initial boundary condition:

P (r, t)−
(
Pat +

2σ

R0

)
= −ρ0ωc

sin (x)

x

R−R0

sin (X0)

X0
2 − cos (X0)

X0

. (9.23)

We note that:

P (r, t)−
(
Pat +

2σ

R0

)
=

[
P (0, t)−

(
Pat +

2σ

R0

)]
sin (x)

x
. (9.24)

Momentum equation in the water

The momentum equation can be written in potential flow due to the low
mach number of the oscillations and integrated in the water domain (Rayleigh-
Plesset derivation) while considering the wavelength of the acoustic wave in
the water large in front of the drop:

P (R+, t) = (Pat + Pac) + ρw

(
RR̈+

3

2
Ṙ2

)
, (9.25)

with Pat the atmospheric pressure and Pac the applied acoustic pressure.
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Pressure jump across the interface

Also like in the Rayleigh-Plesset derivation, the pressure jump across the
interface can be derived from the equality condition on the normal stress
tensors:

P (R+, t) = P (R−, t)− 4 (νw − νo)
Ṙ

R
− 2σ

R
, (9.26)

where ν is the dynamic viscosity, σ the interfacial tension and the subscripts
w and o refer to the water and the PFP respectively.

Pressure drop across the system

The pressure drop across the system can be separated into the sum of the
pressure drops across the subparts of the system:

P (r, t) = P (r, t)− P (R−, t) + P (R−, t)− P (R+, t) + P (R+, t)−
(Pat + Pac) + (Pat + Pac) , (9.27)

which allows for making use of the previously derived equations. Thus from
Eq. 9.24, Eq. 9.26 and Eq. 9.25:

P (r, t) = ρ0

(
sin (x)

x
− sin (X)

X

)
ω3

c3

(
R̈R2 + 2Ṙ2R
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+ Ṙ2R3ω

2
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)

+4 (νw − νo)
Ṙ

R
+

2σ

R
+ ρw

(
RR̈+

3

2
Ṙ2

)
+Pat + Pac. (9.28)

Differential equation of the radius

Combining Eq. 9.28 and Eq. 9.24 gives:

−ρ0ωc
sin (x)

x
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sin (X0)

X0
2 − cos (X0)

X0

=

ρ0

(
sin (x)
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− sin (X)

X

)
ω

c

(
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2
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sin (X)

T (X)2

)

+4 (νw − νo)
Ṙ

R
+ 2σ

(
1

R
− 1

R0

)
+ ρw

(
RR̈+

3

2
Ṙ2

)
+ Pac. (9.29)

For the considered drops, the amplitude of the oscillations is in the order
of 10 nm. However, and because of the very high frequencies involved, the
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pressure scattered by the drop can be significant. Therefore and similarly to
an acoustically driven bubble, the radiated pressure translates into a low but
non-negligible compressibility of the surrounding medium. We compensate
for this effect by adding the pressure term R

cw

∂P

∂t
|R derived by Keller et

al. (and was later refined by Prosperetti et al.) adapted to our drop. This
correction is made possible by the similar treatment of the momentum in
the water in both cases. Eq. 9.29 then becomes:

−ρ0ωc
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Ṙ

sin (X0)

X0
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. (9.30)

Here cw is the speed of sound in the water. We choose to leave the interfacial
viscosity terms and the interfacial terms to keep the resigning general but
in the range of droplet sizes studied here, they are negligible. Eq. 9.30 can
be expressed in r = 0:
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2
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)
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, (9.31)
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and in r = R:

ρw

(
RR̈+
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2
Ṙ2

)
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Eq. 9.31 or Eq. 9.32 can be used to solve numerically the drop radial os-
cillations and give the same result. Eq. 9.32 is thus preferred as it is more
simple. In our experimental setup, as in many practical realization, the drop
is sitting on a hard surface that reflect (quasi) perfectly the acoustic wave
generated by the droplet while oscillating. The phenomenon also studied
for microbubbles can be treated with the addition of another pressure term
that describe the pressure generated by the image bubble:

Pmirror = ρw
∂ṘR2

2d
, (9.33)

with R is as in the previous the radius of the droplet, and d is the distance
from the droplet center to the rigid boundary. Eq. 9.32 then becomes:

ρw
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2
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. (9.34)

Resonance frequency

From the linearization of Eq. 9.32, we find the relation between the reso-
nance frequency of the drop and its radius:

ω2
0 =

ρoω0cpfp
cpfp
R0ω

− cot

(
R0ω0

cpfp

) +
2σ

R0
2

ρwR0
. (9.35)
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Here, cpfp is the speed of sound in the PFP, f0 =
ω0

2π
is the resonance

frequency of the droplet and R0 its radius. ρo and ρw are the densities of
the PFP and the water respectively and σ is the interfacial tension at the
interface of the two fluids. In the case of the presence of a rigid boundary,
this expression becomes:

ω2
0 =

2

3

ρoω0cpfp
cpfp
R0ω

− cot

(
R0ω0

cpfp

) +
2σ

R0
2

ρwR0
. (9.36)
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Figure 9.1: a. Theoretical resonance frequency as a function of size for a droplet
in an infinite medium (red) and near a rigid boundary (blue). b. Theoretical
resonance curves in pressure amplification within the droplet for 10, 25, 50 and
100 MHz.

9.3 Numerical simulations

The numerical simulation was performed using a non-stiff ODE 113 solver in
Matlab and the theoretical resonance frequency as a function of the droplet
size following Eq. 9.36 is plotted in Fig. 9.1a. The resonance frequency of
a microdroplet is much higher than that of a bubble of a comparable size.
The resonance behavior of the droplets is depicted in Fig. 9.1b. Here the
resonance curves of droplets insonified at 10 MHz, 25 MHz, 50 MHz and
100 MHz are plotted. Figure 9.1b shows the simulated amplitude of the
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pressure at the center of the droplet relatively to the incident pressure. The
amplification factor shows very little variation which is a crucial property
for the size reduction of the agents.
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Figure 9.2: a. Comparison the efficiency of the harmonic focusing phenomenon
and resonance phenomenon for an increasing incident pressure. b. Comparison of
the efficiency of the harmonic focusing phenomenon and resonance phenomenon
for diverse droplets radii.

The pressure amplification at resonance predicted from our theory is plot-
ted in Fig. 9.2a and b as a function of the incident acoustic pressure and
the droplet radius, the latter directly related to the ultrasound frequency.
The figure also shows the pressure amplification in a droplet resulting from
superharmonic focusing of an acoustic wave propagating in water with a
frequency of 3.5 MHz and peak negative pressures of 1.5, 3, and 5 MPa116.
A direct comparison of the efficiency of the resonant vaporization of drop-
lets and that due to superharmonic focusing is difficult since the generation
of superharmonics is an interplay between the transducer geometry, acous-
tic pressure, the nonlinear propagation distance, the frequency, and the
droplet size. However, Fig. 9.2 shows that high insonation pressures and
relatively large droplet sizes are required for sufficient superharmonic focus-
ing to occur. On the other hand, the pressure amplification factor due to the
mechanical resonance effect shows no dependence on the acoustic driving
pressure, nor does it show a dependence on the droplet size. As said before,
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Figure 9.3: a. Schematic representation of the experimental setup. The vapor-
ization of PFP droplets is imaged using the Brandaris128 ultra-high speed camera
operated 10 million frames per second. b. A leaky SAW generates a longitudinal
pressure wave in the fluid chamber at the Rayleigh angle θR. c. The fluid chamber
is fabricated using double sided tape and a microscope cover glass. The image
shows bubbles nucleated from PFP droplets through their efficient SAW induced
vaporization.

this property can be crucial for in-vivo applications were the generation of
the required harmonics for superharmonic focusing will be difficult due to
tissue attenuation.

9.4 Experimental methods

Straight electrode IDTs with a single electrode pair per wavelength were
used in this study, see Fig. 9.3. When a sinusoidal driving signal is applied
at a the resonance frequency of the IDT a SAW is generated traveling with
the same amplitude away from the IDT in both directions. The width of
the generated SAW is typically equal to the aperture width and it remains
at this size for long distances with respect to the wavelength336. The en-
ergy efficiency can be increased by using a more complex design, including
reflectors and unidirectional IDTs (SPUDT)336 and the acoustic intensity
can be increased by designing curved electrodes to focus the acoustic waves.
Straight IDTs were used here to ease the reproducibility of the experiments
without the need for a precise alignment of the IDT focus with both the
imaging system and the sample.
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Two IDTs with different operating frequencies were designed having 202 µm
and 88 µm wide electrodes spaced by the electrode width. Each of the 1 cm
aperture transducers had 60 aluminum electrode pairs fabricated on a 128◦
rotated Y-cut X-propagating lithium niobate (LiNbO3, Roditi, United King-
dom) single crystal wafer using standard soft lithography techniques. The
substrate was sputtercoated with aluminum to an approximate thickness
of 750 nm. The electrodes were carefully aligned normal to the X-axis to
generate a Rayleigh wave propagating along the X-axis upon RF actuation.
The wafer was diced to size and wires were connected using conduction sil-
ver paint reinforced by epoxy glue (Fig. 9.3c). Impedance measurements
were performed to find the exact resonance frequency of the IDTs and they
were 19.6 MHz and 45.4 MHz, respectively.
A microfluidic chamber 100 µm in height was fabricated using double

sided tape (3M Scotch 665 Permanent) placed directly on top of piezoelectric
substrate aside of the IDT aperture. A microscope cover glass (thickness
100 µm) was placed 6 mm from the IDT aperture on top of the tape to
seal the chamber resulting in a channel that was open in the direction of
SAW wave propagation, see Fig. 9.3 B and C. The open channel allowed
for the direct coupling between the SAW and the fluid. The PFP droplet
emulsion was diluted in ultrapure water (Mili-Q, Millipore) and dispersed
in the chamber by capillary suction.
The IDTs were driven with a 50-cycle sinusoidal ultrasound pulse gen-

erated by a waveform generator (8026, Tabor Electronics) connected to a
50 dB linear power amplifier (350L, E&I). Due to the difference in speed of
sound in the piezoelectric substrate and in the fluid, a SAW will be radiated
into the fluid at the Rayleigh angle (θR), which can be calculated from the
ratio of the speed of sound in the piezoelectric substrate and in the fluid,
θR = sin−1(cw/cs). The speed of sound in water cw and in lithium nio-
bate substrate in the absence of fluid loading cs is 1450 m/s and 3990 m/s,
respectively at room temperature giving θR ≈ 23◦. Due to the leakage
of acoustic energy into the fluid, a longitudinal pressure wave is generated
that will trigger the vaporization of the PFP droplets. The amplitude of the
driving voltage was varied to investigate its influence on the vaporization
dynamics. The acoustic energy reaching the boundaries of the piezoelectric
substrate is absorbed by rubber (PDMS, Dow Corning,) and the substrate
holder is also made of sound absorbing rubber. The SAW is built up on the
substrate by superposition of the waves of a single wavelengths produces by
the individual electrode pairs. Therefore the IDT has a transient on the
order of the number of electrode pairs. While a sinusoidal driving pulse is
applied to the IDT, the pressure increases linearly during such a transient
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Figure 9.4: Size distribution of the droplet suspension used for the vaporization
study.

and conversely, when the driving signal is switched of the amplitude of the
acoustic wave decreases linearly.
Perfluoropentane (PFP) droplet emulsions were prepared by mixing ul-

trapure water (Milli-Q, Millipore) with 5% v/v of PFP (Sigma Aldrich) and
0.1% v/v of negatively charged fluorosurfactant Zonyl PFP (Sigma Aldrich).
The mixture was mechanically agitated for 30 s using a CapMix™ (3M,
Saint Paul, Minesota) to produce a polydisperse droplet emulsion. The size
distribution of the emulsion was measured using a Coulter Counter, see Fig
9.4.
Droplet vaporization was imaged using an inverted microscope (Olympus

BX-FM) equipped with a 20× magnification objective (Olympus SLMPlan
N, NA 0.25) coupled to the Brandaris 128 ultra high-speed camera160,161 op-
erated at 15 million frames per second, see Fig 9.3. The field of view (FOV)
was 138 µm × 98 µm and the resolution was 0.29 µm per pixel. Sufficient
illumination intensity were achieved using a Xenon flash light (MVS 7010
XE, Perkin Elmer, Waltham, MA). Six successive high speed recordings of
128 frames each were recorded with an interval of approximately 100 ms.
Only during the first recording the IDT was not actuated for reference. A
CCD camera (Lumenera, LW165M) was used to monitor the optical focus-
ing. Measurements to relate relative pressure amplitudes to the amount of
nucleated droplets were imaged using a high-speed camera (Photron SA-
X2) operated at 50.000 frames per second. The exposure time was set to
1.25 µs to minimize motion blur. All measurements were performed at a
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20◦C room temperature. The droplets were therefore not in a superheated
state.
The optical recordings were processed with specialized image processing

software programmed in MATLAB to obtain the initial radius of the drop-
lets that vaporized. The radius of the droplets was measured from the
inflection point on the averaged intensity profile of the droplet269.

9.5 Results

Figure 9.5a shows an image sequence of the vaporization of PFP droplets
by a 19.6 MHz ultrasound wave. Nucleated droplets are marked by the
red-dotted circles. It is observed that the nucleation bubble grows rapidly
under acoustic forcing339. When the ultrasound is turned of, the bubble
rapidly decreases in size. However, from the last frame at t=100 ms, it can
be observed that every nucleation site produces a stable bubble.
The observed vaporization process for the very same PFP droplets in a

45.4 MHz ultrasound wave is less violent as can be observed from the images
in Fig 9.5b where nucleated droplets are also marked by red-dotted circles.
The nucleation bubbles that appear within the droplet are much smaller
than those observed at a frequency of 19.6 MHz. It was also observed
that the bubbles expand at much lower growth rates. However, as can
be observed from the last image, t=100 ms after ultrasound exposure, all
nucleated droplets produce a stable bubble.
From both image sequences in Fig. 9.5 it can be observed that the nu-

cleation process initiated by the ultrasound exposure is not instantaneous
in time, as was also shown before339. Fig. 9.6 shows for both ultrasound
frequencies the time dependent number of droplets that nucleated over a
0.2 µs window (red solid lines) for 217 nucleation and 120 nucleation events
at a frequency of 19.6 MHz and 45.4 MHz, respectively. From high speed
movies captured at the second ultrasound exposure the arrival time of the
acoustic wave can be observed from the movement of the nucleation bub-
bles through secondary radiation forces340, marked by the green areas. The
green areas also show the temporal length of the 50 cycle ultrasound pulse.
From Fig. 9.6a it can be observed that at a driving frequency of 19.6 MHz
the droplets generally start to nucleate at the end of the 50-cycle ultra-
sound exposure. This is expected as the pressure generated by the IDTs
has a transient increase over time. At a SAW driving frequency of 45 MHz
the nucleation events start closer to the start of the ultrasound exposure. A
smaller number of droplets nucleates when the ultrasound wave has passed,
probably due to a reflection of the insonation wave. Fig. 9.6a and b show
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a

b

Figure 9.5: a. Image sequence captured at 15 million frames per second of the
vaporization of PFP droplets at a frequency of 19.6 MHz. The nucleated droplets
are marked by the red dotted circles. Nucleation bubbles generated during the first
insonation grow in the first microsecond and in the successive microseconds their
size decreases largely. The last frame, 100 ms later than the first frame, shows that
a stable bubble is formed from all nucleated droplets. b. Vaporization of PFP
droplets by an acoustic wave with a frequency of 45.4 MHz. Clearly, the nucleation
process is less violent than at the previous 19.6 MHz case. Small nucleation bubbles
appear that grow all to stable bubbles over times as can be seen from the last frame
captured 100 ms later than the first frame.
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Figure 9.6: The number of nucleation events over time and the radius of the
droplet corresponding to the nucleation event at a frequency of (a) 19.6 MHz and
(b) 45.4 MHz acoustic forcing.

the size of the nucleated droplets from which no obvious relation between
the size of the nucleated droplet and the time at which the event occurs.
The time variable is thus only increasing the probability of occurrence of
the an ADV event, without influencing the underlying mechanism.
The size distribution of the droplets that nucleated is presented in fig-

ures 9.7a and 9.7b. Figure 9.7a shows the size distribution of 217 drop-
lets that nucleated during the first ultrasound exposure at a frequency of
19.6 MHz. A maximum in the response is observed at a droplet radius of
4.6 µm ± 0.29 µm. Figure 9.7b shows the response of droplets that nucle-
ated during the first ultrasound exposure at a frequency of 45.4 MHz. A
clear size-dependent droplet vaporization is observed where smaller bubbles
are resonant to higher ultrasound frequencies, and shorter wavelengths. The
modeled pressure amplification within the droplet is plotted in Fig. 9.7c and
d as a function of the size of the droplet for a SAW frequency of 19.6 MHz
and 45.4 MHz, respectively. A clear resonance is observed here that is in
good agreement with the measured droplet behavior as depicted in Fig. 9.7a
and 9.7b. The modeled size-dependent pressure within the droplet is a me-
chanical resonance very similar to that of a microbubble under ultrasound
exposure. Due to the bulk modulus of the liquid core however, these res-
onance frequencies are more than 2 orders higher. Please note that the
pressure amplification in Fig. 9.7c and d shows that the coupling efficiency
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Figure 9.7: a. Resonant vaporization for 19.6 MHz ultrasound and (b) for
45.4 MHz ultrasound. A clear resonance behavior is observed. The modeled (c
and d) size-dependent pressure amplification within the droplet is in good agree-
ment with the measured resonance behavior.

for droplets driven at off-resonance frequency quickly drops to unity. More-
over, it crosses unity which shows that at off-resonance frequencies the peak
negative pressure of the driving ultrasound wave is not transferred to the
droplet. This can partly explain the experimental difficulty of triggering
ADV with low ultrasound frequencies.
Figures 9.8a and B show the theoretical velocity profiles (orange) and the

pressure profiles (red) for a resonant droplet driven at a SAW frequency
of 19.6 MHz and 45.4 MHz, respectively. The velocity profile in the drop
follows a spherical Bessel function of the first kind with index 1 and decreases
with 1/r2 outside the droplet due to continuity of the potential flow. The
spherical symmetry condition results in a zero velocity at r = 0. Please
note that the size of the drop is on the order of a quarter of the wavelength
in the PFP. The velocity has to be continuous across the droplet interface,
this boundary condition results in a resonance frequency: the frequency
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at which the coupling is most efficient, see Fig. 9.8. The pressure profile
inside the droplet is a sinc function, i.e. the spherical Bessel function of first
kind with index 0. Due to the properties of the sinc function, any specific
point on the pressure profile (zeros in the function or optimum other than
in r = 0) is located far outside the drop. The pressure profile therefore
undergoes a rather smooth variation within the drop and does not play a
direct role in the resonance mechanism. Thus the resonance originates from
the coupling of the velocity inside and outside the drop. From the pressure
profile of the resonant droplet it can also be observed that the amplitude of
the pressure at the droplet center exceeds the incident pressure by a factor
2.2. The higher pressure amplification in the center of the droplet results in
the largest probability of finding nucleation sites in the center of the droplet,
in contrast to the previously developed superharmonic focusing theory116.
The statistical increase in the number of vaporization events as a function

of the acoustic forcing was investigated by varying the amplitude of the 50-
cycle ultrasound pulses. The percentage of droplets that nucleated in the
field of view of 20 high-speed movies captured at 50 kfps is presented in Fig
9.9a and b as a function of the amplitude of the driving signal (before am-
plification) for a SAW frequency of 19.6 MHz and 45.4 MHz, respectively.
Since the absolute pressure amplitude within the microfluidic chamber could
not be measured directly, and since the voltage over the IDT electrodes was
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unknown due to the non-negligible impedance mismatch between the am-
plifier and the IDT, including the electrical wiring, we plotted the voltage
amplitude of the driving US pulse. A linear relationship between the driv-
ing voltage and the percentage of droplets that vaporized during the first
insonation is observed.
For the second insonation, pre-nucleated bubbles are already present in

the sample that originate from the resonant vaporization of droplets dur-
ing the first exposure to ultrasound. Figure 9.10a-f show two sequences of
3 images extracted from high-speed movies captured at 15 million frames
per second for a SAW driving frequency of 19.6 MHz and 45.4 MHz. Dur-
ing the second insonation at 19.6 MHz, a high number of nucleation events
is observed where most droplets, including those of the smallest sizes, are
vaporized, see Fig. 9.10c. For similar droplet concentrations, the amount of
nucleation events in the field of view of 9 high speed movies was counted
during the first and during the second ultrasound insonation. Figure 9.10G
shows that during the first ultrasound exposure at 19.6 MHz on average 7
droplets are vaporized, whereas during the second insonation as much as
100 droplets nucleate. A difference in the vaporization dynamics at the sec-
ond insonation for a SAW frequency of 45.4 MHz is observed. Figure 9.10d-e
show an image sequence of the second insonation at a SAW frequency of
45.4 MHz with pre-nucleated bubbles present. The observed nucleation sites
are indicated by the 3 arrows. During the first ultrasound exposure 5 drop-
lets nucleated, as can be seen from the bubbles present in Fig. 9.10d. Thus
the amount of nucleation events during the second SAW exposure is similar
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Figure 9.10: Observed vaporization dynamics during the second ultrasound ex-
posure with nucleation bubbles present from the previous ultrasound exposure at
a frequency of (a-c) 19.6 MHz and at (d-f) 45.4 MHz. The number of observed
nucleation events for 9 different insonation events during the first and during the
second ultrasound exposure is plotted in figure g and h at 19.6 MHz and 45.4 MHz,
respectively. At a frequency of 45.4 MHz a similar vaporization behavior is ob-
served during the second ultrasound exposure as compared to the first ultrasound
exposure. At 19.6 MHz only few resonant droplets are nucleated during the first
exposure, during the second ultrasound exposure the vaporization of almost all
droplets with sizes down to 100 nm is triggered by the bubbles already present.

to the amount of nucleation events observed during the first insonation, see
Fig. 9.10H. The effect of a lower vaporization threshold observed when bub-
bles are present seems therefore highly frequency dependent and is much
more effective at the lowest of the two frequencies used here, namely at a
IDT driving frequency of 19.5 MHz.
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9.6 Discussion

In human tissues, and in fluids in general, attenuation increases exponen-
tially with the ultrasound frequency. Therefore, the vaporization of sub-
micron droplets, requiring frequencies above 100 MHz, implies the use of
catheter-based transducers to allow for the exposure of the droplets to ultra-
sound of sufficiently high pressures and frequencies. Non-invasive interven-
tions would therefore be limited to superficial treatments, e.g. skin cancers.
The resonance frequencies of phase-change droplets can be lowered by using
liquids with an even lower speed of sound than PFP, which will however
will be difficult to find.
The imaging window in the setup was chosen such to be as close as pos-

sible to the meniscus of the water sample containing the PFP droplets to
prevent acoustic reflections from the top glass wall of the microfluidic chan-
nel that could interfere with the primary acoustic wave. Nonetheless, since
the Rayleigh angle is 23◦, the first reflected wave from the cover glass will
return to the substrate at a position 85 µm away from the meniscus. The
field of view in our setup was 98 µm wide and it is therefore expected that
the droplets are vaporized by traveling acoustic waves alone. However, at
the end of the 50-cycle ultrasound exposure, the buildup of a standing wave
can no longer be excluded, resulting in a perturbation of the vaporization
efficiency results. However, no difference is expected in the size-dependent
resonant vaporization as the frequency is unchanged.
The effect of a highly increased number of vaporization events during the

second ultrasound exposure can not be explained at this moment. However,
it is of great interest for clinical applications with phase-change agents. The
efficiency of therapy, local drug delivery and imaging with phase-change
agents will increase tremendously by employing optimized ultrasound pulse
schemes to first vaporize the resonant droplets, that to trigger the complete
vaporization of a polydisperse droplet population.
The proposed model is a simple model based on spherical symmetry. The

approximations and conclusions are only valid for the description of the
fundamental radial response of the drop. We chose not to incorporate the
harmonic behavior since in a physical resonant system, the harmonic is
significantly less efficient as compared to the fundamental resonance fre-
quency. Our model is only valid for droplet radii R ≤ λ/2 with λ the
acoustic wavelength in the liquid constituting the droplet. An independent
model describing the harmonic droplet dynamics can be developed with the
very same equations and reasoning as the ones used here to describe the
fundamental response. The proposed model still shows some discrepancy in
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term of the absolute resonance frequency. We chose a simple treatment of
the interaction between the droplet and the rigid surface that is known to
have a limited precision also for vibrating microbubbles341,342. Therefore we
expect that a more rigorous derivation of the influence of the rigid surface
could account for this minor discrepancy.
Experiments were performed at room temperature for the ease and re-

producibility of the experiments. It can be expected that the vaporization
efficiency increases for higher temperatures, however, we do not expect this
effect to be of significance for the size-dependent nucleation process. The
critical point of PFP is at a temperature of 148◦C. The temperature dif-
ference between room temperature and 37◦C is approximately 10% of the
critical temperature. Following the spinodal decomposition theory343, the
difference in pressures required to vaporize the PFP at both temperatures
should be of the same order. This was also confirmed by previous exper-
iments were the difference in the required pressure was minimal. On the
other hand, the temperature at which the experiments are performed will
have a critical influence on the stability of the bubbles formed after the
ADV process344.This is however outside the scope of the present study.

9.7 Conclusions

It was shown that an efficient vaporization can be performed by driv-
ing phase-change PFP droplets at their fundamental resonance frequency.
Good agreement was found between the modeled size-dependent pressure
amplification within the droplet and the measured size dependent vaporiza-
tion probability. Thus, it is crucial for efficient droplet vaporization to use
acoustic frequencies matching the resonant droplet size proposed in this pa-
per. Moreover, very efficient vaporization is obtained by driving the droplets
with multiple acoustic exposures since the presence of pre-nucleated bubbles
increases dramatically the vaporization efficiency. This work shows that, in
order to make efficient phase-change agents, the monodispersity of the agent
is crucial. The resonant droplet vaporization and the phase-change dynam-
ics during multiple ultrasound exposures may have great potential for the
future clinical use of these types of phase-change agents.
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10
Formation of monodisperse perfluorocarbon

droplets for highly controlled acoustic
droplet vaporization

Acoustic droplet vaporization has great potential in nanomedicine for the
local delivery of drugs, for embolotherapy, and for tumor imaging with ultra-
sound. The dynamics of the droplet vaporization, as well as the nucleation
efficiency, strongly depends on the size of the droplet with respect to the
employed driving frequency. Here, we give an overview of microfluidic pro-
duction techniques that can be used for the highly controlled formation of
monodisperse droplets. The vaporization of the monodisperse microdroplets
down to a size of 200 nm was studied by means of ultra high-speed imaging.
It was shown that the vaporization of monodisperse droplets has a high de-
gree of symmetry and that the variation in the nucleation threshold can be
kept as small as 2% of the driving pressure.

1To be submitted as: T. Segers, G. Lajoinie, O. Shpak, L. Shui, J. Eijkel, M. Versluis,
Droplet formation of monodisperse perfluorocarbon droplets for highly controlled acoustic
droplet vaporization (2015)
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10.1 Introduction

The process of the acoustically triggered vaporization of superheated drop-
lets, termed acoustic droplet vaporization (ADV), has great potential in
nanomedicine. The severe side effects of the systemic injection of chemother-
apeutic drugs on healthy tissue can potentially be lowered by encapsulation
of the drug in phase-change droplets294,345,346. The droplets typically con-
sist of a low boiling point perfluorocarbon oil, such as perfluoropentane
(Tb = 29◦C). They do not spontaneously vaporize when injected in-vivo
until the droplets are exposed to a high-pressure ultrasound pulse326,332.
Recent studies have shown that nanodroplets (diameter ∼ 200 nm) may
extravasate out of leaky vasculature present in tumorous tissue. The nan-
odroplets then passively accumulate in a tumor where the controlled release
of a chemotherapeutic drug is of greatest interest330,331. In addition, va-
porized droplets form highly echogenic vapor bubbles resonant to standard
diagnostic ultrasound frequencies which allows for monitored drug delivery
and tumor imaging. Moreover, the controlled vaporization of microdroplets
is of interest for embolotherapy applications332,347.
Recently, Shpak et al.116 showed that the vaporization of droplets with

ultrasound frequencies in the MHz range is induced by the focusing of su-
perharmonic waves, generated by nonlinear propagation of the ultrasound,
with wavelengths of the order of the droplet size. The peak negative pres-
sure in the focal region is droplet size and frequency dependent, in other
words the vaporization efficiency is governed by a strong coupling between
droplet size and the pressure and frequency of the ultrasound wave. Very
recently348 it was shown that phase-change droplets can also be vaporized
by driving them at their radial resonance frequency that is on the order of
10 MHz for a droplet with a radius of 10 µm and near 100 MHz for that with
a radius of 1 µm. Conventional phase-change agent production methods in-
cluding sonication and mechanical agitation result in a relatively broad size
distribution with droplet radii between 1 and 10 µm325 of which only a very
small fraction will be vaporized. Thus, the vaporization efficiency and con-
trol can be dramatically increased by narrowing down the size distribution
to a droplet size that is resonant to the applied ultrasound field.
Microfluidic methods have proven to be versatile tools for the highly

controlled mass-generation of monodisperse bubbles and droplets349. In
a flow-focusing geometry a liquid or gas is focused by two co-flows through
a constriction where the jet pinches off to form monodisperse droplets or
bubbles350,351. The size of the produced droplets or bubbles is limited to the
size of the nozzle. With standard soft lithography techniques352 the diam-
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eter is limited to 2-3 µm. Smaller monodisperse droplets can be produced
however at a nano-microchannel interface353,354 where the dispersed phase
is forced through the nanochannel and when it reaches the microchannel,
it destabilizes due to capillary instability and breaks up into monodisperse
droplets. It was shown that the droplet size scales linearly with the height
of the nanochannel353,355 and it was also shown that it is feasible to pro-
duce monodisperse droplets with sizes down to 400 nm356. The production
rates for a single nano-microchannel interface were shown to be limited to
approximately 103 droplets per second355.
The low boiling point of the PFCs allows for an alternative approach

where monodisperse droplets are formed after the recondensation of va-
por bubbles produced in a flow-focusing device193,357. Due to the density
difference of a factor 5 between the PFC liquid and the PFC vapor, a re-
condensed droplet is approximately 5 times smaller in size than the vapor
bubble. Thus, nanodroplets can be produced from a flow-focusing device
by the recondensation of micron-sized bubbles from a micron-sized nozzle.
Moreover, the production rates of a flow-focusing device was shown to reach
almost a million bubbles per second from a single nozzle, see Ch. 6, allowing
for the rapid production of ADV droplet samples358.
Here, we discuss three production techniques for monodisperse PFC drop-

lets, namely: flow-focusing, nano-microchannel interface chip, and recon-
densation of vapor bubbles produced in a flow-focusing device. With the
produced monodisperse droplets the vaporization threshold of droplets of a
single size is investigated. Furthermore, the vaporization dynamics of two
identical droplets with an inter-droplet spacing on the order of the droplet
size is studied for various droplet sizes. Finally, the visualization of a cluster
of monodisperse droplets is presented. We finish with our conclusions.

10.2 Monodisperse productionmethods

All droplets and bubbles produced in this study were formed in an aqueous
mixture of a 1% V-V mixture of negatively charged fluorosurfactant Zonyl
FSP (Sigma Aldrich). The flow-rate of the water-surfactant mixture and the
flow-rate of the PFP were controlled by high-precision syringe pumps (PHD
22/2000, Harvard Apparatus) for the first two production methods, namely
the direct production of droplets in a flow focusing device and for the droplet
production in a nano-micochannel interface device. For the recondensation
method, the water was pressure-driven for an increased flow stability using
a pressurized container and a pressure regulator (Omega, PRG101-25). The
gas pressure was set by the temperature of the system.
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Figure 10.1: a. Design of the microfluidic flow-focusing geometry. b. Image of
the formation of monodisperse droplets with a radius of 5.4 µm in the flow-focusing
device with a nozzle width w of 3 µm. c. The droplets are collected in a vial where
they settle at the bottom. d. Size distributions of PFP droplets produced with the
flow-focusing device measured with a Coulter-counter.

10.2.1 Flow-focusing

A flow-focusing device with a 3 µm expanding nozzle was designed, see
Fig. 10.1A. The channels were 13.6 µm in height throughout the device and
filters consisting of closely spaced cylindrical pillars were incorporated in
the design of the fluid and gas supply channels to prevent the nozzle from
clogging by dust particles and to ensure a stable droplet formation for hours.
The mold for the polydimethylsiloxane (PDMS) devices was fabricated

using standard soft lithography techniques with SU-8352,359. PDMS was
poured over the mold in the standard 1:10 ratio, cured for 1 hour at 65 ◦C
and cut to size. Fluidic ports were punched through the PDMS prior to the
plasma-bonding (Harrick Plasma, Model PDC-002, Ithaca, NY, USA) of the
PDMS to a glass microscope slide. To maintain the channel hydrophilicity,
the channels were filled with water immediately after bonding. The fluidic
ports were connected to teflon tubing (PEEK, Upchurch) for the supply of
PFP and the water-surfactant mixture.
The PFP flow-rate was 4 µL/min and the co-flow rate was varied to

adjust the size of the produced droplets. The flow rates were 20, 25, and
30 µL/min. The droplet formation was imaged using a high-speed camera
(Photron SA1.1) and an inverted microscope (Nicon Instruments, Eclipse
TE2000-U). The spatial resolution was 0.67 µm/pixel. Fig 10.1B shows the
flow-focusing chip in operation, producing droplets with a radius of 5.4 µm.
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Figure 10.2: a. Schematic representation of the nano-microchannel device. The
nanoliter flow-rate through the nanochannel is regulated with high-precision by the
hydrodynamic resistance of the nanochannel and the flow-resistor in a 1:100 flow-
rate ratio. b. The PFP breaks up regularly to form monodisperse droplets at the
nano-microchannel interface. c. The formation of monodisperse droplets with a
radius of 3.8 µm. d-g) Images of the formation of nanodroplets from nanochannel
heights of 390, 290, 180, and 80 nm, respectively. The images shows a zoom of the
region marked by the red rectangle in c.

When the flow-rate was changed, the droplet formation was first left to
stabilize for at least 10 min. Subsequently, the droplet sample was harvested
for 15 min in a 2 mL vial that was connected to the outlet port of the flow-
focusing device by teflon tubing. The size distribution of the produced
droplet samples was characterized using a Coulter counter (Multisizer 4,
Beckman). Before the Coulter measurements, the samples were washed by
centrifugation to minimize interference from surfactant aggregates in the
medium.

The measured size distributions are shown in Fig. 10.1d. The size dis-
tributions of the 3 µm and 5 µm radius droplets have a FWHM of 0.2 µm
(PDI = 0.05 and 0.03, respectively). In comparison, the size distribution of
the 1.6 µm radius droplets is broader with a FWHM of 0.7 µm (PDI = 0.3).
The formation of droplets with sizes on the order of the width of the nozzle
requires high flow-rates leading to droplet coalescence and unstable droplet
formation. Clearly, the system is pushed to its limit, thereby decreasing the
monodispersity.
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10.2.2 Nano-microchannel interface device

The microfluidic nano-microchannel design reported by Shui et al.356 was
adapted here, see Fig. 10.2A. The employed nanochannel heights h were 80,
180, 290, 390, and 1150 nm, the width w of the nanochannel was 50 µm for
all devices, see Fig. 10.2B. The microchannel was 10 µm in height and
approximately 100 µm in width. The PFP liquid is introduced in the
nanochannel (red) via a T-junction connected to a microchannel with an
inlet and a pressure regulating outlet channel. The PFP flow splits at the
T-junction with a ratio of 1:100 to allows for a precise control of the low
nanochannel flow-rates (10-100 nL/min) with a conventional high-precision
syringe pump.
The devices were fabricated in 500 µm thick Borofloat glass wafers (Schott

Technical Glasses, Germany) using standard photolithography techniques.
In the first wafer, the micro and nanochannels were isotropically etched. In
the second wafer, the inlet and outlet ports were formed by powder blasting.
The wafers were aligned and thermally bonded before individual chips (size
of 10 × 20 mm) were produced by dicing the bonded wafers. A tailor-made
chip holder ensured a leak-tight connection between the chip and the fused
silica tubing through Nanoport connectors (Upchurch Scientific).
Fig. 10.2c shows the production of droplets with a radius of 3.8 µm from

the nanochannel with a height of 1150 nm. The optically measured size
distribution had a FWHM of 0.65 µm (PDI = 0.12). Fig. 10.2d-g show
the formation of droplets at the position marked by the red rectangular in
Fig. 10.2 from nanochannels with a height of 390, 290, 180, and 80 nm,
respectively. The optical resolution did not allow for accurate optical sizing
of the smaller droplets. Following the scaling arguments given by Shui et
al.356 for Qo = Qw ≈ 1nL/min, the droplet radii can be estimated to be two
times the height of the nano channel. Thus, the smallest produced droplet
sizes are in the range of 160 nm in radius.

10.2.3 Recondensating flow-focusing device

Fig. 10.3A shows a schematic representation of the setup for the production
of monodisperse PFP droplets by the recondensation of monodisperse PFP
vapor bubbles360. A perspex box containing a hot plate is temperature
controlled to set the PFP vapor pressure. A temperature of 100◦C results
in a vapor overpressure of 6.7 bar and it decreases to ambient pressure at
room temperature. Here, the temperature was controlled at 70◦C resulting
in a PFP overpressure of approximately 2.7 bars that is used to drive a
flow-focusing device. The flow-focusing device with a nozzle size of 3 µm
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presented in Fig. 10.1 was also used here. The co-flow of the flow focusing
device was also pressure driven and it was controlled at pressures ranging
from 1 to 3 bar to change the bubble sizes formed.
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Figure 10.3: a. Schematic representation of the setup for the production of
monodisperse droplets via the recondensation of monodisperse vapor bubbles in a
temperature controlled environment. (b) The vapor pressure of the superheated
PFP is employed to drive a vapor flow through a microfluidic flow-focusing device.
The formed vapor bubbles are recondensed in an ice bath and the size of the
droplets is characterized using a Zeta-sizer. c. size distribution of the microbubbles
produced by flow focusing sized optically (blue curve) and resulting droplets (black
curve) sized by coulter counter. The droplet size distribution predicted from the
bubble size distribution is represented by the green curve. d. Size distributions of
the collected droplets.

The vapor bubble formation was imaged using a microscope (Olympus
BX-FM) equipped with a 20× magnification objective connected to a high-
speed camera (Photron SA1.1). The spatial resolution of the imaging system
was 0.72 µm/pixel. Sufficient illumination was provided by a cold LED
light source (Schott KL 2500 LED) in combination with a collimation lens.
Fig. 10.3B shows a typical recording of the vapor bubble formation at a rate
of approximately 300,000 bubbles per second. High-speed microscopy was
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used to size the formed vapor bubbles and to relate the bubble size to the
size of the recondensed droplets. A frame-rate of 5000 fps and an exposure
time of 2 µs were used to image the bubble formation. The recondensation
of the droplets took place outside the heated box in a cooling loop positioned
in an ice bath. The droplets were harvested in a 2 mL vial. Only the larger
vapor bubbles could be sized optically due to the optical diffraction limit.
As an example, the size distribution of bubbles formed at a size of 4.5 µm
is shown in Fig. 10.3c (blue). The bubbles were recondensed and the size
distribution of the resulting droplets was measured using a Coulter counter
(Multisizer4, Beckman) and is also shown in Fig. 10.3c (black). The size of
the recondensed droplets is 5.3 times smaller than their precursor bubbles.
The ratio of formed bubbles to the size of the recondensed droplets can be

calculated from a simple mass conservation argument involving the densities
of the gaseous and the liquid PFP. The liquid is assumed to be incompress-
ible and therefore its density is independent of the experimental parameters.
On the other hand, the density of the gas varies with both the surrounding
pressure and the temperature. Due to the high density of bubbles in the
outlet channel of the flow-focusing device, the pressure drop across the out-
let channel is considered to be negligible, hence the pressure surrounding
the bubbles is assumed to be atmospheric. The pressure inside and outside
the bubble is assumed to be equal since the bubbles are coated with surfac-
tants that cancel the Laplace overpressure at the bubble interface through
a decrease in the surface tension. Thus, the density of the gas is only de-
pendent on the temperature in the system and therefore the ratio of the
droplet radius Rd to the radius of its precursor bubble Rb is:

Rd

Rb
=

(
ρg(T )

ρl

)1/3

. (10.1)

The density of the gas can now be calculated. Due to the limited accuracy
of the ideal gas law for the high molecular weight PFP, we use the higher
order Redlich-Kwong equation of state361:

P0 =
RgT

Mmol

ρg
− b

− a
√
T
Mmol

ρg

(
Mmol

ρg
+ b

) , (10.2)

where a and b are expressed as:

a =
0.42748R2

gT
2.5
c

Pc
, b =

0.08662RgTc

Pc
, (10.3)

where Rg is the perfect gas constant, Tc is the critical temperature, Pc the
critical pressure and Mmol the molar mass. The properties of PFP362–364
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are listed in table 10.1. Since for PFP, Mmol

ρg
≪ b Eq. 10.2 can be rewritten

Table 10.1: Properties of perfluoropentane

Tc Pc Mmol

422 K 2.036 MPa 288.10−3 kg/mol

to obtain a simple expression for ρg as a function of the ambient pressure
P0 and the temperature T as follows:

ρg =
Mmol

√
T

2a

(
RgT −

√
R2

gT
2 − 4P0a√

T

)
. (10.4)

By substitution of Eq. 10.4 in Eq. 10.1 we obtain:

Rd

Rb
=


Mmol

√
T

2a

(
RgT −

√
R2

gT
2 − 4P0a√

T

)
ρl


1/3

, (10.5)

with the properties of PFP, as given before, and with the experimental
conditions during bubble formation (P0 = 100 kPa and T = 343K) Eq. 10.5
results in a factor 0.186. Thus, theoretically, the recondensed droplets are
5.38 times smaller than their precursor bubbles. The ratio is sensitive to
the PFP temperature and it varies from 5.13 at 29◦C to 5.55 at 100◦C.
In Fig. 10.3c we plot the theoretical droplet size distribution calculated
from Eq. 10.5 and from the experimentally obtained bubble size distribution
(red). We find perfect agreement with the experimentally measured droplet
size plotted in the same figure (black).
The droplet sizes formed from smaller PFP gas bubbles were character-

ized using a Zeta-sizer (Malvern Instruments Ltd). The size distribution
of four samples is shown in Fig. 10.3d. The smallest droplet size produced
using this recondensation technique has a mean diameter of 300 nm. Thus,
it is possible to produce monodisperse nanometer-sized droplets using mi-
crometer sized channels at production rates close to one million bubbles per
second.

10.3 Vaporization dynamics of monodipserse droplets

The vaporization of monodisperse droplets with a radius of 1.3 µm formed
in a nano-microchannel interface device and with a radius of 3.6, and 12 µm
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formed by flow-focusing was imaged using a microscope (Olympus BX-FM)
connected to the Brandaris 128 ultra-high speed imaging system160. The
frame rate was set to 15 million frames per second and a spatial resolution
of 163 nm per pixel was obtained. The droplets were confined by an Opticell
container placed in a water tank that was temperature controlled at 33◦C.
The microscope objective was co-aligned with the focus of the 3.5 MHz
transmit transducer (A308S, Olympus). The transducer output was cali-
brated using a 0.2 mm needle hydrophone (Precision Acoustics, Dorchester,
UK). The 10-cycle transducer driving pulses were generated by an arbitrary
waveform generator (8026, Tabor, Tel Hanan, Israel) and amplified by 50 dB
using a high power RF amplifier (ENI 2000L, Rochester, NY, USA).
First, the nucleation threshold of the monodisperse droplets was studied

by insonifying single droplets at increasing acoustic pressures. Each droplet
size was insonified 5 times at a fixed acoustic pressure after which it was
increased with a 0.1 MPa step size. At each insonation a high-speed movie
was recorded to observe whether the droplet had vaporized. The vaporiza-
tion thresholds for droplets with radii of 1.3, 3.8 and 12 µm were found to
be 5.3 ± 0.2, 3.8 ± 0.3 and 3.1 ± 0.1 MPa, respectively, see Fig. 10.4. The
perfect control of the onset of vaporization was shown to be the result of
identical well controlled behavior.
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Figure 10.4: Vaporization thresholds for monodisperse PFP droplets.

Second, the vaporization of two droplets of the same size at an inter-
droplet spacing of approximately 10 µm was visualized. The droplets were
vaporized at peak negative acoustic pressures exactly at their nucleation
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threshold. Fig. 10.5A, B, and C show the vaporization events of two iden-
tical PFP droplets at a nanosecond time scale. Please note the remarkable
degree of symmetry in the three vaporization events. The nucleated drop-
lets present identical behavior, even at the very first moment, i.e. 75 ns
precision, of the nucleation. The spacing between the vaporized droplets
decreases over time due to the strong attractive secondary radiation force340
present once the vapor nuclei is formed and while US is on. Whether drop-
lets merge or not depends both on their size and initial separation distance.
The vapor bubbles originating from the smaller vaporized droplets have a
size close to the resonant size at a frequency of 3.5 MHz, resulting in a strong
attractive force. On top of that, the relatively small droplets encounter less
viscous drag from the surrounding fluid than the bigger droplets. There-
fore, the bigger droplets (Fig. 10.5c) do not translate as much as the smaller
droplets of Figs. 10.5A and B. At prolonged time scales, in the order of
microseconds, vaporizing droplets can merge and fragment365. Both the
merging and the fragmentation of vaporizing monodisperse droplets have a
remarkable degree of symmetry.

0  ns 191 ns 287 ns 382 ns 573 ns

0  ns 191 ns 287 ns 382 ns 573 ns

0  ns 142 ns 283 ns 425 ns 567 ns

20 µma

b

c

20 µm

20 µm

Figure 10.5: Acoustically triggered vaporization of two droplets with a radius of
(a) 1.3 µm, (b) 3.6 µm, and (c) 12 µm. There is a remarkable degree of symmetry
in the vaporization dynamics between two droplets of an identical size.

Third, the vaporization dynamics of a hexagonal, densely packed, clus-
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Figure 10.6: Vaporization of a hexagonally arranged cluster of monodisperse
droplets with a radii of 12 µm. The vaporization is triggered by a 10-cycle, 3.5 MHz
ultrasound wave at a peak negative pressure of 3.1 MPa.

ter of monodisperse droplets with a radius of 12 µm radius was visualized.
It was observed that clusters of droplets are much easier to vaporize than
single droplets. The strong scattering of the incident acoustic wave may
constructively interfere in a way similar to Bragg diffraction in solid-state
physics to lower the nucleation threshold. Figure 10.6 shows the nucleation
of such a hexagonal densely packed droplet cluster. The image at t = 0.4 µs
shows that the droplet at the geometric center of the droplet cluster nucle-
ates first. At t = 0.9 µs the primary nucleus has expanded and secondary
nucleation sites appear in three nearby droplets. Please appreciate that the
lines through both secondary nuclei in each droplet pass through the center
of the droplet that nucleated first. The subsequent conversion of PFP liquid
into vapor is shown by the image taken at t = 1.2 µs. It is remarkable that
only the 3 closest neighbors above the first nucleating droplet undergo a
secondary nucleation, but not the three lower ones. This can be attributed
to the fact that the upper droplets have more neighboring droplets. The
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ultrasound reflected from monodisperse droplets arranged into symmetric
order can positively interfere and it may thereby decrease the nucleation
threshold. Please note that the droplet on the left vaporizes more violently
than the droplet on the right and here the explanation is the same, namely
that the droplet on the left has more neighboring droplets that can scatter
the acoustic wave. The scattered waves increase the local acoustic pressure
through positive constructive interference.

10.4 Conclusions

Flow-focusing devices produced with standard soft-lithography techniques
can be efficiently used to produce monodisperse droplets down to a ra-
dius of 2 µm with a size distribution with a FWHM of the order of 5%.
A second technique makes use of the simple and relatively cheap PDMS
flow-focusing device with a nozzle of micrometer size to produce monodis-
perse droplets with diameters down to 300 nm at high production rates
through the condensation of micrometer sized vapor bubbles. Droplets can
be produced at even smaller sizes, down to approximately 150 nm in radius,
with great control, but at lower production rates, in a device that com-
prises a nano-microchannel interface etched in glass. Together, these three
techniques cover the range of droplets sizes potentially interesting for med-
ical applications. The experiments show that the vaporization dynamics of
monodisperse droplets shows an exceptional degree of repeatability. It was
found that the uncertainty in the thresholds for vaporization of monodis-
perse droplets falls below 5% of the driving pressure. Altogether, the nu-
cleation dynamics of monodisperse droplets was found to be symmetric,
well-controlled and reproducible. A narrow step-response of ADV is highly
desirable for clinical applications with phase-change agents such as tumor
imaging and drug-delivery with ultrasound.
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11
Acoustic characterization of bubbles

resulting from the acoustic vaporization of
phase-change perfluoropentane droplets 1

This work examines the acoustic characteristics of microbubbles created
from vaporized submicron perfluorocarbon droplets with fluorosurfactant coat-
ing. Using ultra high-speed optical imaging, the acoustic response of individ-
ual microbubbles to low intensity diagnostic ultrasound was observed on clin-
ically relevant timescales of hundreds of milliseconds after vaporization. It
was shown that the vaporized droplets oscillate nonlinearly, and exhibit a res-
onant bubble size shift and increased damping relative to uncoated gas bubbles
due to the presence of coating material. Unlike the commercially available
lipid-coated ultrasound contrast agents, which may follow a compression-only
behavior, vaporized droplets may exhibit expansion-dominated oscillations.
It was further observed that the nonlinearity of the acoustic response of
the bubbles was comparable to that of SonoVue microbubbles. These results
suggest that vaporized submicron PFC droplets possess the acoustic charac-
teristics necessary for their potential use as ultrasound contrast agents in
clinical practice.

1Published as: N. Reznik, G. Lajoinie, O. Shpak, E. C. Gelderblom, R.s Williams, N.
de Jong, M. Versluis, and P. N. Burns, ”On the acoustic properties of vaporized submicron
perfluorocarbon droplets”, Ultrasound in Medicine & Biology 40 (6). 1379-1384 (2014).
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11.1 Introduction

Contrast enhanced ultrasound is a well-established diagnostic imaging tech-
nique. Microbubble ultrasound contrast agents are small, encapsulated
spheres of gas, typically 1 to 5 µm in diameter. Their size, similar to that
of red blood cells, makes them a true blood pool agent, allowing for their
use in a number of diagnostic applications, such as cancer detection366, as-
sessment of blood flow367 and blood pressure measurements368. However,
their size is also a disadvantage for some applications, as microbubbles are
confined to the blood vessels, and cannot reach extravascular targets.
Submicron droplets of liquid perfluorocarbon (PFC) have been studied

as a new generation of extravascular contrast agents for ultrasound. With
a size of a few hundreds of nanometers in diameter, these droplets have
the ability to extravasate selectively in regions of tumor growth and stay
intravascular in healthy tissues, due to the enhanced permeability and re-
tention effect369, effectively allowing for their passive targeting to tumors.
The low-boiling point droplets are acoustically inert, until exposed to a suf-
ficiently high intensity burst of ultrasound, at which point they vaporize to
produce echogenic microbubbles370, stabilized by the coating material used
to encapsulate their liquid droplet precursors for timescales of seconds to
minutes325. Such extravascular contrast agents may be utilized for diag-
nostic ultrasound imaging to detect regions of tumor growth322,371 as well
as for therapeutic applications, such as sensitizers for HIFU therapy372 and
vehicles for drug delivery115.
For their successful application as ultrasound contrast agents (UCAs),

upon vaporization the droplets should produce echogenic bubbles that re-
spond to ultrasound in a manner similar to the currently used microbubbles
on clinically relevant timescales of hundreds of milliseconds. While a num-
ber of studies have focused on the conditions necessary for droplet nucle-
ation322,328,332,344,370,373 and the vaporization process itself339,365,374, only
limited information is available regarding the acoustic properties of these
newly created microbubbles.
In this chapter we conduct an initial study of the acoustic properties of in-

dividual vaporized PFC droplets. Using ultra high frame rate optical imag-
ing, we examine the acoustic response of the fully vaporized microbubbles
of different sizes to a 2.5 MHz ultrasound pulse of low intensity (mechani-
cal index, MI, of less than 0.1) at a few hundreds of milliseconds following
the phase change. Specifically, we examine the change in bubble oscilla-
tion amplitude and non-linearity of oscillation as a function of bubble size.
Furthermore, we study the influence of the presence of coating material on
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bubble oscillations, and compare the non-linear acoustic response of these
bubbles to that of commercially available SonoVue microbubbles, in order to
assess whether the vaporized droplets possess adequate acoustic properties
for their potential use as UCAs.

11.2 Materials and Methods

11.2.1 Droplet preparation

PFC droplet emulsions were prepared by combining water, 5% v/v dode-
cafluoropentane (PFP, Fluoromed, Round Rock, TX, USA) and 0.8% v/v
negatively charged fluorosurfactant Zonyl FSP (Sigma Aldrich, St. Louis,
MO, USA) following a previously established protocol365. The samples were
coarse emulsified with a vortex mixer (VM-300, Gemmy Industrial, Cherry
Hill, NJ, USA) for 30 s. Following the coarse emulsification, the solution
was further emulsified with a tip-sonicator (Sonifier 250, Branson, Branson,
MO, USA) for 60 s at 80% duty cycle. Sizing of the droplets was performed
with a Zetasizer nano-sizing system (Malvern, Worcestershire, UK). This
method provided droplet samples that were polydisperse in size, ranging
from 100 nm to 1 µm in diameter, with mean diameter of approximately
400 nm.

11.2.2 Droplet vaporization

A schematic diagram of the experimental setup used for droplet vapor-
ization and bubble characterization studies is shown in Fig. 11.1. Both
the high-intensity vaporization pulse and the low-intensity characteriza-
tion pulses were sent from a 5 MHz center frequency Olympus transducer
(A308S, Olympus, Quebec City, QC, Canada), driven by an arbitrary wave-
form generator (8026, Tabor, Tel Hanan, Israel) amplified by an E&I 350L
(E&I, Rochester, NY, USA) power amplifier. The transducer output was
calibrated with a 0.2 mm needle hydrophone probe (Precision Acoustics,
Dorchester, UK). The transducer was focused on an Opticell containing the
droplet sample. The droplet sample consisted of the originally prepared
droplet solution, diluted 1:2000 in distilled water and degassed with a vac-
uum pump for a time period of at least 1 hr. The Opticell was placed under
a 60x water-immersion objective (NA = 1.00) of an Olympus BX-FM mi-
croscope, coupled to the Brandaris 128 ultra-high speed imaging system160,
providing a spatial resolution of 160 nm/pixel. The microscope objective
was co-aligned with the transducer focus. The focal point was at 50 µm
above the wall of the Opticell, such that wall proximity would not have a
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Figure 11.1: Schematic diagram of the experimental setup. Acoustic high in-
tensity vaporization and low intensity characterization pulses were sent from the
single element transducer. Detection was accomplished using a 60x objective of an
Olympus microscope.

significant effect on subsequent bubble oscillation40. The setup was placed
in a tank filled with deionized water kept at a temperature of 37 ± 1◦C.
Droplet samples were vaporized with single ultrasound pulses, 10 cycles in
length, and a peak negative pressure (PNP) of 3.5 MPa.

11.2.3 Vaporized droplet characterization experiment

Following vaporization, a series of 5 low-intensity acoustic characterization
pulses were sent. The pulses were 10 cycles in length, 2.5 MHz center
frequency and 116 kPa PNP, corresponding to a mechanical index (MI)
of 0.07. The pulses were sent either 80 or 100 ms apart. As a result,
the bubbles were observed at times ranging from 80 to 500 ms following
vaporization, based on the pulse timing interval used for the specific trial.
Bubble oscillations in response to the acoustic pulses were recorded optically
in a series of movies of 128 frames each, recorded at 15 million frames per
second (Mfps). For our analysis, we only considered recordings that depicted
bubbles in focus, such that their size and radial oscillations could be resolved
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with confidence. Furthermore, only images that contained either a single
bubble or bubbles sufficiently far away from each other (at least 50 µs apart)
were considered, in order to minimize the possible coupled oscillation effects
375–377.

11.2.4 Optical image analysis

Bubble contours from the recorded optical images were traced using an al-
gorithm based on the minimum cost function188, implemented in MATLAB
(MathWorks, Natick, MA, USA). The bubble radius was calculated as the
mean distance from the bubble center of mass to the edge of the bubble in
a radial coordinate system. This approach provided the radius-time (R-t)
curves of the bubble response to acoustic characterization pulses. In total,
30 bubble traces were analyzed.
The acoustic pressure scattered due to bubble oscillation has been calcu-

lated from the R-t curves using378:

Ps(r, t) =
ρ

r
(R(t)2 ¨R(t) + 2R(t) ˙R(t)

2
), (11.1)

where Ps is the scattered acoustic pressure, ρ is the water density, r is the
distance from the bubble surface, R is the bubble radius and the overdots
denote the derivatives with respect to time.
The scattered pressure traces calculated from Eq. 11.1 in the time domain

were Fourier-transformed, and the integrated powers in the frequency bands
of ±300 kHz around the fundamental (2.5 MHz; f1) and the second harmonic
(5 MHz; f2) were measured.
The experimental results were compared to numerical simulations for an

uncoated bubble using a Rayleigh-Plesset-type equation. Furthermore, the
results were also compared to those modeled by the de Jong model for coated
microbubbles379 with shell stiffness Sp = 0.3 N/m and shell friction Sf =
3.17 · 10−7 kg/s, identified as best fit parameters based on the oscillation
amplitude results from the examined bubble traces.

11.3 Results

Vaporization of suspensions of submicron PFC droplets produced microbub-
bles ranging in size from 500 nm to 5 µm in radius, which were stable on
the clinically relevant timescales of hundreds of milliseconds. Oscillation
of these newly created bubbles under low intensity diagnostic ultrasound
pulses has been successfully recorded by our imaging setup. Bubble traces
were examined in both the time and frequency domains, as shown in an
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Figure 11.2: (a) Radius-time trace of a bubble with initial radius of R0 = 1.7 µm,
with a fit by the de Jong model and the trace simulated for an uncoated bubble
for the same size. (b) Frequency spectrum of the bubble oscillation, as calculated
from the observed radius-time curve, together with the de Jong model fit and the
spectrum obtained from simulated uncoated bubble oscillation.

example of a 1.7 µm bubble oscillation in Fig. 11.2. The experimentally
observed trace appears to fit the de Jong model well and exhibits substan-
tially lower oscillation amplitude than that expected for an uncoated bubble
(Fig. 11.2a). The power spectrum calculated from the R-t curve (Fig. 11.2b)
depicts clear peaks around the fundamental frequency (2.5 MHz) and the
2nd harmonic (5 MHz), evidence of a significant nonlinear component in the
bubble oscillation. None of the analyzed traces contained any observable
subharmonic component.

11.3.1 Amplitude of oscillation

The total amplitude of bubble oscillations was measured from the maximum
compression and expansion phases of the bubble, normalized to the resting
radius. The amplitude as a function of bubble size is shown in Fig. 11.3.
Although there is a degree of variability, the experimental results appear
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Figure 11.3: Amplitude of bubble oscillation normalized to the bubbles’ resting
radii, as a function of the bubbles’ resting radii. Shown are the experimental data,
the best fit of the de Jong model and the simulated response from an uncoated
bubble. A decrease in amplitude of oscillation and increase in resonant bubble
size for the experimental results compared with the uncoated bubble simulation is
apparent.

to correspond to the response simulated using the de Jong model. There
was an experimentally observed resting bubble radius of Rres = 1.75 µm,
for which the bubble oscillation amplitude was at maximum. This resting
radius is in concordance with that simulated by the de Jong model and
significantly different from the one of an uncoated bubble of R0 = 1.3 µm.
The measured amplitude of bubble oscillation is also in agreement with the
results simulated by the de Jong model, and is substantially lower than that
exhibited by the simulated uncoated bubble response.
Furthermore, it was observed that the bubbles did not always oscillate

symmetrically. The smaller bubbles, with radii below R¬res, preferred ex-
pansion dominated oscillations. At the same time, bubbles bigger than
approximately 2 µm in radius exhibited largely symmetric oscillations.

11.3.2 Nonlinearity of emitted pressures

In order to assess the non-linearity in the emitted acoustic signal from the
bubbles, pressure-time curves were calculated from the experimentally ob-
served and the simulated R-t plots, and analyzed in the frequency domain.
In order to examine the degree of non-linearity, the integrated powers in
the fundamental and 2nd harmonic bands were calculated separately as a
function of bubble size, as shown in Fig. 11.4. The de Jong model appears
to describe the bubble oscillation in the fundamental band and the general
magnitude of the power of the 2nd harmonic band. The ratio of the power
in the 2nd harmonic band to the power in the fundamental band was on
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Figure 11.4: Measured power of scattered acoustic pressure in the (a) funda-
mental and (b) second harmonic bands for experimentally obtained data and the
simulated model results. The ratio of power in the second harmonic band to that
in the fundamental band ranges from −5 to −15 dB.

the order of -5 to -15 dB, depending on bubble size.

11.4 Discussion

11.4.1 Bubble acoustic behavior

In this work we look at the acoustic response of microbubbles created from
their liquid droplet precursors at times ranging from 80 to 500 ms following
vaporization. It is envisioned that the timescales of hundreds of milliseconds
are the most relevant clinically as they are on the same order as the inter-
frame times of typical clinical US scanners (operating at tens of Hz frame
rates). The MI of the ultrasound characterization pulse used here (MI =
0.07) is lower than the typical MI of diagnostic ultrasound used in the clinic.
However, the lower ultrasound pressure settings minimized the possibility
of bubble cavitation or gas loss and other deflation effects, while allowing
for the study of associated non-linear oscillation behavior of the bubbles.
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Although the observed acoustic response of the bubbles has a signifi-
cant degree of variability, general trends which can help assess the acoustic
response of the vaporized PFC droplets for their potential application as
UCAs are visible. For the characterization pulse used (2.5 MHz, 116 kPa
PNP), there is a bubble radius of Rres = 1.75 µm associated with maximum
bubble oscillation amplitude (Fig. 11.3). For simplicity, we refer to Rres as
the resonant size. However, it is important to note that at the pressures
investigated here, the bubbles exhibit a non-linear response, and the size of
maximum oscillation Rres in this case may be significantly different from
the resonant size of the bubble in the linear regime196. The bubble reso-
nant size is larger than that expected for an uncoated bubble, while the
amplitude of bubble oscillation is lower than that of an uncoated bubble. A
shift in Rres and decrease in oscillation amplitude are characteristic of the
presence of a viscoelastic shell material. It has been shown previously325

that following vaporization, the newly created bubbles retain the original
shell material stabilizing the droplet precursors. The results of the present
study suggest that the surfactant coating originally on the droplets affects
the acoustic behavior of the newly created microbubbles.
Simulated bubble response using the de Jong model describes the exper-

imentally observed trends. The fitted shell elasticity parameter of Sp =
0.3 N/m is substantially lower than the measured value for clinically used
SonoVue microbubbles of Sp = 1.1 N/m, however, the fitted viscosity pa-
rameter of Sf = 3.17·10−7 kg/s appears to be similar to that of SonoVue380.
For the ultrasound pulses used here, vaporized PFC droplets do not ap-

pear to exhibit the characteristic ′′compression-only′′ behavior observed in
some cases for lipid coated microbubbles378. On the contrary, bubbles
smaller than the resonant size exhibit an expansion-dominated behavior,
indicative of higher resistance to compression than expansion.

11.4.2 SuitabilityofvaporizedPFCdroplets for the role ofUCAs

In order to assess the applicability of vaporized PFC droplets as UCAs, it is
instructive to compare the observed bubble response to the previously stud-
ied acoustic responses from clinically used microbubbles, such as SonoVue.
It has been shown that smaller SonoVue microbubbles favor compression-
dominated oscillations or even compression-only behavior due to the buck-
ling of the lipid bubble shells381,382. This comes in sharp contrast with the
observed behavior of bubbles under consideration in this study that show
a preference for expansion-dominated behavior. The lack of compression-
dominated oscillations and no detectable subharmonic signal suggests that,
unlike the commercially available lipid-coated UCAs, vaporized fluorosur-
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factant coated droplets under study do not exhibit shell buckling behavior,
even at the relatively high oscillation amplitudes of up to 25% of the bubble
radius.
At the same time, for the purposes of their application as UCAs, the non-

linearity of the scattered pressure due to bubble oscillation is of paramount
importance, as nonlinear scattering serves as the basis for contrast-specific
US imaging techniques, such as pulse-inversion imaging7. From the experi-
mentally observed data, the ratio of scattered acoustic signal powers in the
2nd harmonic band to fundamental band is on the order of -5 to -15 dB
(Fig. 11.4) for US at a frequency of 2.5 MHz and MI of 0.07. These val-
ues are similar to the value of approximately -12 dB observed for SonoVue
microbubbles populations383 at the same MI for a 2.25 MHz excitation fre-
quency. It should be noted, however, that the results of this study for
vaporized droplets were obtained by optical observation of single bubbles,
while the characterization results for SonoVue in the referenced works380,383
were obtained by an acoustic interrogation of bubble populations. Thus,
only a qualitative comparison can be done. While there is similarity in the
acoustic response of the two types of bubbles, more detailed and controlled
examinations are necessary to quantitatively compare the two. The results
presented here show that, on clinically relevant timescales, the acoustic re-
sponse of vaporized droplets is similar to that of clinically used microbubble
agents and supports their future utilization as UCAs.

11.5 Conclusion

This work investigated the acoustic characteristics of vaporized submicron
droplets on clinically relevant timescales. It was shown that following va-
porization with ultrasound, the newly created microbubbles oscillate non-
linearly and exhibit coating material-induced effects on oscillation that can
be described by the de Jong coated bubble dynamics model. The coat-
ing material on the surface of the bubbles induces a shift in the resonance
frequency and a substantial amount of damping due to shell viscosity.
Unlike lipid-coated UCAs, the fluorosurfactant coated bubbles used in

this study do not exhibit buckling behavior, and tend to feature expansion-
dominated oscillations for smaller bubbles. At the same time, it was shown
that vaporized PFC droplets scatter ultrasound in a manner similar to the
currently clinically used microbubble contrast agents. These results suggest
that stable vaporized PFC droplets possess the adequate acoustic charac-
teristics to support their potential use as UCAs in the clinic.
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12
Ultra high-speed dynamics of cavitation

mediated by nanocups: Experimental
validation

Imaging cavitation from solid nanoparticles has been a challenge due to the
nano- length and time scales involved. Here, we use the Brandaris 128
ultra-high-speed apparatus and report new imaging of inertial cavitation me-
diated by nanoparticles with a tunable hemispherical depression (nanocups).
Influence of nanoparticle size, acoustic pressure amplitude, and frequency
on the bubble dynamics is described. The initial growth and collapse of the
nucleated bubbles match modified Rayleigh-Plesset crevice model predictions.
Understanding these cavitation dynamics is critical for biomedical and in-
dustrial applications of cavitation enhanced by the presence of nanoagents.

1to be submitted as J.J. Kwan, G. Lajoinie, Nico De Jong, E. Stride, M. Versluis, C.C.
Coussios, Ultra high-speed dynamics of cavitation mediated by nanocups: experimental
validation. (2015)
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12.1 Introduction

Acoustic cavitation is the nucleation and subsequent dynamics of a bubble
upon irradiation by an acoustic pressure wave. It is broadly categorized as
either non-inertial (or stable) or inertial250. Non-inertial cavitation is often
defined as small amplitude radial oscillations of a stabilized bubble that is
governed by the acoustic wave81,195,246. In contrast, inertial cavitation is
controlled by the inertia of the fluid, often resulting in the violent collapse
of the bubble137,384.
It has been established that inertial cavitation generates a multitude of

mechanical effects, such as microstreaming385, broadband acoustic emis-
sions385, shockwaves385,386, and jetting387. As a result, inertial cavitation
is a key mechanical trigger for biomedical therapy and diagnostics388,389,
sonochemistry390,391, and other industrial applications392. However in many
applications, the necessary pressure amplitudes to initiate inertial cavitation
cannot be achieved without negative off-target side effects. Previous work
has shown that cavitation nuclei, e.g., microbubbles and solid nanoparticles,
reduce the needed pressure amplitudes to below 1 MPa393–395. Though there
has been significant work on the cavitation behavior of microparticles396,397
little is known about the cavitation activity from nano-sized particles al-
though they are more and more investigated for their capacity to exit the
blood stream and their versatility. Such fundamental observations are cru-
cial in understanding the role cavitation plays in both medical and industrial
applications and evaluating the potential effects of their use.
In this chapter, we present experimental observations of inertial cavitation

nucleated from gas-trapping solid nanoparticles with a definitive �cup� shape
(henceforth referred to as nanocups) using an ultra-high speed camera. We
investigate the influence of driving frequency and pressure amplitude, and
compare the radial dynamics to theoretical predictions made on the basis
of a previously developed model398. Here, we provide direct observations
of theoretically predicted dynamics and experimentally investigate the non-
spherical features of the cavitation such as jets and fragmentation that are
known for their strong mechanical effects. These features have major impli-
cations across a wide variety of applications. Subsequent to inertial collapse,
transient bubbles remain with dynamics strongly influenced by the driving
frequency. These phenomena, not directly observed with such particles on
the macroscale and unforeseen by the previously published model, will im-
pact their large scale effect and may prove useful for secondary acoustic
imaging, sonoporation, streaming and mixing or cavitation-enhanced ther-
apies.
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12. ACOUSTICS CAVITATIONMEDIATED BY NANOCUPS

12.2 Materials and Methods

12.2.1 Particle preparation

We fabricated three differently sized nanocups by following a previously
described method241,398. In short, a seeded polymerization technique was
used to coat a template polystyrene nanosphere with a copolymer of methyl
methacrylate and divinylbenzene. The three differently sized nanocups had
mean diameters of 174, 425, 609 nm as measured by dynamic light scat-
tering (ZetaSizerNano, Malvern) and were manufactured and categorized
respectively as small, medium, and large. Transmission electron microscope
images (TEM; Hitachi H-7650) displayed a single depression on the surface
of the nanocups (Fig. 12.1). Unless otherwise specified, all nanocups were
air-dried using an optimized drying and resuspension method developed
previously.

12.2.2 Experimental setup

a

Brandaris 128

US 

transducer

opticell with 

nanoparticles

CCD

camera

beam

splitter

light source

(flash and CW)

PCD

transducer

water

trank

Figure 12.1: Schematic of the experimental setup. a. The ultrasound
(US) source was confocally aligned to both a PCD and the focal volume of the
ultra-high-speed camera. Signal from the PCD was recorded onto an oscilloscope,
whilst videos were recorded directly onto the computer. b. Transmission electron
microscopy images of small, medium, and large nanocups.
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Fig. 12.1 also shows the setup used to observe cavitation bubbles nucleated
from the nanocups. Each size class was placed in turn into an Opticell®
(Thermo Scientific, UK) at concentrations between 1011 and 1013 particles
per ml. A focused ultrasound source (Sopnic Concepts H107), which was
calibrated with a needle hydrophone (0.2mm, Precision Acoustics, UK),
was co-aligned with the optical focus of the Brandaris 128 camera161. The
camera is master trigger and initiates an ultrasound pulse that is timed such
that the light source and acoustic wave stroke the sample at the time the
camera begins recording. For each recording, a series of six videos of 128
frames were obtained at frame rates of 10 Mfps. The first video in each
sequence was a no ultrasound control, and the following five were insonified
with a 2-cycle Gaussian enveloped 20-cycle ultrasound sine wave of 0.5, 1.6
and 3.3 MHz.

Acoustic emissions generated by the cavitation bubbles were recorded
with a passive cavitation detector (PCD; V319-SU, 15 MHz PZT, Pana-
metrics) co-aligned with the transmit transducer. In order to detect the
broadband emission away from the driving frequency, the signal was passed
through a custom built 7.5 MHz high-pass filter, amplified 5 times prior to
being stored on an oscilloscope (DPO3034, Tektronix), and post-processed
to obtain power spectral density curves of the received voltage trace241,398.
In order to ensure that the nanocups were the sole cause of cavitation nu-
cleation, 200 nm-filtered pure deionized water was exposed to two extreme
acoustic parameters (0.5 MHz at 3.5 MPa and 3.3 MHz at 10 MPa). Neither
of these extremes displayed broadband power above noise level (2 dB) as
compared to over 10 dB when cavitation was observed. Similarly, non-dried
medium nanocups did not initiate inertial cavitation even at 3.3 MHz and
10 MPa pressure amplitude.

Data processing and simulation

In order to predict the radius-time curve of a nanobubble on the surface
of a nanocup, a modified Rayleigh-Plesset model was numerically solved
using a Matlab ODE solver. The solver chosen was ode23s, due to the
moderate stiffness of the equation. The radius-times curves of all bubbles
were obtained using home-written program coded in Matlab. The detection
is based on background subtraction and thresholding.
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Figure 12.2: Single images from the ultra-high speed videos. These snap-
shots show the response of nanocups of various size classes exposed to ultrasound
driven at 0.5 MHz. For medium nanocups, images from both 1.6 and 3.3 MHz are
also shown. Across all test conditions, the videos are dividable into two regimes,
the inertial growth phase and the bubble collapse phase. The initial time point
(0.0 µs) is the frame before the first bubble is observed. The scale bars in all
images are 100 µm.

12.3 Results

12.3.1 Cavitation dynamics and acoustic parameters

Fig. 12.2 displays representative images of temporal slices from ultra-high
speed videos (10 MHz frame rates) of nanocups of different sizes exposed
to 0.5 MHz (a) driving frequency and of medium nanocups exposed to 1.6
(b) and 3.3 MHz (c) driving frequencies. In all videos where cavitation
was observed, we received exclusively broadband emissions on the PCD
at intensities significantly greater than RF noise. It is important to note
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that nanocups of this size cannot optically resolved. In every video where
cavitation was observed the bubble dynamics were indicative of inertial
cavitation.
In a previous paper398, we hypothesized that cavitation nucleated from

nanocups occurred in several steps (Fig. 12.3a). One key step was the
inertial growth of a detached bubble prior to its inevitable collapse. In the
ultra-high speed videos, the inertial growth phase of the nucleated bubble
was spherical for all driving frequencies, pressure amplitudes, and nanocup
sizes tested. To predict this behavior we applied a Rayleigh-Plesset crevice
model398 to calculate the bubble dynamics, obeying:

RR̈+
3

2
Ṙ2 =

1

ρL
(PL (R)− Pac (t)− PH) , (12.1)

where R, Ṙ , and R̈ are the radius, velocity, and acceleration of the radius
of curvature for the bubble wall, the density of water is ρL, the liquid pres-
sure at the bubble wall is PL, the acoustic pressure amplitude is Pac at a
given time t, and PH is the ambient hydrostatic pressure. The radius of
curvature of the bubble wall depends on the bubble location with respect
to the nanocup cavity, which is defined as within the cavity, pinned to the
cavity opening, or detached from the cavity. Fig. 12.3 shows a good agree-
ment between experimentally observed bubbles at 0.5 MHz (Fig. 12.3b) and
1.6 MHz (Fig. 12.3c) driving frequencies at two different acoustic pressure
amplitudes. The model, however, was unable to predict the behavior of the
bubbles after the first collapse for any given nanocup at any given frequency
or pressure amplitude. After the initial rebound, most bubbles remain in
existence while fed in energy by the acoustic wave. The initial collapse of
the bubble should theoretically lead to its disappearance, but diffused gas
in low amounts was already reported to sustain the existence of a cavitation
bubble in practical conditions344. Their rapid disappearance at the end of
the ultrasound insonation suggests that the bubble remains mostly a cav-
itation bubble (i.e. mostly made of water vapor, thus with little diffused
gas). The details of the dynamics at 3.3 MHz could not be reliably extracted
as the bubbles formed then were at the limit of resolution for the camera
during this initial phase. However, it was clear from the videos (see also
Fig. 12.2) that at the higher frequencies the bubble size was smaller both
in the initial growth and collapse and associated non-spherical dynamics.
From Fig. 12.4, it was evident that driving frequency dominates the peak

diameter whereas pressure amplitude had a less significant effect for each
nanocup size. We believe that this trend is due to the increasing num-
ber of nucleation events that occurs with increasing pressure amplitude
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Figure 12.3: Comparison of hypothesized mechanism and experimental
observation. a. An illustration of a surface trapped nanobubble undergoing
inertial collapse. b and c. There is good agreement between the diameter-time
curve predicted by the modified Rayleigh-Plesset crevice model and representative
experimentally observed bubble diameter at (b) 0.5 MHz at 3.5 MPa (black) and
2 MPa (red) and (c) 1.6 MHz at 6 MPa (black) and 3 MPa (red) for medium sized
nanocups.

(Fig. 12.4d) that absorb a significant portion of the US energy available lo-
cally, thus reducing the maximal expansion. In other words, the re-radiation
from the nearby and previously nucleated microbubbles reduces the acoustic
pressure experienced by the nucleating cup. We also exposed large nanocups
diluted by two orders of magnitude (109 particles per ml) to ultrasound at
0.5 MHz and 3.5 MPa. This was made possible by the adequate density
of bubbles generated from this sample, which could be imaged reliably. At
this concentration, the peak bubble diameter shifted towards the modeled
single bubble assumption (Fig. 12.4c).
After the inertial growth, the nucleated bubble underwent a chaotic and

violent collapse phase. Jetting always occurred for every bubble nucleated
with a preferential direction that is the propagation direction of the ul-

207



trasound wave. This effect could be due to the spatial pressure gradient
experienced by the bubble during the collapse phase399 or to the bubbles
previously nucleated in the path of the acoustic wave. Both could create
the asymmetry necessary for the formation of the jet. Local heterogeneities
such as other nucleated bubbles also strongly affected jet direction. For ex-
ample, if two bubbles nucleate near each other, the resulting jets will strike
each other and coalesce into a single entity. Jet size was dependent on the
driving frequency, with the largest jet lengths (up to 100 µm) at 0.5 MHz.
The jets also translate the center of the nucleated bubble in the direction
of the jet itself.
Post jet formation, the violent cavitation dynamics that occurred were

generally non-spherical. Some bubbles grew to sizes greater than 200 µm
in diameter, taking up nearly the entire field of view. Such bubbles were
large enough to observe the rebound of the jet passing through the center
of the bubble. Bubbles also violently fragmented into bubble clouds. These
two modes of collapse dominated most of the lifespan of a nucleated bubble,
and therefore likely govern macroscopic effects that operate in the millisec-
ond time scales. As a result, our observations have significant impact on
understanding the role of collapse mechanics on transport phenomena in
biomedical and industrial applications.
Fig. 12.4d shows the concentration of cavitation bubbles generated for

each acoustic setting and sample. It is essential to note that the num-
ber of created bubbles is nowhere near the number of particles present in
the medium. For the large particles, a hundredfold dilution only lead to a
twofold reduction of the number of bubbles, which support the idea of com-
plex interactions between the bubbles and the acoustic field. Interestingly,
the number of bubbles created significantly decreases with increasing fre-
quency (at constant pressure). Increasing the frequency also exponentially
increase the influence of the size of the nanoparticle: +50% at 0.5 MHz
between the small and the big cups and +500% at 3.3 MHz. Increasing
the pressure has a similar effect on the number of cavitation bubbles: ∼x3
when going from 5 MPa to 7 MPa.
Our theoretical predictions suggested that detachment of the surface nanobub-

ble from the nanocup was a prerequisite for inertial growth and collapse.
Fig. 12.5 shows the most direct evidence of a single large nanocup nucleat-
ing a bubble that detaches and jets away from the nanocup. Despite the
large nanocup (609 nm in diameter) being at the optical resolution limits,
it was large enough to scatter light that was detectable by the sensors. The
background subtraction showed the shadow of a nanocup, and therefore its
location. It was evident that the bubble detached from the nanocup, giv-
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Figure 12.4: A comparison between the predicted (shaded regions) and ob-
served (squares) peak diameter achieved during inertial expansion for (a) small,
(b) medium, and (c) large nanocups at 0.5 MHz (black) and 1.6 MHz (red). The
single open square in (c) is from measurements taken at concentrations 100 times
lower than for the closed squares. Note that values without error bars are due
to only a single bubble captured at that particular acoustic setting. d. Stacked
bar-chart of recorded number of bubbles for small, medium, and large nanocups.
Results from large nanocups with reduced concentrations are also shown, and indi-
cate a reduction in number of bubbles across all frequencies and pressure amplitudes
studied.

ing credence to our earlier predictions. Though others397 have observed a
similar phenomenon at much larger lengths scales, we believe that this is
the first evidence of bubble detachment from a sub-micron particle. The
nanocup was orders of magnitude smaller than the nucleated bubble, and
was immediately enveloped by the bubble cloud.
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Figure 12.5: Evidence for bubble detachment from a single large
nanocup. Images were taken from a background subtracted video. The im-
ages were adjusted for brightness and contrast and later colorized. Dashed lines
were added to emphasize the initial location of the nanocup. Scale bars represent
100 µm. The arrow indicates the large nanocup.

12.4 Discussion

The size of the nanocups was shown to have a great influence on the cav-
itation behavior. The smallest nanocups required 2.5-3 MPa pressures to
cavitation, at the lowest frequency. The intermediate nanocups required less
than 2 MPa to nucleate cavitation. The threshold for the largest particles
was yet 50% lower, but such particle are too larger (∼800 nm) to extravasate
and therefore present less interest for biomedical applications then the pre-
vious. They would be, however, well suited for industrial applications. In
summary, the choice of the particle size is crucial and constitutes a com-
promise between mobility and activation threshold that should be consider
relatively to each application.
The dynamic crevice model previously developed to predict the cavitation

behavior for such agents under acoustic insonation could only be validated
through remote monitoring of the broadband acoustic emissions associated
with cavitation. In this paper, we have shown optically that the model
predictions were accurate, which opens-up possibilities for the optimization
of the system design. This optimization is all-the-more important for the
in-vivo application were the pressure should be kept as low as possible.
We also reported observations regarding the non-spherical behavior of the

cavitation bubbles that are not predicted by the model. For instance, jets
with lengths up to 100 µm were observed. They occurred systematically
when cavitation was generated. Jetting from microbubbles has variety of
applications: cell poration, biofilm removal, cleaning in general, clot ly-
sis, which makes these observations highly interesting. This phenomenon,
however, is highly dependent on the surrounding flow field and pressure
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gradients and the results presented here should adjusted to specific appli-
cations.
This experimental study also opens a few question that are to be addressed

in future work. First, we saw that the number density of bubbles gener-
ated was orders of magnitude lower than the concentration of nanocups.
Nonetheless, a change in concentration of the agents reflected on the den-
sity of created cavitation bubbles. This effect is hypothesized to arise from
the interaction between bubbles and the understanding and insertion of this
phenomenon in the existing model would greatly extend its applicability.
Second, the stabilization of the bubbles post inertial collapse was not ex-
pected here although is was already observed in different fluids. Elucidating
the role of gas diffusion in this case will lead to a better understanding of
the secondary processes and maybe offer some applications for them, such
as streaming generation.
For cleaning applications, the presence of a bubble cloud is crucial69. Our

present observations suggest that the highest frequencies are more likely to
fragment the bubbles after inertial growth into a cloud that can then spread
and cavitate. The threshold, however, significantly increases with frequency,
which represents a second trade-off for some applications.
Finally, the particles offer a long stability under ultrasound exposure. But

this stability is not infinite and the irradiation of the same area at high PRF
led to the depletion of the cup over a typical timescale of a second, signified
by a decrease in broadband acoustic emission.

12.5 Conclusions

In conclusion, we have successfully observed the dynamic and violent cavi-
tation behavior of bubbles nucleated from nanocups of three different mean
diameters at 10 Mfps using the Brandaris 128 ultra-high speed camera.
Nanocups of all sizes nucleated inertial cavitation at all driving frequencies
studied and only emitted broadband signals. The nucleated bubble experi-
enced an initial inertial growth phase followed by spherical collapse, which
was accurately predicted using a previously developed modified Rayleigh-
Plesset cavity model at two different frequencies. Inertial growth diameter
was governed primarily by driving frequency, and was independent of the
nanocup size. The ultrasound pressure amplitude, however, controlled the
number of bubbles nucleated. Non-spherical collapse was observed to ini-
tiate with a jet that was followed by continuous growth or fragmentation.
These nanosecond events carry on for a majority of the bubble lifespan, sug-
gesting that this behavior likely governs macroscopic times and length scale
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phenomena such as microstreaming and radiation force. Knowing and un-
derstanding such phenomena is critical in designing and utilizing these next
generation cavitation nuclei for both biomedical and industrial applications.
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13
Design and novel formulations for

laser-activated microparticles

Polymeric microcapsules are currently being investigated for multiple ap-
plications in the fields of biomedical imaging and therapy as they can serve
simultaneously as highly stabilizing shells and as drug carriers. Further-
more, the shell of a microcapsule can be functionalized to adhere to specific
cells and the polymer loaded with light responsive and magnetic nanoparticles
that allow for alternative and non-invasive actuation. Here we investigate
formulations to produce monodisperse, micro-sized, light absorbing and bio-
compatible oil-loaded polymeric microcapsules using a high-throughput sieve
emulsion process. The effect of the oil, polymer, polymer molecular weight,
and dye concentration is investigated in terms of particle morphology and
stability.

1to be submitted as E. Blazejewski, G. Lajoinie, M. Visscher, A. Lathuile, G. Veldhuis
and M. Versluis, Design and novel formulations for laser-activated microparticles. (2015)
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13.1 Introduction

Current research shows great interest in developing biomedical agents that
can be loaded with drugs, functionalized or rendered multimodal by incor-
porating third components. Such agents are important for developing new
imaging and therapy technics400 Significant work has thus been done in de-
signing various drug loaded vesicles401. Among others, Unger at al. have
shown that microbubbles could be loaded with drugs under diverse config-
urations402,403. An inherent difficulty that remains with bubbles, however,
is their limited stability, which is a renewed problem for each new bubble
configuration developed.
Polymeric microcapsules offer an alternative to bubbles with long stability

in vivo and during storage and versatility. Some microcapsules were there-
fore designed to be hollow76,77. It was observed that these polymer encapsu-
lated bubbles could rupture their shell under sufficient acoustic irradiation,
allowing them to scatter best the ultrasounds106,404 and releasing lipophilic
drugs potentially loaded in the capsule core101–103 or in its shell104. Other
coating materials, including polymers such as cyanoacrylates78, polycapro-
lactone and alginates, have also been used.
Microcapsules also offer a larger loading capacity than microbubbles and

present the advantage to be usable either as a slow-release drug carrier405
or as an activated drug carrier79. Further attention thus was brought on
loading polymer microcapsules, not only with drug molecules, but also with
functional elements such as magnetic nanoparticles406. Such particles can
be used for magnetically guiding the release of the drug payload within the
body. Andriola, Brun-Graeppi et al. further designed microcapsules that
can be loaded with specific cells and used as cell carriers407 for cell therapy
and tissue engineering. It was also shown that a dye could be entrapped in
the polymer, making the particle light-absorbing. Upon light irradiation of
sufficient intensity, these capsules create a large bubble and emits a strong
acoustic wave that allows for readily detecting single particles123. Finally,
the possibility of functionalizing such polymer shells was demonstrated by
Lathia et al.105. Combinations of these diverse mechanisms is therefore
expected to present a great potential for high-end molecular imaging or
therapeutic strategies.
Many methods can be used to fabricate these microcapsules such as double

emulsion408, phase separation by addition of a third component408, spray
drying408,409 or solvent evaporation408,410. The later is the most widely used
for it is practically the easiest. Within the solvent evaporation method, sev-
eral technics were developed, the most simple being the creation of the
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emulsion by stirring411. Others have used microfluidics that offers good
control but limited throughput412. To increase the production rates, some
made use of membranes. Kooiman et al. used 1 µm pore size acrodisk
glass filter102, offering a great facility but producing very polydisperse sam-
ples. In the same way and with the same limitations, Schroder et al. used
ceramic membranes413. Tong et al. used microfabricated pores in stain-
less steel414. This method increases the complexity of the setup, but offers
some control on the size distribution. Later, Yeo et al. used modern ink-jet
printing technics to fabricate polymeric microcapsules with higher produc-
tion rates415,416. This setup can be paralleled, leading to relevant produc-
tion rates for industrial application while maintaining the monodispersity
of the sample. Ink-jet however remains a technic that requires active and
expensive elements.
The difficulty in producing polymer microcapsules using these diverse

emulsion technics resides both in the choice of the manufacturing process
and in the choice of the materials. Torza et al. have demonstrated that
external energy sources such as electric fields could influence the final con-
figuration of the particles417, which can explain the importance of the fab-
rication process. In term of materials, Pisani et al. have shown that the
combination of surface tensions can change the configuration of the final
product from a capsule shape to an acorn shape411. Also Chloan et al.
observed that gas filled polymeric microcapsules made of a low molecular
weight and hydrophobic polymer offered a significantly larger response to
acoustic activation79.
Here we study the conformation of capsules using a high-throughput emul-

sion technic for solvent evaporation. The emulsion is created by pressing
the disperse phase through a sieve pierce by multiple pores, monodisperse
in size. We aim at producing stable polymeric microcapsules consisting of a
biodegradable polymer shell containing a dye, that encapsulates an oil core
for photoacoustic applications123. Different combinations of polymer and
oil are tested to manufacture the capsules. The final conformation highly
depends on the material properties. Influences of type of polymer, oil and
dye are examined, as well as the influence of the dye concentration. Fur-
thermore, the stability of the capsules is tested and the thermal degradation
of the polymer is measured.

13.2 Materials

Sodium cholate hydrated, Polyvinyl alcohol (PVA), Poly(lactide-co-glycolide)
Resomer RG502, Poly(methyl methacrylate) (Mw 120,000), Hexadecane,
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Sudan Red, Nile Red and Dichloromethane (ACS reagent) were purchased
from Sigma-Aldrich. PDLG 5002, PDLG 5004 and PDL 02 were pro-
vided by Purac. Perfluorohexane (PFH), Perfluoropentane (PFP) and 1-
Bromoperfluorooctane (PFOB) were purchased from Fluorochem (UK). Tween
20 was purchased from VWR (The Netherlands).

13.3 Methods

13.3.1 Hexadecane-loaded PMMAmicrocapsule synthesis

Hexadecane-loaded PMMA microcapsules were prepared by a emulsion sol-
vent evaporation technique, using microsieve emulsification418. Prior to
emulsification, hexadecane, PMMA (Tg = 103°C) and dye were dissolved in
dichloromethane in order to achieve a final oil concentration of 2.15-2.45%
w/w and dye concentration of 0-4.85% w/w, for different formulations, see
13.1.
The solution was filtered through a 0.45�m PTFE filter and emulsified

through a microsieve membrane (Nanomi B.V., The Netherlands), which is
a microfabricated membrane with uniform pores along the surface. The
emulsion was spread into an aqueous solution containing an emulsifier.
This was left to stir at room temperature for at least 3 h to evaporate
the dichloromethane.
At the first evaporation process step, only one interface exists, between

the disperse phase containing the polymer, the oil and the solvent and the
aqueous phase containing the surfactant. With time, the dichloromethane
diffuses in the water phase. As the polymer and the oil have a low miscibility
in the oil, a third interface appears: polymer/dichloromethane-water phase
and polymer/dichloromethane-oil. When a surface tension equilibrium is
reached as described by Pisani et.al.419, the oil is completely encapsulated
within the polymer/dichloromethane system. The final polymer shell is
obtained after full evaporation of the dichloromethane. The fabrication
process is depicted in 13.1.
The hardened microcapsules were concentrated and washed repeatedly by

using a vacuum filtration and using 0.05% w/w Tween 20 solution. Subse-
quently, the washed suspension was stored at 4°C and -20°C. Particles were
characterized in terms of particle size distribution by a Beckman Coulter
Counter (Multisizer 3), optical microscopy and SEM.
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Figure 13.1: Microcapsule fabrication process in time, on the left the emulsifi-
cation of the solvent, the oil, the polymer and the dye. The solution is pushed
through the microsieve into an aqueous solution which is stirred while the solvent
evaporates. The polymer and oil are immiscible resulting in a phase separation
between oil and polymer, the dye precipitates with the polymer.

Table 13.1: Quantities for PMMA Hexadecane microcapsules
* Polymer and oil concentration is defined as the weight of polymer or oil in the dispersed phase
** Dye loading is calculated compared to the polymer

Polymer Oil Dye
concentration* concentration* load**

(%wt) (%wt) ** (%wt)
PmHxD0 1.84 2.45 -
PmHxD1 1.90 2.23 1.03
PmHxD3 1.84 2.15 3.08
PmHxD5 1.84 2.16 4.85

13.3.2 Perfluorocarbon-loaded PLGAmicrocapsule synthesis

PGLA microcapsules containing perfluorocarbon oils are fabricated in a
similar way as the PMMA capsules. PLGA (Tg = 50°C) was dissolved into
dichloromethane along with perfluorocarbon oils and dye and placed in 20°C
bath to ensure the full miscibility of the oil in dichloromethane. The organic
solution was then filtered through a 0.45 �m PTFE filter and emulsified
through a silicon membrane. Ultrapure water containing an emulsifier (PVA
4% (w/w) or SC 1.5% (w/w)) maintained below 15°C was used as continuous
phase, see 13.1.
The emulsion was stirred for at least 3 h to evaporate the solvent. After
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solidification, microcapsules were collected by vacuum filtration (Millipore,
UK) and washed repeatedly. Subsequently, the microcapsules were stored
as a slurry at 4°C and -20°C. Particles were characterized in terms of parti-
cle size distribution by a Beckman Coulter Counter (Multisizer 3), optical
microscopy and SEM.
For different formulations see Table 13.2 and Table 13.3.

Table 13.2: Quantities for PLGA Perfluorohexane microcapsules
* Polymer and oil concentration is defined as the weight of polymer or oil in the dispersed phase
** Dye loading is calculated compared to the polymer

Polymer Oil Dye
concentration* concentration* load**

(%wt) (%wt) (%wt)
RePFHD0 2.72 2.18 -
RePFHD1 2.72 2.09 0.96
PePFHD6 3.30 2.83 6.16

Table 13.3: Quantities for PLGA Perfluoropentane microcapsules
*Polymer and oil concentration is defined as the weight of polymer or oil in the dispersed phase
** Dye loading is calculated compared to the polymer

Polymer Oil Dye
concentration* concentration* load**

(%wt) (%wt) (%wt)
RePFPD0 1.78 2.69 -
RePFPD1 1.78 2.68 1.06
RePFPD5 1.84 2.42 4.89

13.3.3 Particle morphology

Scanning Electron Microscopy (SEM) was performed using a JEOL JCM-
5000 (NeoScope) operating between 5 and 15 kV in high vacuum mode.
Sample suspensions were deposited on Nanomi Microsieve®Technology and
dried at room temperature. The membrane was then deposited on carbon
conductive double-sided tape. They were coated with NeoCoater MP-19020
NCTR. Before imaging, particles were washed by filtration in order to re-
move the excess of surfactant which can interfere and decrease the quality
of the image.
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13.3.4 Particle size distribution

Beckman Coulter Counter (Multisizer 3) was used to determine the particle
size distribution (PSD). Data was recorded and statistically treated by Mul-
tisizer™3.53 software. One aperture tube was used, 50 �m, suitable for the
microspheres which had to be analyzed. ISOTON®Diluent was used as elec-
trolyte. The microspheres to be analyzed were pipetted directly from the
production vessel, which was under constant agitation to ensure a uniform
concentration in the sample.

13.3.5 Differential Scanning Calorimetry

In order to determine the polymers thermal properties a modulated differ-
ential scanning calorimetry (MDSC) method was performed in Discovery
DSC (TA instrument, Delaware, USA). Approximately 5-10 mg of polymer
were weighed in T-zero pans (TA instruments, Delaware, USA) and the lid
was hermetically crimped with the T-zero pans. The pan with a sample was
loaded into the Discovery DSC using an autosampler and the temperature
in DSC was equilibrated at -10°C.
After the first cooling step the sample was heated to 140°C using a ramp

of 2°C/min and then followed by a second cooling step to the same initial
temperature (-10°C). In order to determine the Tg and the thermodynamics
quantities, a second heating step is applied to a temperature of 140°C. For
all heating steps a modulated amplitude of 1.5°C and a period of 50 s were
used.

13.4 Results

The method to manufacture the microcapsules consisting of a low boiling
point oil encapsulated in a polymer shell is derived from the technique de-
scribed by Loxley and Vincent418 and E. Pisani et.al.419. In addition, using
Nanomi Microsieve®Technology allows having a narrow particle size distri-
bution of the microcapsules, in a size range of 5-8 �m (coefficient of variation
<15%).
Different morphologies can be obtained: capsules, cup shape or acorn

particles in which the oil is not fully encapsulated by the polymer and the
formation of two separate droplets, one of oil and one of polymer, see 13.2
for all morphologies.
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Figure 13.2: Different microcapsule morphologies that can result from emulsion
based phase separation. a. Schematics of a well-formed capsule and b, SEM image
of a well-formed capsule. c. Schematic of a Janus particle and d, SEM image of a
janus particle. d. Schematic of a particle where the phases are fully apart.

13.4.1 Effect of the dye

E. Pisani et.al.419 found that surface tension equilibrium was reached when
Resomer RG502 was used in combination with PFOB oil, dichloromethane
and Nile Red as dye. Using high shear homogenization (Ultraturrax®S25N-
10G, IKA) to manufacture microcapsules, polydisperse core-shell micro-
capsules were obtained. The same formulation was tested on Nanomi Mi-
crosieve®technology to ensure that the technic could be transposed to our
manufacturing process without influencing the microcapsule morphology.
As a result, monodisperse core-shell microspheres were obtained, see Fig. 13.4a
and Fig. 13.4b. Sudan Red 7B was then substituted to the Nile red as the
later is fluorescent and thus suboptimal for heat generation and photoacous-
tic purposes. The resulting microspheres also have a core-shell morphology,
see Fig. 13.4c and Fig. 13.4d.

13.4.2 Effect of dye concentration

To study the influence of dye concentration on the surface tension equilib-
rium of the system, PFOB-loaded Resomer RG502 particles were loaded
with 1%, 5% and 10% (w/w) respectively, see Fig. 13.5. Increasing the dye
content in the polymer indeed changed the surface tension equilibrium be-
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a

b

c

d

10 μm 10 μm

Figure 13.3: Optical microscopy (a) and SEM (b) images of capsules made of
Resomer RG502 microcapsules loaded with perfluorooctylbromide (PFOB) and
Nile Red. Optical microscopy (c) and SEM (d) images of the same capsules loaded
with Sudan Red 7B.

tween the dichloromethane/polymer-water phase, leading to cup particles
when the dye concentration is increased beyond 5% (w/w).The same effect
was observed hexadecane-loaded PMMA microcapsules with 0%, 1%, 3%
and 5% dye concentrations. Increasing the dye loading induces increasing
amount of cup morphology particles. The opposite effect however was ob-
served in the formulations based on Resomer RG502 with PFH or PFP: the
morphologies changed from acorn to capsule at higher dye concentrations.
The different percentages of dye in the formulation also influenced the mi-

crospheres monodispersity. Particle size does not vary between the batches,
however the polydispersity index (PDI) increases from 5 to 10% when dye
is added to the formulation, see 13.5.
These different consequences of increasing dye concentration may be ex-
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a b c

Figure 13.4: SEM pictures of Resomer particles loaded with PFOB and (a) 1%
dye (b) 5% dye and (c) 10% dye
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Figure 13.5: Particle size distribution of PMMA-Hexadecane capsules with dif-
ferent dye (Sudan Red 7B) concentrations.

plained by a model by Torza and Mason417 who predicted capsule mor-
phology based on interfacial tensions between the phases. The spreading
coefficient of the phases is defined as:

Si = γjk − (γij + γik) (13.1)

Phase 1 is defined as the phases for which γ12 > γ23, hence S1 <0. The
morphology can then be predicted by the values of S2 and S3. When S2<0
and S3>0 the core-shell shape is obtained, if S2<0 and S3<0 a cup shaped
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Table 13.4: Size and polydispersity index of PMMAHexadecane microcapsules
with different dye (Sudan Red 7B) concentrations

Size (�m) PDI (%) Dye load (%wt)
PmHxD0 6.5 5.0 -
PmHxD1 6.0 10.0 1.03
PmHxD3 6.7 11.0 3.08
PmHxD5 6.6 12.0 4.85

capsule is formed. Translating the capsule formation, phase 1 corresponds
to the core, phase 2 is the surrounding water and phase 3 is the polymer
shell417,419. However, this prediction does not take into account polymer-
liquid colloids, dynamic effects or details of the interfacial organization419.
Pisani et. al. 2008419 proposed the adsorption of the polymer to affect the
morphology.
The presence of dissolved dye affects the interfacial tension of the polymer

phase. Reinforcement of the interfacial layer and adsorption of the polymer
leads to for core-shell formations, as reported by419. This effect may be
different for different polymers.
It is therefore clear that the dye influences the final particles configuration

in several ways that include modification of the surface tension, modification
of the polymer behavior, and inclusions of dye in the shell. This makes the
influence of the dye encapsulation difficult but crucial. The dye must thus be
taken into consideration for the development of microcapsules formulations.

13.4.3 Effect of polymer

In order to study the impact of polymer molecular weight, three different
polymers were studied, PDLG 5004, PDLG 5002 and Resomer RG 502.
Perfluorooctyl bromide was chosen for the oil phase for its high boiling
point, making it easy to manipulate. It is also known to be successfully
encapsulated in low molecular weight polymer, e.g. Resomer RG 502. Table
13.5, gives a summary of the physical properties of these polymers.

Table 13.5: Physical properties polymers, with IV the inherent viscosity of the
polymer. *Not available

Polymer IV (dl/g) Tg (°C) Mw (kg/mol) Lactide-glycolide
Resomer RG502 0.16-0.24 42-46 7-17 50:50
PDLG 5002 0.2 NA* >17 50:50
PDLG 5004 0.4 NA* 44 50:50
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SEM pictures of the produced sample are displayed in Fig. 13.6. The
switch from core-shell particles to acorn particles is visible as the molecu-
lar weight of the polymer increases. The cup particles consist of a liquid
hemispherical PFOB droplet in a solid PLGA hemisphere. No significant
difference between the PDLG 5004 and PDLG 5002 was observed when
molecular weight decreases from 44 kg/mol to 17 kg/mol, this is contradic-
tory to result found by Chlon et. al. 200979. We suspect the hydrophobic-
ity of the polymer to influence the configuration at the same time than the
molecular weight. By Contrast, using polymer with lower molecular weight,
Resomer RG 502 7-17 kg/mol, leads to core-shell morphology (Fig. 13.6a).
Perfluorocarbon oils with lower boiling points (PFP and PFH) were also
encapsulated successfully in PLGA polymer with a low molecular weight,
but not with PLDG 5002 and PDLG 5004 (data not shown).
This encapsulation efficiency is affected by the surface tension of the poly-

mer417,419, which is dependent on the molecular weight420. Also high molec-
ular weight polymers have a restricted diffusivity, due to restriction of poly-
mer chain mobility, resulting in non core-shell morphologies419. This effect
is reinforced at high solvent evaporation rates419.

13.4.4 Effect of the surfactant in the continuous phase

In the strategy to manufacture core-shell microcapsules, different emulsifiers
were tested and evaluated. The emulsifier does not only prevent the coales-
cence of the droplets in suspension, but only influence the surface tension

a b c

Figure 13.6: SEM pictures depicting the influence of molecular weight of the
polymer on microcapsules morphologies. Resomer 502 (a) and PDLG 5002 (b)
are similar polymers, the second presenting a higher molecular weight. Resomer
502 leads to core-shell particles, while the other one leads to cup-shaped particles.
Polymer with higher intrinsic viscosity (PDLG 5004) leads to a high amount of cup
shape particles (c).
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of the outer phase together with the stability of the emulsified droplets. It
is therefore another crucial element.
First tries were performed with polyvinyl alcohol (PVA) 4% (w/w) as it

is the most commonly used for making emulsions. Increasing the molecular
weight of the PVA from 13-23 kg/mol to 70 kg/mol and decreasing the
concentration of the PVA from 4% to 2% (wt) only leads to acorn particles.
Exchanging PVA for sodium cholate (C24H39NaO5) (1.5% (wt)) was more

efficient in stabilizing the emulsion and led to a better encapsulation.
Pisani et.al. 2008419 already investigated the influence of surfactant on

capsule morphology and reported that the effect of the surfactant on in-
terfacial tension and adsorption were crucial for the obtained morphology.
Our observation are in line with their conclusions.
Changing the production temperature is an easy manner to influence the

evaporation rate of the solvent. This dynamic parameter is known to affect
the particle morphology. 419 as a slow evaporation of the solvent leaves
more time for the phases to rearrange according to the minimal energy
state of the system. When the temperature of the sodium cholate solution
was decreased below 15°C in order to decrease the evaporation rate of the
solvent, we observed the disappearance of the acorn particles. The produced
sample was then exclusively consisting of capsules.

13.4.5 Stability and shelf life

After microcapsule manufacturing, the suspension was stored as a slurry.
In order to study the impact of the storage conditions, batches were split
in two. One part was stored at 4°C and the other one at -20°C. In case of
perfluorocarbon-loaded PLGA microcapsules, the size is not influenced by
the storage condition. Only a slight aggregation of particles was observed,
inducing an increase of the polydispersity index from 10 to 12% in case of
storage at -20°C, see Fig. 13.7 and Fig. 13.6.
On the contrary, hexadecane-loaded PMMA microcapsules are more tem-

perature sensitive and the quality of the particles size distribution is affected
by the storage conditions. Slurry stored at -20°C shows an increase of the
particle size from 6 to 7 �m and PDI from 10 to 12%, see 13.6.
The stability of the PMMA particles for storage, although lower than that

the PLGA particles, remains good and the variation are of the order of a
few percent.
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Figure 13.7: Particle size distributions of PMMA-hexadecane (a) and Resomer-
PFP (b) capsules stored in different conditions.

Table 13.6: Size and polydispersity index of microcapsules after storage for 7
days at 4°C and -20°C

PMMA-Hexadecane ResomerRG502-PFP
Size(�m) PDI (%) Size(�m) PDI (%)

After production 6.0 10 4.7 10
After 7 days storage at 4°C 6.6 11 4.7 10
After 7 days storage at -20°C 7.2 12 4.8 12

13.4.6 Degradationanddifferential scanningcalorimetry (DSC)

Thermogravimetry analysis421 of both polymers were performed in order
to determine the temperature of degradation of the polymer and adapt the
DSC cycle to not degrade the polymer, see 13.9. Both PMMA and Resomer
RG502 have a degradation onset temperature of approximately 255°C, see
13.8.
Subsequently, differential scanning calorimetry (DSC) measurements were

performed to determine the glass transition temperature of the polymers, see
13.9. This information is crucial for thermal applications of these capsules.
The PMMA used is an amorphous polymer, in which the glass transition
temperature is dominant in determining the rupture temperature of the
polymer. On the other hand Resomer RG502 is crystalline and we are
therefore interested in its melting temperature.
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Figure 13.8: Degradation of polymers. Degradation of polymers PMMA and
Resomer RG502. The onset temperature at which weight loss of the polymer begins
is determined by the intersection of the degradation slope with the 100% weight.
The onset temperature of degradation is 255°C for both polymers.
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Figure 13.9: DSC measurements of polymers. Reversible and non-reversible
heat flows measured by MDSC for a Resomer RG502 and b PMMA. First, third
and fourth minimum in PMMA non-reversible heat flow are related to the manu-
facturing process of PMMA.

13.5 Conclusions

The formulation developed for different emulsification processes could be
successfully transposed to the sieve emulsification technic used in this paper.
Using this high-throughput technology, we were able to fabricate capsules
consisting of a low melting point polymer (PLGA resomer) encapsulating
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of low boiling point oil (perfluoropentane) and capsules consisting of a high
melting point polymer (PMMA) encapsulating a high boiling point oil (hex-
adecane). Obtaining the right capsule configuration where the oil core is
well encapsulated in the shell requires control over multiple parameter: the
polymer type and molecular weight, the oil type, the dye concentration,
the emulsifier used to stabilize the emulsion, the evaporation rate of the
sovlent... It is clear that the development of any new formulation requires
finding a good balance between these elements. In a nutshell, the pro-
cess leading to well-formed capsules is more efficient when the dynamics is
slower, namely that the low temperature slow the solvent evaporation rate
and that the emulsifier slow the diffusion of the solvent out of the droplet.
A slower dynamics allows for the phases to have enough time to rearrange
according to the lowest energy state. Furthermore, the different elements
and in first place the polymer and the oil must be carefully chosen so that
that a full encapsulation is energetically favorable based on the respective
interfacial tension. In that respect, the effect of both the emulsifier and that
of the encapsulated dye were crucial. The emulsifier changes the interfacial
tension between the outer polymer phase and the continuous phase and
the dye change the surface tension of both the polymer/continuous phase
interface and the polymer/oil interface. The observed influence of the dye
is crucial for biomedical applications involving these capsules. A high en-
capsulation is an obvious requirement for such particles and the presence
of these molecules (here our dye) changes the equilibrium of the system.
With all leading to well-formed capsules, the increase of dye concentration
led to acorn particles. By contrast, particles that were acorn shaped before
addition of the dye shifted toward well formed capsules. This effect add a
drug-specific dimension to the microcapsule fabrication processes in order
to achieve a high drug loading efficiency.
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Table 13.7: Recapitulating table with polymer/oil combinations and obtained
morphologies
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14
Ultrafast vaporization dynamics of

laser-activated polymeric microcapsules

Precision control of vaporization, both in space and time, has many potential
applications, however the physical mechanisms underlying controlled boiling
are not well understood. The reason is the combined microscopic length
scales and ultrashort time scales associated with the initiation and subse-
quent dynamical behavior of the vapor bubbles formed. Here we study the
nanoseconds vapor bubble dynamics of laser-heated single oil-filled micro-
capsules using coupled optical and acoustic detection. Pulsed laser excitation
leads to vapor formation and collapse, and a simple physical model captures
the observed radial dynamics and resulting acoustic pressures. Continuous
wave laser excitation leads to a sequence of vaporization/condensation cy-
cles, the result of absorbing microcapsule fragments moving in and out of the
laser beam. A model incorporating thermal diffusion from the capsule shell
into the oil core and surrounding water, reveals the mechanisms behind the
onset of vaporization. Excellent agreement is observed between the modeled
dynamics and experiment.

1published as: G. Lajoinie, E. Gelderblom, C.Chlon, M. Böhmer, W. Steenbergen,
N. de Jong, S. Manohar, M. Versluis, Ultrafast vaporization dynamics of laser-activated
polymeric microcapsules., Nat. Commun. (2014), doi:10.1038/ncomms4671
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14.1 Introduction

The growth and subsequent collapse of cavitation bubbles near rigid sur-
faces, produce strong mechanical forces that can create localized surface
damage. Cavitation has been studied since the days of Lord Rayleigh422 in
a hydrodynamic setting, largely due to its destructive effects on submerged
machinery, such as ship propellers. Our improved understanding of cavi-
tation has resulted in a considerable reduction of deleterious effects, and
has also provided insight in the possibility to control the cavitation phe-
nomenon69,423. While hydrodynamic cavitation is inherently chaotic due
to pre-existing cavitation nuclei in the flow424, acoustic cavitation using
high-intensity ultrasound provides a fine ability to trigger and direct re-
leased energies leading to myriad important applications, such as ultrasonic
cleaning204,425 and sonochemistry426,427. In medical therapy much attention
has been paid to high-intensity focused ultrasound (HIFU) surgery242 and
shockwave lithotripsy34, which use controlled cavitation for treatments such
as kidney stone fragmentation. The use of stabilized microbubbles163,304
provides many advantages by lowering the threshold for activation, and
moreover presenting a well-defined and localized nucleation point. Such pre-
cise control, both in space and time, helps guide promising and often delicate
therapies such as sonothrombolysis428–431, and ultrasound-triggered molec-
ular uptake (sonoporation) across the blood-brain barrier432,433. In addi-
tion, localized drug and gene delivery strategies based on such approaches
dramatically reduce the payload and avoid the side effects of systemic ad-
ministration.
Another physical pathway for cavitation is through thermal excitation,

leading to boiling, commonly termed vaporization. Precise control of local-
ized vaporization is achieved when laser-induced cavitation bubbles163,434–439
are formed in the tight focus of a nanosecond pulsed laser where the medium
is locally superheated. A recent study, achieved a lowering in activation
threshold in laser-induced cavitation by using a new class of phase change
agents based on liquid perfluorocarbon (PFC) droplets118. The sub-micron
droplets have a low boiling point and are metastable at body temperature.
When coated with nanoparticle-based optical absorbers, localized heat de-
position and phase conversion is triggered at low laser fluences. These cav-
itation events produced acoustic responses more intense than those from
the classical thermoelastic expansion mechanism usually applied in pho-
toacoustics440,441. The sub-micron droplets have a low boiling point and
are metastable at body temperature. When nanoparticle-based optical
absorbers are dispersed in the PFC, localized heat deposition and phase
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conversion is triggered at low laser fluences. While this optical absorber-
mediated laser cavitation approach shows great potential in diagnostic and
therapeutic applications, the precise physical mechanisms associated with
vaporization have not been clarified until now, owing to the short timescales
of the vapor bubble dynamics and its complex interaction with the nanocon-
structs.
In this work, we study a different model system which also produces con-

trolled laser-induced cavitation, namely a single micron-sized polymeric cap-
sule with an absorbing dye in the capsule shell. Since the capsule contents
and absorbers are spatially separated, such capsules are expected to be
chemically more stable and more versatile in choice of both absorber and
payload compared to the well-studied PFC droplets. Single capsules are
excited by a pulsed laser and their response is monitored through combined
ultra-high-speed imaging and sensitive acoustic detection. From an energy
balance between the heated capsule shell and the vapor bubble formed and
coupled to its radial dynamics we find excellent agreement with the exper-
imental observations. Beyond the classical photoacoustic effect with the
high-power pulsed laser, capsules also respond to continuous wave (CW)
laser excitation by emitting a strong sustained signal, as long as the laser is
on. The experiments are supported by a thermal model which shows that
the polymer heats up through dye absorption resulting in the melting of the
capsule shell and release of the heated reservoir load into the superheated
water, thus leading to instant vaporization. The experimental study and
its subsequent modeling shows that the prolonged response is a result of
repeated vaporization/condensation cycles and a complex interaction of the
laser and the dyed polymer fragments.

14.2 Materials and Methods

Microcapsules. Two types of capsules were studied, both displaying iden-
tical behavior: gas-filled capsules containing nitrogen, and oil-filled capsules
filled with hexadecane, see Fig. 14.1. The capsules had a narrow size distri-
bution with a mean radius of 3.0 ±0.3 µm. Both microcapsules had fluores-
cent Nile Red dye incorporated in their shells as displayed in Fig. 14.1cd,
which show the confocal fluorescence image of a gas-filled capsule, and the
oil-filled form, respectively. Absorption spectroscopy showed that the maxi-
mum absorption of the dye-doped shell was at 530 nm, which coincides with
the frequency-doubled Nd:YAG laser emission.
The microcapsules were produced using ink-jet printing technology as de-

scribed by Böhmer et al.416. The emulsification and subsequent lyophiliza-
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tion process allow for a well-controlled capsule size and shell thickness,
see Fig. 14.1a and b. The shell of the capsules consists of poly-L-lactic
acid with a fluorinated hydrophobic end-group of perfluorooctanol (PFO-
PLLA)79,102. The Nile Red dye was incorporated into the shell material
at a concentration of 0.1 wt%, to make the polymeric capsules fluorescent
without affecting the polymeric physical properties

Experimental setup. The combined optical and acoustical behavior of
the capsules was studied by introducing a diluted suspension of the micro-
capsules into an Opticell™ container placed in a water bath, Fig. 14.1e. The
chamber is optically and acoustically transparent. The laser light was fo-
cused onto the sample in a 10 µm-diameter spot through a water-immersion
objective ((LUMPLFL, 60×, NA=0.9, Olympus). The Brandaris 128 ultra
high-speed camera160,161 was used to make optical recordings (128 images;
FOV of 80 µm × 60 µm) through the very same objective at frame rates
ranging from 2 to 15 million frames per second. A sufficient illumination
was reached by using a Xenon flash light.
The acoustic signals emitted by the cavitation events were recorded at

the bottom of the water bath by a 1- MHz focused broadband transducer
(C302, Panametrics), then fed into a pre-amplifier (5077PR, Panametrics)
and stored using a digital oscilloscope (DPO3034, Tektronix). The op-
tical focus and the acoustic focus were co-aligned using a 0.2-mm diam-
eter needle hydrophone (Precision Acoustics, UK). A frequency doubled
Nd:YAG pulsed laser (Nano-PIV, Litron Lasers) was used for pulsed excita-
tion (pulse width ∆t=7 ns, λ=532 nm) and a CW diode-pumped solid-state
laser (5 Watt, λ = 532 nm, Cohlibri, Lightline) was used for CW excitation
as well as fluorescence imaging. The CW laser output was gated in time
between 1-50 µs by an acousto-optic modulator (AOTF.nC-VIS, AA Opto-
electronic) and its amplitude was controlled by the internal power settings.

Analysis. The radius-time curves were derived from the measured area
taken from an automated bubble contour detection. As the capsule or poly-
mer fragments cannot be distinguished from the vapor in the grayscale im-
age frames, the following segmentation analysis was applied to separate out
three distinct temporal regions. The first region is before laser exposure
and corresponds to the capsule free of vapor. The second region is during
the coexistence of the capsule/polymer fragments and the vapor. The third
region results from the detection of the polymer fragments after complete
collapse of the vapor bubble. The first and third region can be distinguished
within the optical recording as shown in Fig. 14.2a and b and are therefore
easily corrected. In the second region, for the lower energy case (Fig. 14.2a)
the measured bubble size can be corrected for by subtracting the capsule
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Figure 14.1: Microcapsules and experimental setup a, Scanning electron
microscopy image of hollow polymeric microcapsule, scale bar represents 5 µm.
b, Bright field and c, confocal fluorescence image showing the distribution of dye
within an oil-filled capsule and d, that of a gas-filled capsule. The scale bars
represent 2 µm. e, Schematic representation of the combined optical and acoustical
setup. The laser beam is focused through a 60× objective onto a single capsule
placed in an Opticell™. Ultra-high speed movies were recorded with the Brandaris
128 camera at 5 to 15 million frames per second.

area from the total detected surface area. For the higher energies, with the
complete melting of the capsules and explosive vapor bubble growth, the
contribution of the polymer fragments leads to a negligible increase of the
total surface area, and is therefore not taken into account.

Numerical models. The model presented in Fig. 14.2c and d was com-
puted using the Matlab ODE45 and ODE113 solvers to solve Eq. 14.23. In
order to compute the theoretical acoustic emission of the vapor bubbles,
the measured radius was interpolated numerically using a spline method
and filtered in the Fourier domain. This operation filters the measured
noise with a significance similar to the natural filtering effect of the trans-
ducer bandwidth. The resulting curve was used as an input to Eq. 14.13.
Experimentally, a significant acoustic signal is received from the reflection
on the microscope objective as can be observed in Fig. 14.2e. The reflec-
tion coefficient amounts to a value of 60±5% and a fixed delay of 2.2±0.2µs,
therefore it could be included in the computed pressure-time curve. This
issue becomes more complex in the case of the CW laser irradiation and can
be avoided by comparing the signals in the frequency domain, see Fig. 14.3d.
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Table 14.1: Thermal material properties used in the finite element model

Property (units) oil polymer water
thermal conductivity λ (W m−1 K−1) 0.14 0.19 0.61
density ρ (kg m−3) 770 1250 1000
heat capacity cp (J kg−1 K−1) 2200 830 4190

The finite element model was elaborated from the spherical heat diffusion
equation, Eq. 14.15. The physical system formed by the capsule, the oil and
the surrounding water obeys the following set of equations:

Dp
∂2T̃

∂r2
+

rP

ρpcp,p
= ∂T̃

∂t for r ∈ [Ri, Re], (14.1)

Dw
∂2T̃

∂r2
= ∂T̃

∂t for r ∈ [Re,∞], (14.2)

Doil
∂2T̃

∂r2
= ∂T̃

∂t for r ∈ [0, Ri], (14.3)

λoil
∂T

∂r
(Ri − dr) = λp

∂T
∂r (Ri + dr), (14.4)

λp
∂T

∂r
(Re − dr) = λw

∂T
∂r (Re + dr), (14.5)

with the substitution T̃ = rT , as before. In the equations, the subscript
p refers to the polymer, w to the water and oil to the oil. P represents
the density of thermal power, cp,p the specific heat capacity of the polymer,
and D and λ are the thermal diffusivity and the thermal conductivity of the
materials, respectively. Ri and Re represent the inner and the outer radius
of the capsule. A fixed step finite element mesh was chosen (3 nm) and
the Galerkin method is used to rewrite the previous system of equations on
the basis of finite elements in order to conserve the influence of the second
derivative in space. The system is discretized in time using a finite difference
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as the equations make use of only the first derivative in time.

DpAp[ak] + [δk](t) = Bp[
∂ak
∂t ] =

Bp
δt

([ak](t + δt)− [ak](t))

for r ∈ [Ri, Re], (14.6)

DwAw[ak] =
Bw
δt

([ak](t + δt)− [ak](t))

for r ∈ [Re,∞], (14.7)

DoilAoil[ak] =
Boil
δt

([ak](t + δt)− [ak](t))

for r ∈ [0, Ri], (14.8)
λoil(aRi − aRi−1)/δr = λp(aRi+1 − aRi)/δr, (14.9)
λp(aRe − aRe−1)/δr = λw(aRe+1 − aRe)/δr . (14.10)

In the above equations δt is the time step and δr is the spatial step used
in the computation. The brackets refer to a vector and the double overbars
refer to a matrix. [ak] is the amplitude vector of the function T̃ within the
finite element functions array. The matrices A and B represent the decom-
position of the term ∂2T̃

∂r2
and ∂T̃

∂t on the finite element basis, respectively,
and have a size that depends on the resolution of the computational grid.
The boundary conditions are differentiated with respect to time to allow
rewriting in the form of a single matrix system M1and M2 implying the
continuity of temperature:

M1[ak] + [δk](t) =
M2
δt ([ak](t + δt)− [ak](t)), (14.11)

where M2 is an invertible matrix that includes the boundary conditions:

[ak](t + δt) = (I − δt((M2
−1

)M1)

p2 )[ak](t) + δt[δk](t). (14.12)

with I the identity matrix. Table 14.1 lists the material properties used in
the simulation. The stability of the model requires a simulation time step δt
of 0.01 ns. The boundaries of the simulation are taken at a distance of 6 µm
from the center of the capsule, where the effect of heat diffusion is negligible,
at a constant temperature equal to the ambient temperature. During the
computation, the latent heat of fusion of the polymer is taken into account
by storing the energy created at each point (dE = cp,p(T − Tmelt)) in a
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temporary variable and adapting the temperature of the concerned points
to the melting temperature (T = Tmelt) until the temporary variable reaches
the required enthalpy of fusion.

14.3 Results

Response to pulsed laser excitation. A 3-µm oil-filled capsule with
a Nile Red dye contained in its 600 nm thickness polymeric shell is illu-
minated with a 6-ns single laser pulse at a wavelength of 532 nm. The
absorption and subsequent heating leads to localized vaporization. The ul-
trafast optical recording of the vaporization event simultaneous with the
measurement of the acoustical response gives insight into the initiation and
resulting dynamics of the bubble formed.
Figures 14.2a and b show a series of snapshots of the optical recording of

the single oil-filled capsules excited by the laser pulse for laser fluences of
70 mJ cm−2 and 1.4 J cm−2, Supplementary Movie 1 and Supplementary
Movie 2 respectively. When the laser light hits the capsule, the shell is
disrupted while a bubble is formed that grows to a maximum radius of up
to 15 µm in approximately 1 µs. After reaching its maximum radius, the
bubble collapses, crumpling the polymer shell. Fluorescence emission, with
a typical lifetime of a few nanoseconds, is too short to be detected within
the 100 ns exposure time of the image recorded during the laser pulse. The
radius-time curve was determined by tracking the contour of the bubble,
Fig. 14.2c and d.
The acoustic pressure emitted by the bubble can be related to its radial

oscillations250,442:

P (r, t) = Aρw
R(t)

r

(
R(t)R̈(t) + 2Ṙ(t)2

)
, (14.13)

where ρw is the density of water, R the bubble radius, with Ṙ and R̈ its time
derivatives, and r the recording distance. A is an empirical correction fac-
tor, equal to 0.7, and accounts for the far-field effect of the non-sphericity of
the bubble oscillations, as well as the uncertainty in the transducer calibra-
tion. The acoustic signals measured simultaneous to the optical recording
are shown in Figs. 14.2e and f, along with the calculated acoustic signals.
The good temporal agreement suggests that the acoustic emission can be
described by potential flow theory even in the present case of a vaporization
event. In potential flow theory the velocity field is described by the gradi-
ent of the velocity potential, a scalar function, and is applicable in inviscid
irrotational flow, thus suggesting a negligible influence of vaporization and
condensation on the overall system dynamics.
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Figure 14.2: Pulsed laser activation (a), Still frames of the ultra high-speed
recording of the growth and collapse of a vapor bubble with a laser fluence of 70 mJ
cm−2 (Supplementary Movie 1) and (b), of 1.4 J cm−2 (Supplementary Movie 2).
The scale bars represent 10 µm (c)–(d), Radius-time curves of the events displayed
in (a) and (b); the filled circles correspond to the frames shown in (a) and (b).
The solid lines represent the proposed model, Eq. 14.23. (e)-(f), pressure-time
curves of the vapor bubbles from (a) and (b). The dashed line represents the
measurement, and the solid line represents the pressure computed from the radius-
time curve and rescaled to the measured curve by a calibration factor A = 0.7. A
60% reflection of the acoustic response from the microscope objective after 2.2 µs
is included in the computed curves.

The composition of the core of the microcapsules, oil or gas, did not sig-
nificantly influence the overall response: the threshold for activation, the
typical response signal frequency and the maximal bubble size were iden-
tical. The only difference was found after collapse, where minor rebounds
were visible for the gas-filled capsules. The size and the lifetime of the bub-
bles formed depend strongly on the applied laser energy. The activation
threshold was found to be at a laser fluence as low as 70 mJ cm−2. Such an
energy level can easily be reached by a CW laser delivering typically 50 mW
of power, focused in the same 10 µm-diameter focal spot for 1 µs. There-
fore we decided to investigate the response of both the gas and oil-filled
capsules when activated by a CW diode-pumped solid-state laser (5 Watt,
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λ = 532 nm).
Response to continuous wave laser excitation. Figure 14.3 de-

picts the behavior of an oil-filled capsule irradiated with a laser intensity
of 12 MW cm−2 for a duration of 43 µs (Supplementary Movie 3), and
shows that CW laser illumination results in sustained oscillations of the
vapor bubble. Also here identical behavior was observed for the gas-filled
capsules and the oil-filled ones. During the first microseconds the capsule
warms up while emitting a strong fluorescence signal. When the shell rup-
tures, a vapor bubble is formed, which grows and then continues to display
stable oscillations. The oscillations can be explained by noting that the
laser beam size is of the order of the capsule size.
Once the vapor bubble is formed, it expands beyond the resting radius

defined by the thermal energy balance as a result of inertia. It can be seen
in Fig. 14.3a that the fluorescent shell fragments follow the vapor/liquid
interface and are therefore pushed out of the laser beam, where they cool
down. This energy deficiency leads to condensation of the vapor bubble.
The inertial collapse of the bubble leads to entrainment of the shell frag-
ments back into the laser beam, leading to renewed absorption of energy for
a new excitation cycle. This process is repeated while the fragments move
in and out of the laser beam waist. When the laser is interrupted, the vapor
bubble disappears instantly.
The acoustic response of the microcapsule is shown in Fig. 14.3c and is

calculated from Figs. 14.3a and b. The Fourier transforms of the measured
and computed pressure signals are plotted in Fig. 14.3d. The signals contain
a dominant frequency near 300 kHz and a pronounced harmonic component
near 600 kHz.
The threshold for the formation of a vapor bubble for CW laser excitation

was found to be 1.0 ± 0.2 MW cm−2. Up to 12 MW cm−2 the vapor
bubble oscillations were not sustained for more than a few cycles, after
which the vapor bubble stabilized at a resting radius balancing the absorbed
and dissipated powers. Intensities above 12 MW cm−2 resulted in sustained
oscillations of the vapor bubble during laser irradiation.

Static thermal diffusion. The process of heating up the polymer for
the CW irradiation has to be treated in time. First, we determine the laser
intensity required to heat up the polymer shell from its initial tempera-
ture T0 to its melting point Tmelt (145◦C) 416 by solving the static thermal
diffusion equation:

Iµabs(1− qe)

[
R3
e −R3

i
3λwRe

+
1

λp

(
R2
e
6

+
R3
i

3Re
− R2

i
2

)]
= Tmelt − T0, (14.14)
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Figure 14.3: Continuous wave laser activation (a), Still frames from the
ultra high-speed recording of a capsule irradiated by a continuous wave laser at 12
MW cm−2 (Supplementary Movie 3). The scale bar represents 10 µm (b), Radius-
time curve of the bubble. Solid circles correspond to the frames in (a). The
shaded area represents the laser irradiation. (c), Measured acoustical response
of the bubble in (a). (d), Frequency content of the measured acoustic signal
(dashed line). The solid line represents the frequency content of the calculated
acoustic response. (e), Schematic representation of the vapor bubble formation
and subsequent oscillations. The rod-shaped structures at the interface depict the
absorbing polymer shell fragments resulting from shell break-up. They are pushed
out of the laser focus during bubble growth, and the subsequent cooling leads to
the collapse of the bubble, until the fragments return to the focus, where they heat
up, and a new cycle is initiated.
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with I is the laser intensity, Re and Ri are the external and internal radii
of the shell and λp and λw are the thermal conductivities of the polymer
and the water. µabs is the absorption coefficient of the dyed polymer and
qe is the quantum yield of the dye in the polymer matrix. We performed
experiments on Nile Red-doped polymer films with the same concentrations
as those of the capsule shell with thickness of 50 µm and found an thermal
conversion coefficient µth = µabs(1 − qe) = 43 cm−1, corresponding to the
fraction of absorbed light converted into thermal energy443. With the above
µth, we find from Eq. 14.14 that the polymer melts at a laser intensity of
0.9 MW cm−2, which corresponds very well with the experimental threshold
for vapor bubble formation of 1 MW cm−2 reported above. Thus, it is very
likely that the melting of the polymer triggers the vaporization event.

Dynamic thermal diffusion. Let us now solve the dynamic thermal
diffusion equation, and calculate the temperature profile within the shell as
a function of time. We therefore use the substitution T̃ = rT leading to the
following equation for all three media:

D
∂2T̃

∂r2
+

rP

ρcp
=

∂T̃

∂t
, (14.15)

with P the density of thermal power, cp the specific heat capacity, ρ the den-
sity and D the thermal diffusivity. The boundary condition at the interface
between the media 1 and 2 located at R is:

λ1
∂T

∂r
(R− dr) = λ2

∂T

∂r
(R+ dr), (14.16)

where λ refers the thermal conductivity. The system was solved using a finite
element model (FEM), see the Methods section. All numerical calculations
were performed in Matlab®.

Temperature evolution. Details of the temperature evolution are dis-
played in Fig. 14.4. A considerable temperature gradient develops within
the capsule shell leading to a hot spot inside the polymer. The polymer thus
melts in a localized zone within the polymer, while the shell melts gradually
extending inward and outward with progressive laser heating and increasing
temperature. Rupture of the polymer shell will occur when the thickness
of the remaining solid polymer is of the order of the smallest defect in the
shell, which was estimated to be near 4% of the wall thickness103. The lo-
cation where rupture occurs is defined as the rupture point. Moreover, the
presence of a solid and a melted phase in the shell requires the inclusion of
the latent heat of fusion, to correctly resolve the details of the temperature
profiles.
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Four temporal snapshots of the computed temperature profiles are plot-
ted in Fig. 14.4a. The temperature rise in and on either side of the polymer
shell is plotted in Fig. 14.4b up to the time instant when the melting front
reaches the critical rupture point. The model shows rapid heating of the
polymer shell with higher temperatures at the inner wall, due to the similar
thermal conductivities of oil and polymer compared to those of the polymer
and water. Between t=350 ns and t=500 ns the maximum temperature
of the polymer gets pinned, as the phase change consumes part of the de-
posited heat and less is available for heat flow to the rest of the polymer,
oil and water. At t=800 ns the shell is fully melted on the inner side, with
the same pinning behavior. Fig. 14.4b also shows the temperature increase
at the rupture point. Now the underlying physical mechanism of vaporiza-
tion becomes apparent. Upon reaching the polymer melting temperature of
145◦C, the water has reached a temperature of 130◦C, thus slightly super-
heated around the particle, which does not lead to boiling in the absence
of nucleation sites. The temperature at the inner wall is more than 100◦C
higher and upon reaching complete polymer melting, the heated oil flows
into the superheated water leading to an instant vaporization of the water.

Vapor bubble dynamics. We now continue to describe the evolution
of the vapor bubble, which we model by balancing the energy transferred
from the polymer shell to the vapor bubble (which consists exclusively of
water vapor) with the thermal losses at the vapor bubble interface. We
assume that no light absorption takes place in the oil or the water. No oil
vaporizes since its boiling temperature is 286◦C. The shell is modeled by
a rectangular slab of polymer with the same thickness and volume as the
capsule shell, thereby conserving the diffusion time and total energy of the
original problem. We write Te the temperature of the polymer slab following
excitation. The temperature profile inside the polymer is calculated as a
function of time using Fourier series assuming a constant temperature Tvap
in the medium surrounding the slab.
The temperature gradient at the walls leads to the power transferred from

the polymer and an integration over time results in the time-resolved energy
transferred to the water Wp:

Wp = 8
ℓλpSp(Te − Tvap)

Dpπ2

∞∑
n=0

(
1− αn

(2n+ 1)2

)
, (14.17)

with
αn = exp

(
−Dp(2n+ 1)2π2t

l2

)
, (14.18)

where Sp the surface area of the wall and l the wall thickness.
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Figure 14.4: Spatial and temporal temperature profiles (a), Temperature
profiles in and around the capsule during laser irradiation at four different time
instants (laser starts at t=0 µs). (b), Maximum temperature inside the polymer
shell (red line) and at the inner wall (yellow line) and outer wall (blue line) of the
shell as a function of time. At t=1.8 µs the temperature at the rupture point has
reached the melting temperature, Tmelt = 145◦C, while the oil has a temperature
near 270◦C and the water at the outer wall is superheated above its boiling point
at a temperature of 130◦C.

The energy of a heated sphere of radius R when submerged in a water
bath at room temperature is diffused toward the water across its thermal
boundary layer δ which obeys the relation:

1

δ1
=

1√
πDwt

+
1

R
, (14.19)

where Dw is the thermal diffusivity of water. The timescales of the experi-
ment indicate that the temporal term is much larger than the spatial term
1
R , which will therefore be neglected. To take in account the variation of
the vapor temperature within the bubble due to the changes in pressure,
we define an effective thickness δR for the boundary layer that compensates
for the subsequent variations in heat transfer from the vapor to the water.
The new thermal boundary layer is therefore defined as:

1

δ2
=

1

δ1

(
1− δR

δ1

)
=

1√
πDwt

(
Tvap − T0

Tvap(0)− T0

)
, (14.20)
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where Tvap is the vapor temperature and T0 is the ambient temperature.
This definition cancels the temperature gradient for significant variations of
the vapor temperature and is equivalent to the first one, Eq. 14.17, for small
temperature variations. The existence of a temperature gradient results in
diffusion of thermal energy, giving rise to an energy loss Wl from the vapor
into the liquid:

Wl =

t∫
0

4πλw(Tvap − T0)R2

δ2
dt, (14.21)

with λw the thermal conductivity of water.
We now describe the dynamics of the vapor/liquid interface using the

Rayleigh-Plesset equation 250,424:

ρw

(
RR̈+

3

2
Ṙ2

)
= Pgas − P0 −

2σ

R
− 4µ

Ṙ

R
, (14.22)

where Pgas is the gas pressure, σ the surface tension of water, µ the viscosity
of water, P0 the ambient pressure and ρw the density of water. The pressure
is related to the energy, Eqs. (14.17) and (14.21), through the gas law and
the enthalpy. Combining the three equations results in the following set of
equations:

ρw

(
RR̈+

3

2
Ṙ2

)
+

2σ

R
+ 4µ

Ṙ

R
+ P0 = β (Wp −Wl) , (14.23)

β =
3RgTvap

4πR3Mmol (hvap + cp,w(Tvap − T0))
, (14.24)

where hvap is the vaporization enthalpy of water, cp,w the specific heat ca-
pacity of water and Rg the gas constant. We accounted for the diverse
damping elements of the system by increasing the theoretical liquid viscos-
ity. The damping was measured from the decay of the free-field bubble
oscillations following activation of the gas-filled capsules.
The model predicts an initial temperature of the shell material far above

the melting point of the polymer when high laser fluences are applied, as
expected, and thereby explaining the explosive-like growth of the bubble.
At laser fluences just above the activation threshold, the polymer will be
homogeneously heated in nanoseconds. At the moment of shell rupture, the
inner polymer wall and adjacent gas or oil, and the outer polymer wall and
adjacent water, will have been heated to the same temperature in excess of
the melting point of the polymer (145◦C). Then, the same principle for the
onset of vaporization is anticipated as was detailed for the CW irradiation:
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rupture of the shell leads to mixing of the heated inner core fluid into the
superheated water to finally cross the potential energy barrier for vaporiza-
tion. This matches the observations of small cavitation bubbles emerging
from a single spot on the capsule shell, Fig. 14.2a. A direct comparison of
the model, Eq. 14.23, and the experimentally obtained radius-time curves
is plotted in Figs. 14.2c and d, where we indeed find excellent agreement.

14.4 Discussion

The results show that the biocompatible polymeric microcapsules can serve
as absorbers for laser-induced cavitation, localized both in space and time,
and which respond to both pulsed and CW laser irradiation. The physical
modeling of the vaporization process is in excellent agreement with the
experimental observations and shows the threshold step-control offered by
the system. The dye encapsulation offers easy tuning of the absorption
wavelength of the agent. The homogeneous bulk nucleation temperature of
water is known to be higher than the temperatures considered here. The
required energy rise to cross the potential barrier for phase conversion was
attributed to the flow of preheated oil into the superheated water. In the
case of microcapsules with a gas core, the surrounding water also undergoes
vaporization upon rupture, with the difference that the existing gas pocket
acts as a nucleation site by itself with a size larger than the critical nucleus
radius444–446, thereby initiating the vaporization process. The absence of
any sign of cavitation for dyed polymer solid spheres under similar laser
illumination conditions demonstrate the importance of the presence of a
liquid or a gas core.
The design of the capsules allows for the encapsulation of a payload in the

core, making them versatile agents for triggered release of drugs or genes. In
this preliminary design, the capsules are already activated at powers close
to those applied in the medical range, making them potentially powerful
contrast agents for combined drug delivery and photoacoustic imaging440.
For the suggested application of the CW laser, the sustained oscillations are
a result of the motion of the vapor bubble in and out of the laser beam. The
frequency of these oscillations will be governed by the Rayleigh-Plesset-type
dynamics of a gas microbubble, Eq. 14.23, with a resting radius and initial
bubble wall velocity that is directly coupled to the laser intensity and spot
size. Thus, changing the laser spot size while maintaining an incident laser
intensity above the threshold will change the frequency of the oscillations,
which can be monitored acoustically. The CW laser, in principle, restricts
the acoustic emission to the case of a single capsule. Nevertheless a high
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frequency modulation of the laser intensity would have a similar effect on the
activation of the capsules without the strong focusing requirement and this
will open up a wealth of promising opportunities for novel CW photoacoustic
modalities.
For medical imaging and therapeutic applications it is important that the

capsules are of a size around 100-200 nm to permit extravasation from leaky
tumor vasculature. We are investigating synthesis aspects to downsize the
capsules. It is expected that the production processes are closely similar,
barring a few differences in the dynamics of capsule formation. It is also
expected that similar levels of dye incorporation can be attained as in the
larger entities. The mechanisms developed in this work will be applicable to
the smaller capsules, and only for ultra-small structures below the critical
nucleation sizes will the model require a major overhaul.
We are also investigating methods to lower the laser-induced cavitation

threshold, to ensure that the applied laser fluence stays below the maximum
permissible exposures (MPE) for human tissue. One approach is to use
absorbers such as plasmonic nanoparticles with a larger absorption cross-
section than typical dyes447. Another promising approach is to use a core
of a low boiling point liquid, such as perfluorocarbons, encapsulated in a
polymer shell with a low melting temperature411. Such a system would
not be limited by the high boiling point of water and could present a more
stable response in diverse environments. An approach to further reduce the
cavitation threshold without modifications to the capsule, is to synchronize
laser light application with the creation of localized low pressures aided by
focused ultrasound448.
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15
Laser-activated microcapsules: three phase

theory and single capsule behavior

Precision control of vaporization, both in space and time, can be achieved
through the use of polymeric light absorbing microcapsules. Above the re-
quired energy threshold microcapsules containing a high boiling point oil can
vaporize the surrounding water upon irradiation by a laser beam. This leads
to the creation of a vapor bubble that emits a strong acoustic signature and
allows for detecting individually activated particles. Here we compare the
same type of laser activated particles to another one consisting of a low
melting point polymer and a low boiling point oil. The use of such oil re-
duces the energy required to achieve cavitation as the water no longer needs
to be vaporized. We compared the experimental result of ultra-high-speed
observations of the cavitation events to a three phase model that accounts
for the partial vaporization of both fluids. The convincing agreement will
open new possibilities for the optimization of such optically driven systems.

1to be submitted as: G. Lajoinie, M. Visscher, E. Blazejewski, G. Veldhuis and M.
Versluis, Laser-activated microcapsules: three phase theory and single capsule behavior.
(2015)
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15.1 Introduction

Cavitation is the violent growth and collapse of bubbles in a liquid. It can
be acoustically initiated when the stress induced in the liquid is higher than
the tensile strength of that liquid (140 MPa theoretically and often over
30 MPa experimentally343,449 for distilled water) and is then called homo-
geneous cavitation424,450. This limit lowers in inhomogeneous media, such
as a human body, and is used to define the limits for medical ultrasound.
Medical diagnostic ultrasound (frequency larger than 1 MHz) is thus lim-
ited in pressure to a higher limit defined by the so-called Mechanical Index
(MI). The MI is defined as the peak negative pressure (expressed in MPa)
divided by the square root of the frequency (expressed in MHz)

(
P/

√
fr
)

and has an upper limit of 1.9. This means at 1 MHz an upper limit of the
acoustic pressure of 1.9 MPa and at 10 MHz about 6 MPa. This definition
implicitly makes use of the fact that the cavitation threshold increases for
higher frequencies.
Cavitation is nonetheless regularly used in medical applications, e.g the

for kidney stones removal, under the appellation of therapeutic ultrasound.
In this case very high intensity ultrasound generated with peak negative
pressures between -40 and -150 MPa451,452. A new area in biomedical re-
search is using acoustic cavitation, controlled by interaction of diagnostic
ultrasound and microbubbles or nanoparticles. Examples include the use of
microbubbles for accelerating clot lysis (also called sonothrombolysis)239,
for enhancing drug, genes or virus delivery to tissues243,244,453 or for trig-
gering the phase-change of perfluorocarbon based agents325,365,370.
Cavitation in an homogeneous medium corresponds to a transition in the

phase diagram, distinct from the boiling (or vapor/liquid equilibrium) curve.
This curve is called the limit of superheat454–456 and shows a steep increase
as a function of temperature before joining the boiling curve at the critical
point454–456. This steep slope is the underlying reason for the high pressure
necessary for acoustically inducing cavitation. In this context, the role
cavitation agents is to pulls the superheat limit towards the boiling curve.
But this theory reveals that cavitation can also can be more easily achieved
with heat as the superheat limit does exceed the critical temperature.
As a consequence, laser induced cavitation mediated by absorbing agents

starts to be investigated for biological applications457. Light absorbers com-
bined with low boiling points perfluorocarbon oil were used in order to fur-
ther reduce the thermal energy required118 for the onset of cavitation. In
a previous paper123, we developed and studied light absorbing biocompat-
ible microcapsules both experimentally and theoretically. These capsules,
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upon laser irradiation, were shown to vaporize the surrounding water. In
the present paper, we developed a theoretical frame work for laser activated
microcapsules. We study different types of microparticles produced using
a new, high-throughput sieve technology. The first type of capsules is sim-
ilar to these studied in our previous paper123. A second type of capsules
was produced that encapsulate a low boiling point perfluoropentane oil in
their core. Finally, we fabricated a third type of particles, similar in con-
stitution to the perfluoropentane loaded capsules, but presenting an acorn
configuration411.

15.2 Theory

15.2.1 Momentum equation

In our previous study123, we have shown that the vaporization dynamics of
polymeric microcapsules encapsulating a high boiling point oil could be well
describe by a simple model coupling heat capacities, phase change enthalpy
and Rayleigh-Plesset momentum equation. This simplification implies that
both the compressible effects are not dominant in the bubble dynamics and
that the consumption of mass at the interface by vaporization/condensation
could be neglected owing to the high density difference between the vapor
phase and the liquid phase. In the present paper, we use the same principle,
but include the compressibility effects and drop several of the assumptions
made in the previous model in order to obtain a more rigorous and general
physical description. We thus start our description by the compressible
Rayleigh-Plesset equation as described by Prosperetti and Lezzi458:(

1− Ṙ

cl

)
RR̈+

3

2

(
1− Ṙ

3cl

)
Ṙ2

=
1

ρ

(
Pg − Patm +

(
t+

R

cl

)(
2σ

R
− 4µṘ

R

)
+

(
Ṙ

cl
Ṗg

))
.

(15.1)
Eq. 15.1 describe the dynamics of the water derived from the momentum
equation, leaving the expression of the gas pressure open. In the following,
the polymer is assumed not to influence the dynamics of the vapor/liquid
interface123.

15.2.2 Two phase system: high boiling point oil cores

Lets first consider a microcapsule that contains a high boiling point oil in
the core123. The vaporization temperature of the oil is assumed to be much
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Figure 15.1: Schematic representation of a time-step in the thermodynamic model
that describes the cavitation of microcapsules.

higher than that of water. It is thus assumed not to vaporize. The bubble
here consists then only of water vapor.

Description of the gas

The gas is assumed to be an ideal gas. We accept the small error that can
be made for it concerns only the dynamics relation of the gas state variables
and is thus of second order. The vapor/liquid equilibrium is determined by
a more precise Antoine law459:

Pg = 10
A− B

C+Tg , (15.2)

with Pg gas pressure, Tg gas temperature and constants A, B and C which
can be found in literature460.

Enthalpy of the open system

In order to evaluate the enthalpy using the thermodynamic principles, we
are bound to consider a closed system. Be thus look at a time interval
between t and t + ∆t where a layer of water of thickness dr vaporizes or
condensates as described in Fig. 15.1. Practically dr can assume a positive
sign during vaporization and a negative sign during condensation. between
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15. LASER-ACTIVATED MICROCAPSULES: THREE PHASE THEORY

these times, the system constituted of the vapor and the water that will
vaporize is close and the first principle of thermodynamics then writes:

∆h = Q(t+∆t)−Q(t) +W (t+∆t)−W (t), (15.3)

considering the heating and phase change,

∆h = h(t+∆t)− h(t) = (n+ dn)cpµ̃(Tg(t+∆t)− Tg(t)) + dnhvapµ̃,
(15.4)

with n the number of moles, dn the number of moles to vaporize within
dt (dn + n ≈ n), cp the specific heat of water, µ̃ the molar mass of water,
Tg the temperature of the gas and hvap vaporization enthalpy. Tg here is
considered homogeneous. Eq. 15.3 and Eq. 15.4 can be combined to obtain
the variation rate of the enthalpy:

dh

dt
= ncpµ̃Ṫg + ṅhvapµ̃ = Q̇+ Ẇ , (15.5)

with

Ẇ = −Pext
dV

dt
= −

(
Pg −

2σ

R
− 4µṘ

R

)
V̇ , (15.6)

with Pg gas pressure, σ surface tension and µ dynamic viscosity of the water.
The heat transfers can be written as:

Q̇ = Pi − Pl, (15.7)

where Pl is the loss of power through the vapor liquid interface and Pi is
the power given to the bubble by the hot polymer and can be described as
follows;

Heat input from the polymer

As intended by Eq. 15.7, the polymer is the only element able to give thermal
energy in order support the growth of the vapor bubble. This hypothesis
is supported by the low optical absorption of the diverse elements other
than the dye containing polymer. The polymer is heated by a laser pulse to
a temperature Tp0 instantly and homogeneously because if the micrometer
size of the capsules. At this scale, although the absorption coefficient of the
polymer is high, the extinction cannot exceed a couple percent at most123.
This heat is then transferred into the nucleus, increasing the pressure inside
the bubble. In order to keep the influence of the pressure-temperature
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dependency in the bubble, choice is made to change the description of the
heat diffused from the polymer as compared to our previous description.

Pi = Spλp
Tp − Tg

δp
, (15.8)

where Sp is the surface area of the polymer, λp is the thermal conductivity
of the polymer, Tp temperature of the polymer, Tg gas temperature and δp
is the thermal boundary layer in the polymer. Here, the spatial distribution
of the temperature within the polymer is simplified to allow for the more
precise description of the thermal interaction given by Eq. 15.8. We write
the thermal boundary layer thickness in the polymer:

1

δp (t)
=

1√
Dpt

+
2

ep
, (15.9)

where ep is the thickness of the polymer shell. This expression, similar to
that of a hot sphere, keeps the fast diffusion dynamics at short times and
the saturation of the thermal boundary layer thickness and long times.

Heat loss through the bubble wall

Pl present in Eq. 15.7 represent the power lost at the vapor liquid interface.
We write Pl using a general expression:

Pl = λw4πR
2(t)

Tg0 − Ti

δ(t)
, (15.10)

where λw is the thermal conductivity of the water, R the radius of the gas
bubble, Tg0 the temperature of the gas at t=0, Ti the temperature far away
from the bubble and δ(t) the thermal boundary layer thickness in the water
surrounding the microbubble. δ(t) gathers the influences of heat diffusion,
change in the geometry of system and condensation or vaporization. Its
expression will be derived in a following paragraph.

Differential equation on the gas temperature

Using Eqs. 15.5, 15.6, 15.7, 15.8 and 15.10 gives:

ncpµ̃Ṫg + ṅhvapµ̃ = Pi − Pl −

(
Pg −

2σ

R
− 4µṘ

R

)
V̇ . (15.11)

Using the ideal gas law

ṅ = n

(
Ṗg

Pg
+

V̇

V
− Ṫg

Tg

)
, (15.12)
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with Pg, pressure, V , volume, n, number of mole, Rg, the ideal gas constant
and Tg, temperature, the time derivative of n can be calculated. Ṗg in
Eq. 15.12 is given by the time derivative of the Antoine’s equation 15.2:

Ṗg =
ṪgPgln(10)B

(C + Tg)2
. (15.13)

Substituting Eqs. 15.12 and 15.13 in Eq. 15.11 leads to:

nµ̃Ṫg

(
cp +

hvapln(10)B

(C + Tg)2
− hvap

Tg

)
= Pi − Pl −

hvapnµ̃V̇

V
−

(
Pg −

2σ

R
− 4µṘ

R

)
V̇ . (15.14)

Rewriting Eq. 15.14 gives the first of the set of differential equations:

Ṫg =

(
Pi − Pl − hvapnµ̃V̇

V −
(
Pg − 2σ

R − 4µṘ
R

)
V̇
)

nµ̃
(
cp +

hvapln(10)B
(C+Tg)2

− hvap

Tg

) , (15.15)

where Pi is described by Eq. 15.8, Pl is described by Eq. 15.10, Pg is de-
scribed by Eq. 15.2 and the dynamics of R itself and Ṙ are given by the
Rayleigh-Plesset equation (Eq. 15.1).

Thermal boundary layer in the water

At his point, the thickness of thermal boundary layer in the water remains
to express. As mentioned above, δ is influenced by 3 factors. The volume
change of the bubbles in a spherical system redistribute the energy so that
at constant energy and without heat diffusion, the growth of the bubble will
thin the thermal boundary layer. Simultaneously, heat diffusion will add or
take some of the energy. Writing the energy difference in the time interval
dt by considering the volume corresponding to the boundary layer gives:

E(t+ dt)− E(t)

dt
= 2πR2cpρw∆T

(
δ(t+ dt)− δ(t)

dt

)
+ 4πRṘcpρw∆Tδ(t).

(15.16)

This energy difference also corresponds to the heat diffused during the time
due to the temperature gradient at the bubble wall interface:

E(t+ dt)− E(t)

dt
= 4πR2λw

∆T

δ
. (15.17)
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Eqs. 15.16 and 15.17 lead to a first expression for the growth rate of the
thermal boundary layer:

δ̇ =
2λw

ρwcpδ
− 2Ṙδ

R
. (15.18)

The expression, however, does not account for the effect of the condensa-
tion/vaporization. This term can be derived by looking at the vaporization
rate:

dV = 4πR2dr =
ṅµ̃

ρw
, (15.19)

with dV the volume of water concerned by the phase change, dr the thickness
of the vaporizing liquid layer, later written δ2, and ρw the density of the
water. Thus:

δ̇2 =
ṅµ̃

4πR2ρw
. (15.20)

The condensation and vaporization influences the growth rate of the bound-
ary layer so that Eq. 15.18 becomes:

δ̇ =
2λw

ρwcpδ
− 2Ṙδ

R
− ṅµ̃

4πρwR2
. (15.21)

Eq. 15.15, Eq. 15.1 and Eq. 15.21 give the set of coupled differential equa-
tions to solve.

15.2.3 three phase system

The above describes vaporization when only water is vaporized. When the
oil has a low boiling point the system becomes a three phase system and
the gas bubble will consist mostly of oil vapor (Fig .15.2).
Is this, the variation of enthalpy in the system becomes:

dh

dt
= Ṫg (nocpo µ̃o + nwcpw µ̃w) + ṅohvo µ̃o+ṅwhvw µ̃w

=Pi − Pl −

(
Pg −

2σ

R
− 4µṘ

R

)
V̇ ,

(15.22)

where no is the number of moles of oil vapor, nw the number of moles of
water vapor, cpo the specific heat of the oil, cpw the specific heat of the
water, µ̃o, the molar mass of the oil, µ̃w, the molar mass of the water,
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Figure 15.2: Schematic representation of a time-step in the thermodynamic model
that describes the vaporization of microcapsules with a lower boiling point core.

hvo vaporization enthalpy of oil and hvw vaporization enthalpy of water.
Rewriting Eq. 15.22 gives the following differential equation on Tg;

Ṫg =
Pi − Pl −

(
Pg − 2σ

R − 4µṘ
R

)
V̇ − ṅohvo µ̃o − ṅwhvw µ̃w

nocpo µ̃o + nwcpw µ̃w
, (15.23)

with Pi and Pl defined as in Eq. 15.8 and Eq. 15.10, and Pg is still the gas
pressure. Using the definition of the partial pressures:

Pg =
no

n
Po +

nw

n
Pw, (15.24)

and from the perfect gas law:

Ṗg =
1

n

(
noṖo + ṅoPo + nwṖw + ṅwPw − ṅPg

)
. (15.25)

The thermal boundary layer can be derived as previously with an additional
term describing the phase-change of the oil. The equation describing the
evolution of the thermal boundary layer in the three phase system thus
becomes;

δ̇ =
2λw

ρwcpδ
− 2Ṙδ

R
− ṅwµ̃w

4πρwR2
− ṅoµ̃o

4πρoR2
. (15.26)
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Case of an infinite oil supply

Moderate laser energies will lead to a partial vaporization of the oil that
then remains in equilibrium with its vapor. ṅ is therefore substituted by
ṅw + ṅo, using the ideal gas law and Antoine’s equation for. Antoine’s
equation is used to calculate Po and Pw and their time derivative. Thus:

ṅi = ni

(
V̇

V
+ Ṫg

(
ln(10)Bi

(Tg + Ci)2
− 1

Tg

))
, (15.27)

where i stands for the water, and o for the oil and:

Ṗg =

1

n

(
(Po − Pg)no

(
V̇

V
+ Ṫg

(
ln(10)Bo

(Tg + Co)2
− 1

Tg

))
+ noPoṪg

(
ln(10)Bo

(Tg + Co)2

)

+(Pw − Pg)

(
V̇

V
+ Ṫg

(
ln(10)Bw

(Tg + Cw)2
− 1

Tg

))
+ nwPwṪg

ln(10)Bw

(Tg + Cw)2

)
.

After rewriting:

Ṗg =
Ṫg

n

(
ln(10)Bono

(Tg + Co)2
(2Po − Pg) +

ln(10)Bwnw

(Tg + Cw)2
(2Pw − Pg)

+
no(Pg − Po) + nw(Pg − Pw)

Tg

)
+

V̇

V n
(no(Po − Pg) + nw(Pw − Pg)) .

(15.28)

Limited oil supply

In practice, the oil is contained in the capsule’s core and is therefore avail-
able in a limited amount. When the oil has fully vaporized, ṅo = 0 and
subsequently ṅ = ṅw. In this case Eq. 15.25 reduces to:

Ṗg =
1

n

(
noṖo + nwṖw + ṅwPw − ṅwPg

)
. (15.29)

The ideal gas law is then used to calculate the partial pressure of the oil
and derivative as the oil is no more in liquid/vapor equilibrium. Thus:

Ṗo = Ṫg
noRg

V
+

V̇

V 2
noRgTg, (15.30)
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and substituting ṅw, Ṗo and Ṗw in Eq. 15.29:

Ṗg =
Ṫg

n

(
ln(10)Bwnw

(Tg + Cw)2
(2Pw − Pg) +

noPo + nw(Pg − Pw)

Tg

)
+

V̇

V n
(noPo + nw(Pw − Pg)) . (15.31)

15.3 Materials and Methods

15.3.1 Materials

Sodium cholate hydrated, Polyvinyl alcohol (PVA), Poly(lactide-co-glycolide)
Resomer RG502, Poly(methyl methacrylate) (Mw 120,000), Hexadecane,
Sudan Red, Nile Red and Dichloromethane (ACS reagent) were purchased
from Sigma-Aldrich. PDLG 5002, PDLG 5004 and PDL 02 were pro-
vided by Purac. Perfluorohexane (PFH), Perfluoropentane (PFP) and 1-
Bromoperfluorooctane (PFOB) were purchased from Fluorochem (UK).
Tween 20 was purchased from VWR (The Netherlands).

15.3.2 Capsules productionmethods

Hexadecane-loaded PMMA microcapsules were prepared by a emulsion sol-
vent evaporation technique, using microsieve emulsification418. Prior to
emulsification, hexadecane, PMMA (Tg = 103°C) and dye were dissolved
in dichloromethane in order to achieve a final oil concentration of 2.15-
2.45% w/w and dye concentration of 0-4.85% w/w, for different formula-
tions.PGLA microcapsules containing perfluorocarbon oils are fabricated in
a similar way as the PMMA capsules. PLGA (Tg = 50°C) was dissolved into
dichloromethane along with perfluorocarbon oils and dye and placed in 20°C
bath to ensure the full miscibility of the oil in dichloromethane. Ultrapure
water containing an emulsifier (PVA 4% (w/w) or SC 1.5% (w/w)) main-
tained below 15°C was used as continuous phase. Acorn particles were also
produced with the same formulation than the PLGA-PFP capsules except
for a slightly higher molecular weight of the PLGA. The Acorn particles are
used to study the importance of the configuration of the particles. The solu-
tions were filtered through a 0.45µ m PTFE filter and emulsified through a
microsieve membrane (Nanomi B.V., The Netherlands) with uniform pores
along the surface. The emulsions were then spread into an aqueous solution
containing an emulsifier. This was left to stir at room temperature for at
least 3 h to evaporate the dichloromethane. The hardened microcapsules
were concentrated and washed repeatedly by using a vacuum filtration and
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using 0.05% w/w Tween 20 solution. Subsequently, the washed suspension
was stored at 4°C.

15.3.3 Particle characterization

Scanning Electron Microscopy (SEM) was performed using a JEOL JCM-
5000 (NeoScope) operating between 5 and 15 kV in high vacuum mode.
Particles were coated with NeoCoater MP-19020 NCTR. Before imaging,
particles were washed by filtration in order to remove the excess of surfactant
which can interfere and decrease the quality of the image.
A Beckman Coulter Counter (Multisizer 3) was used to determine the

particle size distribution (PSD). Data was recorded and statistically treated
by Multisizer™ 3.53 software. One aperture tube was used, 50 µm, suitable
for the microspheres which had to be analyzed. ISOTON® Diluent was used
as electrolyte.

15.3.4 Simulations

The high boiling point capsule has a PMMA, polymer shell with a thickness
of 600 nm, a hexadecane core and a radius of 3 µm, similar to our earlier
work123. The low boiling point core capsules are considered to have the
same dimensions for the simulation.
For low polymer temperatures, the nucleus cannot grow into a bubble due

to the high temperature/pressure of the nucleus that prevent the polymer
from diffusing heat into the bubble. This issue is numerically solved by
shielding the surface tension when the cavitation bubble is smaller than the
capsule core. This remark explains very well the experimental observation
that the capsules seem to ’open’ for the lowest laser energies123. This shield-
ing also makes the simulation result consistent when changing the size of
the initial nucleus (nucleation is not part of the proposed thermodynamic
model). This shielding does not influence the response to higher energy
activations in the simulations.
The integration of the differential equation in performed in Matlab® using

the stiff ODE solver 15s. The temperature of the polymer is set to vary from
308 to 673 K with increments of 5 K. This maximum temperature is taken
because water becomes supercritical above a temperature of 673 K. The
ratio of the inner to outer radius of the capsules is varied from 0.1 to 0.9
with increments of 0.1. Finally, the external radius was varied, from 100 nm
up to 10 µm, with varying increments.
The default values and the range of the parameters used in the simulation

are given in Table 15.1.
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Table 15.1: Default value and parameter range for simulations

Default value Parameter range
Ti 293 K 273 - 323 K
Rext 3 µm 100 nm - 10 µm
ratio (Rint

Rext
) 0.8 0.1-0.9

The acoustic signals emitted by the microcapsules were calculated from
the simulated radius-time curves and filtered with the measured reception
characteristic of our transducer to make experiments and simulations com-
parable.

15.3.5 Setup and experimental methods

A suspension of microcapsules is injected into an Opticell and a single mi-
crocapsule is located through a water-immersed objective (60×, NA=0.9
Olympus). The capsules are excited with an 8 ns laser pulse at a wavelength
of 532 nm (Quantel Evergreen 150 mJ). PMMA-Hexadecane capsules are
irradiated only once, since no further response was found at multiple exci-
tations. Resomer-PFP capsules and cups are both irradiated three times.
During the excitation of the capsules the response of the capsule is recorded.
Optical recording was done with the Brandaris 128, imaging at a speed of
10 million fps (128 images per recording; FOV 34×47 µm), the sample was
illuminated using a Xenon strobe light. The acoustics, PA response, were
recorded with a focused broadband 1 MHz US transducer (C302 Paname-
trics), see 15.3. The US signal was amplified using a pulse/receiver (Olym-
pus model 5077PR). Single capsules were located using a camera(Lumenera
LM 165M) and light source(KLed 2500, Schott), coupled through the Xenon
strobe light.
This experiment was performed at different laser energies to find the

threshold for vaporization and quantify the statistical behavior of the mi-
crocapsules.
The optical data is analyzed using Matlab® imaging processing . Through

thresholding the area of the capsule and the produced bubble are found. The
bubble and capsule are assumed to be spherical, allowing for calculation of
the radius from the area found by the threshold. From this a radius time
curve is obtained.
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15.4 Results

15.4.1 Theoretical model

Influence of initial room temperature, Ti

The initial room temperature was varied in the simulation from 273 K (0°C)
up to 323 K (50°C) with increments of 5 degrees. The external radius, Rext

is kept constant at 3 µm and the ratio of the internal shell radius to the
external shell radius is set to 0.8. The result of variation in the room tem-

Laser

Brandaris 128

dichroic

mirror
pused laser

ND

filter

US transducer

opticell with capsules

CCD

camera

Figure 15.3: Schematic overview ultra-high speed imaging setup.
Schematic of the ultra-high speed imaging setup, combining optical and acous-
tical system. The laser beam is focused through the microscope objective onto
a single microcapsule in the Opticell. The response is recorded using the Bran-
daris 128 camera at a speed of 10 to 15 million frames per second. The acoustical
response is recorded by a focused 1 MHz transducer.
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perature or initial temperature of the water bath on the cavitation process
is shown in Fig. 15.4. Increasing the room temperature Ti in the model has
a double effect. First this reduces the difference between the initial tem-
perature and the boiling temperature of the water and thus increases the
energy available for vaporization. A complementary effect is the reduction
of the temperature difference between the bubble and the water bath, hence
the heat loss by the bubble.
For the high boiling point oil cores of the PMMA-Hexadecane capsules

(Fig. 15.4a), the bubble size increases of about 10% with an increase of 50◦
of the room temperature. Since the vaporization enthalpy of the water is
high, this increase is mostly a consequence of the reduction of the energy
loss by heat diffusion.
The response of the low boiling point oil core Resomer-PFP capsule

(Fig. 15.4b) displays a steep increase when increasing the temperature of
the water bath as this temperature comes close to the boiling point of the
oil. For the highest temperature, the microcapsules response display a quasi
plateau. This capsule type is also expected, from the theoretical model, to
generate larger bubbles: 14 µm for the PMMA capsules versus 20 µm for
the Resomer capsules, and respond at lower temperatures: 380K for the
PMMA capsules versus 320K for the Resomer capsules.
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Figure 15.4: Varying initial temperatures in cavitation model. Maximum
bubble radius predicted by the model at different initial temperatures (273 to
323 K) for PMMA-Hexadecane (a) and Resomer-PFP (b) capsules, Rext=3 µm
and ratio=0.8.
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Figure 15.5: Varying ratios in the thermodynamics model. Maximum
bubble radius predicted by the model at different inner and outer radii ratios for
(a) PMMA-Hexadecane capsules and (b) Resomer-PFP, Ti=293 K and Rext=3 µm.

Influence of ratio Rint/Rext

Changing the ratio of the inner to outer radii changes the ratio of polymer
and oil that the capsules contains. The amount of polymer will influence the
amount of energy available for cavitation, since the volume of the polymer
will increase, see 15.8.
In the case of PMMA-Hexadecane (Fig. 15.5a) changing the ratio is not

expected to influence much the vaporization according to our thermody-
namic description. A drastic increase if the ratio Rint/Rext from 0.1 to 0.9
only reduces the diameter of the cavitation bubble by 25%. This counter-
intuitive behavior results from the combination of the high energy required
to vaporize water in combination with complex thermal exchanges.
In the case of Resomer-PFP capsules (Fig. 15.5b), change the ratio
Rint/Rext strongly affects the vaporization. For these capsules there is a

specific trend visible, after the first nucleation the maximum bubble radius
increases rapidly, then occurs a transition to a plateau before the occurrence
of a second fast increase in the size of the cavitation bubble as a function
of the initial polymer temperature. The first and third slopes are similar
for all curves, indicating bubble growth due to vaporization of the oil (first
slope) and the water, (third slope). The plateau is thus a transition regime.
The efficiency of this type of capsules first increases with the ratio Rint/Rext

owing to the increasing volume of oil available in the core for vaporization.
The efficiency then decreases due to the lack of energy stored in the polymer.
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15. LASER-ACTIVATED MICROCAPSULES: THREE PHASE THEORY

In conclusion, lower Rint/Rext ratios render the high boiling point oil
capsules more effective, though the effect is minimal. Low boiling point oil
capsules however, benefit from a good balance between the amount of oil
and polymer for the highest response, which seems to be around 0.7-0.8.
This roughly corresponds to the microcapsules fabricated for this study.

Influence of external radius, Rext

Similarly to varying the ratio Rint/Rext, changing the external radius will
influence both the energy available and the amount of oil available for va-
porization. To a lower extend, increasing Rext also increases the surface area
of the polymer, thus its capacity to exchange energy with the bubble in the
model. The later is however a quadratic effect whereas the firsts are volume
thus cubic effects. The results of the computation are shown in Fig. 15.6.
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Figure 15.6: Varying external radii in cavitation model. Maximum bubble
radius predicted by the model at different external radii for (a) PMMA-Hexadecane
and (b) Resomer-PFP, Ti=293 K and ratio=0.8.

As expected the response for both the PMMA-Hexadecane and the Resomer-
PFP capsules increases with the external radius. In the case of PMMA-
Hexadecane the response mostly saturates for capsules above 3 µm in radius
(Fig. 15.6a). For the Resomer-PFP capsules, the threshold for cavitation
is strongly influenced by the external radius (Fig. 15.6b). This could be
influenced by the surface tension shielding effect of the polymer shell in
the simulation (see Methods). The gain in the response of Resomer-PFP
capsules is lower when increasing the capsule radius above 35 µm. These
optima also correspond to the size of the capsules fabricated for this study:
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3 µm for PMMA-Hexadecane capsules and 2.5 µm for Resomer-PFP cap-
sules. These sizes are also similar to that of clinical ultrasound contrast
agents and are slow enough to circulate freely through the body.

15.4.2 Experimental vaporization dynamics

Fig .15.7, Fig .15.8, Fig .15.8 present typical radius time curves and cor-
responding acoustic waveforms for the Resomer-PFP capsules , PMMA-
Hexadecane capsules and Resomer-PFP cups, respectively. Each of these
particles demonstrated specificities in the response that we discuss qualita-
tively , then quantitatively in the following.
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Figure 15.7: Radius-time curves and waveforms, Resomer-PFP capsules.
Example responses of Resomer-PFP capsules where (a) the bubble disappear at
the end of the first high-speed recording. The same capsules responds less at each
following laser exposure. In b, the bubble detaches from the capsules, but remains
stable and show little response in the following laser irradiation. In each panel is
plotted the radius-times curves from which the pictures taken. Below the radius-
time curves are plotted the corresponding measured acoustic traces in the same
color.

Resomer-PFP capsules produce bubbles as large as 17 µm in radius, which
is in agreement with the theory. The threshold for activation of these cap-
sules is 38 mJ/cm2. If a bubble is produced there are three possibilities,
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15. LASER-ACTIVATED MICROCAPSULES: THREE PHASE THEORY

either it detaches from the capsule and dissolves, either it stays attached
to the capsules and retracts back into it, or it becomes a stable bubble
with a diameter of a few micrometers. In Fig. 15.7a an example is shown
where the bubble detaches and dissolves. The laser energy of this exposure
is 1204 mJ/cm2, at this energy the expansion of the bubble is so violent
that the polymer shell is torn apart, resulting in a greatly reduced response
in the second and third irradiations. In Fig 15.7b an example is displayed
where the bubble remains and reacts very mildly to the second and third
exposures.
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Figure 15.8: Radius-time curves and waveforms PMMA-Hexadecane
capsules. Example responses of PMMA-hexadecane capsules where (a) the cap-
sule forms an internal bubble and b, the capsule form an external bubble. In each
panel is plotted the radius-times curves from which the pictures taken. Below the
radius-time curves are plotted the corresponding measured acoustic traces in the
same color.

PMMA-Hexadecane capsules can produce two different types of bubbles,
an internal and an external bubble. In Fig. 15.8a an example is shown
of an internal bubble, a bubble is produced without breaking the polymer
shell. This may be enhanced by dye crystals in the polymer, locally in-
creasing the temperature in the polymer, causing depolymerization and gas
formation461. In Fig. 15.8b an external bubble is produced. Unlike the
Resomer-PFP capsules the PMMA-Hexadecane capsules never show oscil-
lations after bubble formation or remaining bubbles. Threshold for bubble
formation lies around 1200 mJ/cm2.
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Figure 15.9: Radius-time curves and waveforms Resomer-PFP cups. Ex-
ample responses of Resomer-PFP cups where (a) the cup forms a stable bubble that
remains attached to the polymer and displays a slowly decreasing response when
repeating the laser irradiation. In b, the cup shows an increase in response with
repeated laser irradiation. In each panel is plotted the radius-times curves from
which the pictures taken. Below the radius-time curves are plotted the correspond-
ing measured acoustic traces in the same color.

Resomer-PFP cups are different from capsules in the sense that their
polymer shell does not fully encapsulate the oil. Hence the polymer shell
does not have to be broken in order to form a bubble. Typical radius time
curves of Resomer-PFP cups are similar to Resomer-PFP capsules, shown
in Fig. 15.9. Fig .15.9a shows an attached remaining bubble, growing and
oscillating in exposure II and III. An example of increase in the response
radius with the number of exposures is shown in Fig. 15.9b. This occasional
effect is also observed with capsules. However, a decrease in response with
the number of exposures is more common.

15.4.3 Statistical behavior

The response of each type of microcapsule at each laser energy was recorded
multiple times before varying laser intensity in order to quantify the dispar-

268



15. LASER-ACTIVATED MICROCAPSULES: THREE PHASE THEORY

6-12.1
2.5-6

1-2.5
0.5-1

0-0.5

8-175-8
2.5-5

0.8-2.5
0-0.8

8-175-8
2.5-5

0.8-2.5
0-0.8

3808 mJ/cm2

3025 mJ/cm2

1909 mJ/cm2

1516 mJ/cm2

1204 mJ/cm2

240 mJ/cm2

120 mJ/cm2

96 mJ/cm2

60 mJ/cm2

38 mJ/cm2

12 mJ/cm2

Radius (µm)

3

10

5
1

1

3
2

2
4

2
1

1
6

19
10

2

PMMA Hx 5%

2
1

4

12

Resomer PFP

5

2

8

33

12

34

10

3

4
6

9
4

1

6
11

8

Radius (µm)

19

11

Resomer PFP cups

1
2

5

32

1010

Radius (µm)

5454
2

P
e

rc
e

n
ta

g
e

(%
)

0

50

100

0

50

100

0

50

100

0

50

100

0

50

100

0

50

100

0

50

100

a b c

Figure 15.10: Maximum bubble radius. Maximum bubble radius Resomer-
PFP, PMMA-Hexadecane and Resomer-PFP cups first laser shot for varying flu-
ences

ities in the responses of the capsules. This resulted in the response distri-
butions shown in Fig. 15.10. From Fig. 15.10b demonstrates that the inten-
sities required for the activation of a PMMA-Hexadecane capsule is much
higher than that of the Resomer-PFP capsules or cups whose responses are
shown in Fig. 15.10a and c. Resomer-PFP particles also produce statisti-
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cally larger bubbles. Resomer-PFP capsules show a narrower response range
as compared to compared to the cups.

Multiple activations

The Resomer-PFP microcapsules are irradiated three times to monitor the
evolution of the response. An example of capsules and cups exposed to the
same laser fluence is shown in Fig. 15.11. As already shown in Fig. 15.10,
in the first shot the capsules have a narrower response range than the cups.
This continues also after multiple exposures. During the second and third
exposure the bubble produced are smaller which is consistent with the de-
struction of the agent.
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Figure 15.11: Evolution over several laser pulses Resomer-PFP capsules
and cups. Maximum bubble radius Resomer-PFP capsules and cups compared at
same laser fluence, showing the evolution of the response over several laser pulses

15.4.4 Comparison to theoretical model

The theoretical model described above predicts the vaporization behavior
of the capsules. For the PMMA-Hexadecane capsules, it is assumed that
the produced bubble consists only of water vapor since the boiling point of
the Hexadecane is much higher (286 °C). The external radius and ratio are
based on the formulation used in the production. The dimensions and its
standard deviation are based on Coulter counter and SEM measurements.
For the Resomer-PFP capsules, the bubble produced consists partially of
water vapor and partially of PFP vapor. The boiling point of PFP is 29°C.
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Figure 15.12: Lifetime versus maximum bubble radius compared to the-
oretical model. Lifetime plotted as a function of maximum bubble radius and
compared to the theoretical model for (a) PMMA-hexadecane capsules and (b)
Resomer-PFP capsules. The theoretical predictions for the second include a par-
tial vaporization of the oil. The legend gives the experimental laser fluences in
mJ/cm2). The triangles represent capsules that contain 5% dye and the circles
represent capsules containing 3% dye.

In Fig. 15.12 the lifetime of the bubble is plotted as a function of the
maximum bubble radius for both the simulated data and the experimental
data. The lifetime is extracted from the experimental radius-time curve and
is defined as the time that the cavitation bubble exists, not including subse-
quent after-bounces. The relation between the maximum bubble radius and
its lifetime is independent of the dye concentration and capsule morphol-
ogy. The PMMA capsules (Fig .15.12a) show a very good agreement with
the experimental predictions. The grey area represents the variation in the
model predictions when accounting for the size distribution of the particles.
In Fig. 15.12a, a collection of data points present a significant maximum
bubble radius but no lifetime. These are the internal bubbles, as shown in
Fig. 15.8a, the bubble appears within the polymer shell where it is stable.
However, the theoretical model based on the experimental capsules proper-
ties predict a significantly longer lifetime for large bubbles when the core
of the capsule is filled with perfluoropentane. The simulation was repeated
with a reduced amount of oil in the core. Subsequently, the experimental
data here is nicely spread between the theoretical line obtained for a re-
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duction of the oil core of 0 to 60%. This can potentially be explained in 2
ways. First, the oil core fragments during the process and only a part of it is
in contact with the bubble and subsequently vaporize. Second, during the
fabrication process, not only PFP is encapsulated in the capsule, resulting
in PFP content lower than expected. The current data does not allow for
discriminating these phenomena.
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Figure 15.13: Lifetime as a function of center frequency compared to
theoretical model. Lifetime as a function of center frequency, and theoretical
prediction for (a) PMMA-hexadecane capsules and (b) Resomer-PFP capsules.
The theoretical predictions for the second include a partial vaporization of the
oil. The legend gives the experimental laser fluences in mJ/cm2). The triangles
represent capsules that contain 5% dye and the circles represent capsules containing
3% dye.

The center-frequency of the emitted acoustic signal is plotted against the
bubble lifetime in Fig. 15.13. This other aspect concerning the acoustic
capabilities of the particles is consistent with the conclusion and discussions
on Fig .15.12. This aspect is essential for the application targeted as is
allows for locating and imaging the microcapsules. The acoustic signature
is also the only parameter remotely accessible to quantify the activation of
the microcapsules.

15.4.5 Absorption coefficient

we have seen that the microcapsules, although very monodisperse in size
display a broad distribution in their responses. This phenomenon is inter-
preted as an effect of variations in the encapsulation efficiency of the dye
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in the polymer shell from one capsule to another. In order to quantify this
phenomenon, it is interesting to calculate a posteriori, from the experimen-
tal recordings supported by the proposed theory, the distribution of the
’apparent’ absorption coefficient of the capsules. This is performed here by
fitting a Weibull probability function to the data. This distribution was
arbitrarily chosen for its simplicity and asymmetry:

f(x; l, k) =
k

l

(x
l

)k−1
e−(x/l)k , (15.32)

where k>0 is the shape parameter and l>0 is the scale parameter. Using this
radius-probability distribution from Fig .15.10, and the radius-temperature
curve retrieved from the theoretical model, e.g. Figs .15.4, 15.5 and 15.6, a
temperature-probability distribution can be obtained. Subsequently the ab-
sorption coefficient can be estimated assuming an homogeneous absorption
within the polymer.

λ =
∆Tρcp

F
, (15.33)

with Cp the specific heat capacity, ∆T the temperature rise E, energy, λ,
the absorption coefficient and F , fluence Cp and ρ are known values, ρ is
1250 kg/m3 for Resomer and 1190 kg/m3 for PMMA. The fluence is fixed
for each distribution and the difference in temperature, ∆T , is found using
the theoretical model. The absorption coefficient and their 1/e width on
the left and right side of the peak is shown in Table 15.2.

Table 15.2: Absorption coefficient capsules derived from probability distributions

λ (cm-1) - 1
e (cm-1) + 1

e (cm-1)
Resomer-PFP capsules
(F=120 mJ/cm2) 1498 1133 1079
PMMA-Hexadecane
(F=3808 mJ/cm2) 77.56 28.29 39.69
Resomer-PFP cups
(F=240 mJ/cm2) 547.5 91.25 1490

Both Resomer-PFP capsules and PMMA-Hexadecane show a relatively
broad distribution in the absorption coefficient. Also the absorption coef-
ficient is much higher for the Resomer-PFP than for PMMA-Hexadecane,
which is in accordance with the difference in threshold seen in 15.10. Resomer-
PFP capsules show a narrower distribution.
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15.5 Discussion

The vaporization threshold, which can be found from 15.10, is significantly
lower for Resomer-PFP capsules than for PMMA-Hexadecane, at 38 mJ/cm2

and 1204 mJ/cm2 respectively. The threshold for PMMA-Hexadecane is ex-
pected to be higher, since water needs to be vaporized, which has a higher
boiling point than PFP. Also the polymer expectedly needs to melt in or-
der to create a nucleation site for the bubble123, Resomer melts around
50°C and PMMA melts at a temperature of 102°C. The thickness of both
polymer layers is similar, but also slightly thinner for the Resomer-PFP
capsules, 0.43 vs. 0.47 µm, for Resomer and PMMA respectively. Further-
more, from the optical measurements the Resomer-PFP capsules appeared
darker than the PMMA-Hexadecane capsules, suggesting the uptake of dye
is more efficient in the Resomer than in the PMMA. All these factors con-
tribute to the dramatic difference in activation threshold between the two
types of capsules. The nucleation process of these capsules exposed to a
continuous wave laser was previously explained123. The nucleation process
when exposed to a pulsed laser, however, is not yet fully understood owing
to the very short timescales involved. From experiments we found that the
polymer needs to melt in order for the cavitation to occur. Bubble growth
is governed by surface tension, inertia and vapor pressure462. The new in-
sights brought by the proposed model strongly hint that at low energy, the
capsule can also act as a cavity that protect the gas nucleus against surface
tension. This new consideration that would require further investigation.
When comparing the theoretical model to the experimental results the

contribution of PFP vapor to the gas bubble is shown to vary between 10%
and 60%. This result is unexpected and may be explained by the difference
in surface tension and interfacial tension between the two liquid phases the
bubble pinching off of the oil droplet, preventing the contact of the vapor
phase with the PFP. It therefore cannot vaporize any further. The precise
mechanisms involved also require further investigation. As a first conse-
quence, an average response curve was taken to calculate the absorption
distribution of the PFP capsules and cups. This error is unaccounted for in
the results.
The PMMA-Hexadecane capsules showed a substantial number of re-

sponses where there was an internal bubble formed. This effect was not
seen in the experiments performed by Lajoinie et.al.123, where the capsules
were made of crystalline PMMA. The capsules used in this study were made
with amorphous PMMA. Crystalline polymers are well organized and thus
melt uniformly, while an amorphous polymer first passes its glass transi-
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tion, where it first becomes deformable and rubberlike, then changes to a
viscous liquid463. The polymer shells of the PMMA-Hexadecane capsules
used in this study therefore will not melt homogeneously and may become
highly viscous and deformable, allowing for expansion as a result of bubble
formation. The amorphous character of the polymer facilitates the forma-
tion of internal bubbles, but does not explain how they are formed. This is
attributed to the depolymerization of the PMMA. When a polymer reaches
a ceiling temperature it starts to decompose into monomers. In PMMA the
onset temperature for degradation is ≈ 255°C. Gaseous products are formed
during the decomposition of PMMA, examples of products are methane,
ethene, CO and CO2

461. At higher temperatures a larger mass fraction of
the PMMA is decomposed to gas, 1.37 wt% and 42.26 wt% for 490°C and
590°C respectively461. High laser intensities are necessary for the nucleation
of the PMMA-Hexadecane capsules, therefore it is not unlikely that these
high temperatures needed for gas formation are reached. The accumulation
of dye may also locally create hot-spots, causing local depolymerization.
Since the highest temperatures in the polymer are reached closest to inner
radius, the gas most likely nucleates and forms a bubble on the inside of the
capsule.
The optical data shows a significant amount of remaining gas bubbles for

the Resomer-PFP capsules, mostly oscillating and reacting to the second
and third laser exposure. This suggest that there is some polymer with
dye still around the gas bubble, causing absorption of the laser light and
inducing vaporization/heating of the liquid/gas. In some videos the polymer
was also clearly visible. These remaining gas bubbles are highly interesting
for imaging purposes after the optical activation of the particles, effectively
making these agents multimodal agents. The average remaining bubble
size is around 3 µm radius. They thus have a resonance frequency well
within the medical ultrasound imaging range. The bubbles can be used
to visualize where the drug, carried in the oil core, is released and also
enhance the efficiency of the delivery through acoustic streaming464–466.
For the PMMA-Hexadecane capsules no remaining bubbles were visible in
the experiment.
As a control, and to rule out the influence of a possibly entrapped gas

bubble on the surface of the particles, we also irradiated a capsule sample
that was degassed for over an hour. These capsules responded no differently
than the native sample. We note as well the entrapment of gas on such a
smooth surface (as revealed by SEM) is unlikely.
Finally, choice was made here to treat the two configurations of PFP-

PLGA particles as a single entity in the simulation. More rigorously, the
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aspect ratio of the polymer (i.e. the thickness and surface area in the dif-
fusion equation). This simplification, however, impact very little on the
outcome of the numerical integration.

15.6 Conclusions

In this paper, we have studied experimentally and theoretically two formu-
lation and two configurations of light responsive microcapsules. In general,
the theory agrees well with the experimental data, although the PLGA-
PFP capsules seem to vaporize less perfluoropentane than expected. . As
expected, the capsules containing a high boiling point oil require a high
threshold for activation (∼1 J/cm2) whereas the capsules loaded with a low
boiling point oil display an activation threshold ∼30 time lower. We also
saw that the dynamics of the microbubbles generated by both capsules, at
their respective energy requirements, in influenced by the content of the
capsules but remain in the same range: in a nut shell, ∼10 µm bubbles
living ∼2.5 µs and emitting acoustics bursts with a center frequency of 0.5
to 1.5 MHz. These frequencies are perfectly relevant medically and the
pressure wave corresponding to a single event can readily be detected by a
standard single element transducer. This capsules thus show great promises
for molecular imaging with light.
The PMMA-Hexadecane microcapsules also displayed a behavior that was

not observed with the previous formulations123: they produce a bubble
within the shell. The polymer appears to have then passed its glass transi-
tion, leading to an over-damped dynamics that present little interest for our
applications. This effect can probably be limited by the use of crystalline
polymers. The signal from these events are nonetheless detectable.
Another specificity the PFP loaded microcapsule: they carry the fluid that

they mostly vaporize. This implies less interaction with the patient blood for
medical applications, which was an effect that we looked for here. However,
this can have obvious consequences regarding the capacity of these capsules
as drug carrier. A solution to this difficulty for drug delivery applications
would be to encapsulate a water in oil nano-emulsion.
Finally, the acorn configuration displayed, in general, a behavior that is

very similar to that of the capsule configuration. This is a crucial result
as this type of particles is much easier to fabricate, by contrast with the
microcapsules that require careful choice of the materials and methods. One
can expect this type of particles to offer a somewhat lower stability. This
is not supported by our experience as these capsules were still responsive
after storage over a couple of months in the fridge. This configuration
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could therefore become a more easy to handle alternative to the capsules
for medical applications.
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16
Laser-activated microparticles for

multimodal imaging: ultrasound and
photoacoustics

Upon pulsed laser irradiation, polymeric microparticles that contain a dye
and an oil droplet can create a cavitation bubble and subsequently emit a
strong acoustic wave. Depending on the choice made for the oil, these cap-
sules can also create a stable bubble. Here we investigate the applicability
of such particles for multimodal imaging with photoacoustics and ultrasound
and study the influence of the parameters, both from the suspension (con-
centration, particle type, dye load) and environmental (temperature). We
use for this purpose a combination of pulsed laser excitation and ultrasound
chirp probing.

1to be submitted as: G. Lajoinie, M. Visscher, E. Blazejewski, G. Veldhuis and M.
Versluis, Laser-activated microparticles for multimodal imaging: ultrasound and photoa-
coustics. (2015)
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16.1 Introduction

The scientific world has become more and more aware of the importance of
early detection and diagnosis in curing number of physical conditions, ge-
netic or acquired. Cancer is concerned in first place by this statement467–469,
owing to its impact on our healthcare systems and to the natural develop-
ment of the disease. Most cancer treated in an early stage offer good chances
of remission, but upon development of the tumor, the infiltration in the tis-
sues and the metastasis process drops dramatically the survival rate.
In the aspect of early detection, existing medical imaging modalities have

shown their limits both in detecting millimeter sized tumors and character-
izing this tumor. Subsequently, significant effort has been made for com-
bining the imaging capabilities of diverse technologies in a process called
multimodal imaging, with the aim of compensating the weaknesses of a
modality with another. For example, some have used MRI to obtain mor-
phological information and simultaneously used PET for the specificity of
its tracers470. Others have combined CT for the anatomical information
and MRI for the kinematic information471.
Multimodal imaging is often performed with the use of multimodal agents

that mediate the imaging capability of the different modalities and allow for
coupling most modalities. Barrefelt et al. for instance designed specifically
fabricated bubbles suitable for fluorescence and ultrasound imaging includ-
ing non-linear features472. Srinivas et al. developed multimodal nanoparti-
cles for combined MRI and fluorescence imaging in order to improve in-vivo
cell tracking473. Mou et al. designed an agent for combined MRI and pho-
toacoustics474. Recently, Liu et al. developed nanosheets that can be used
for CT, X-ray and photoacoustics475. The use of agents also makes possi-
ble more exotic combination such as magnetic particle imaging and optical
imaging476.
Amongst the possible combinations, Ultrasound and photoacoustic seem

to present some interest. Ultrasound offers a good resolution and a deep
penetration. It is safe, does not require ionizing radiations and it is the
cheapest and fastest modality. Photoacoustic on the other hand can correct
for the lack of specificity of ultrasound imaging using light absorption477.
Ultrasound and photoacoustic also require very similar equipment, making
them practically easy to combine. Multimodal ultrasound and photoacous-
tics was used for intravascular detection of vulnerable plaques478 or for
acoustically guided photoacoustic imaging in tumors297. Furthermore, us-
ing agents often makes this multi-modality suitable for targeted molecular
imaging475 with possibilities for therapeutic action297,475.
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In a previous study, we have investigated the response of single light ab-
sorbing microcapsules, monodisperse in size, using ultra-high-speed imag-
ing123. The capsules were made of a biocompatible polymer encapsulating
a high boiling point oil: hexadecane. We then showed that such micro-
capsules were able to vaporize the surrounding liquid, hereby creating a
cavitation bubble that could be as large as 5 times the initial size of the mi-
crocapsule. We also demonstrated that the subsequently emitted ultrasound
wave was strong enough to detect single events using a standard single ele-
ment transducer. Later, we have performed similar experiments on diverse
formulations, including a low boiling point loaded microcapsule that demon-
strated a lower activation threshold and was able to create stable bubble
from the cavitation event. We also showed that despite their monodisper-
sity, such capsules display significant variations in their response. In the
present paper, we thus focus on the statistical response of the same agents
by irradiating a suspension of them. This also allows us for studying and dis-
cussing the influence of different possible formulations: high-boiling -point
oil loaded capsules, low boiling-point loaded capsules and low-boiling point
loaded acorn particles. We also study the influence of the excitation and
environmental parameters. We then acoustically characterize the bubbles
created by the cavitation events, in the same conditions, as a function of the
insonation frequency and laser energy to conclude that such particles can be
powerful multimodal agents for combined photoacoustics and ultrasounds.

16.2 Materials and Methods

16.2.1 Materials

Gold nanospheres (20nm, 5.9.1011 to 7.2.1011 particles/ml) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Sodium cholate hydrated, Poly-
vinyl alcohol (PVA), Poly(lactide-co-glycolide) Resomer RG502, Poly(methyl
methacrylate) (Mw 120,000), Hexadecane, Sudan Red, Nile Red and dichlo-
romethane (ACS reagent) were purchased from Sigma-Aldrich. PDLG 5002,
PDLG 5004 and PDL 02 were provided by Purac. Perfluorohexane (PFH),
Perfluoropentane (PFP) and 1-Bromoperfluorooctane (PFOB) were pur-
chased from Fluorochem (UK). Tween 20 was purchased from VWR (The
Netherlands).

16.2.2 Capsules production

Hexadecane-loaded PMMA microcapsules were prepared by a emulsion sol-
vent evaporation technique, using microsieve emulsification418. Prior to
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emulsification, hexadecane, PMMA (Tg = 103°C) and dye were dissolved
in dichloromethane in order to achieve a final oil concentration of 2.15-
2.45% w/w and dye concentration of 0-4.85% w/w, for different formula-
tions.PGLA microcapsules containing perfluorocarbon oils are fabricated in
a similar way as the PMMA capsules. PLGA (Tg = 50°C) was dissolved into
dichloromethane along with perfluorocarbon oils and dye and placed in 20°C
bath to ensure the full miscibility of the oil in dichloromethane. Ultrapure
water containing an emulsifier (PVA 4% (w/w) or SC 1.5% (w/w)) main-
tained below 15°C was used as continuous phase. Acorn particles were also
produced with the same formulation than the PLGA-PFP capsules except
for a slightly higher molecular weight of the PLGA. The Acorn particles are
used to study the importance of the configuration of the particles. The solu-
tions were filtered through a 0.45 µm PTFE filter and emulsified through a
microsieve membrane (Nanomi B.V., The Netherlands) with uniform pores
along the surface. The emulsions were then spread into an aqueous solution
containing an emulsifier. This was left to stir at room temperature for at
least 3 h to evaporate the dichloromethane. The hardened microcapsules
were concentrated and washed repeatedly by using a vacuum filtration and
using 0.05% w/w Tween 20 solution. Subsequently, the washed suspension
was stored at 4°C.

16.2.3 Sample preparation

First, an arbitrary concentration of our gold nanospheres reference was cho-
sen in order to set the absorption of the solution to ∼0.07 cm-1. This
correspond to 10x dilution of the native sample. In order to get a fair com-
parison between the diverse agents investigated, first the concentration of
PMMA-hexadecane capsules suspension was set to match the extinction co-
efficient of our reference sample, which required a 40x dilution of the native
sample. Then, the concentration of the Resomer-PFP capsules suspension
was prepared to roughly match the concentration of the PMMA-hexadecane
capsules suspension, corresponding to a 20x dilution of the native sample.
The same dilution was applied to the acorn Resomer-PFP particles.

16.2.4 Setup

A schematic of the setup used for the experiment is displayed in Fig. 16.1a.
A sample holder containing the sample is placed in a temperature controlled
water bath. The intensity of the laser beam is regulated by a computer
controlled attenuator. The laser directly shines through the tank before
reaching a beam-damp. The samples are inserted into a home-made water-
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flow in
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glassacoustically
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Figure 16.1: Schematic of the experimental setup. a. Water tanks con-
taining the sample through which the laser is fired. The photoacoustic response
of the capsules in the sample is then recorded by a focused 1 MHz US transducer.
A heating element allows for controlling the temperature of the bath. b. Sample
holder is 10×10 mm squared and 30 mm high. The back is made out of PDMS,
the sides are in glass and the front is a piece of acoustically transparent OptiCell
membrane. The holder is tilted 40° to minimize the acoustic reflections during the
acoustic characterization and an inlet and outlet tube are inserted into the PDMS
to allow for a permanent refreshment of the sample.

tight sample holder represented in Fig. 16.1b. The sides are made of glass
to prevent any damage due to the laser irradiation. The back is made
out of PDMS that damps the wave passing through the sample during the
acoustic characterization and minimizes the acoustic reflections from the
sample onto the back plane for all measurements. The PDMS also allows
for easily inserting tubes in order to permanently infuse the sample into the
holder, ensuring the reproducibility of the measurement. The front plane
is made from an cut-out Opticell® membrane that is highly acoustically
transparent. The ensemble presents a 45◦ angle to the transducer also to
avoid interferences from acoustic reflections. The signals are recorded by a
oscilloscope(Tektronix DPO4034 Digital Phosphor) and automatically saved
by the computer. The experiment was computer-controlled and automatized
using Matlab®, the timing of all the elements was controlled using a pulse-
delay generator (BNC model 575).
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16.2.5 Photoacoustic measurements

The sample was irradiated using a 8 ns 532 nm pulsed laser (Quantel Ev-
ergreen 150 mJ). The laser spot was confined using a 1 mm diaphragm
ensuring constant laser spot size and homogeneous energy density. The
laser energy was controlled by a computer-controllable attenuator (Quantel
Evergreen). The photoacoustic signal was recorded by a focused 1 MHz
transducer(C302, Panametrics), after which the signal was amplified 25×
(Stanford Research Systems inc. model SR445A). For the measurements
performed at body temperature, the samples were preheated using a heat
bath(Medingen WB6). The suspension was circulated in a sample holder
(Fig. 16.1b) where it is constantly refreshed, ensuring the presence of new
capsules in the beam for each exposure. The suspension is irradiated with
a laser with fluence varying from 3.3 mJ/cm2 and 322 mJ/cm2. At every
fluence the laser was fired 10 times. The resulting photoacoustic response
is recorded with a focused broadband US transducer of 1 MHz(C302 Pana-
metrics (90% BW)).

16.2.6 Ultrasound characterization

For the acoustic characterization, after the activation of the capsules by the
pulsed laser beam, the transducer is used to transmit a chirp varying in
frequency from 0.3-2.3 MHz over 200 µs is sent by the transducer and the
echo is subsequently recorded. In order not to overlap with the travel time
of the acoustic wave, the chirp was cut into four segments, resulting in a
set of four chirps of 0.3-0.8, 0.8-1.3, 1.3-1.8 and 1.8-2.3 MHz respectively.
The routing of the signals (reception of the cavitation signal, emission of
the chirp and reception of the echo) was ensured by a in-house built high-
voltage/low-noise electronic switch. In order to monitor the evolution of
the bubbles over time this set of chirps was sent 8 times for each recording.
The chirp is linearly swept with a fixed amplitude479:

s = wsin

(
2πf0t+

πBWt2

T

)
, (16.1)

where f0 is the starting frequency, BW is the bandwidth of the chirp ,T is
the duration of the chirp and w is the amplitude. The chirp was generated
using an arbitrary waveform generator (Tabor Electronic 1000 MS/s). The
ultrasound chirp was sent using a focused 1 MHz transducer (C302 Pana-
metrics). The echo was recorded using the same focused 1 MHz transducer,
after which the signal was amplified 25× (Stanford Research Systems inc.
model SR445A).
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16.2.7 Data processing

The processing of the data was performed using Matlab®. The photoacous-
tic signals were the sum of 2 participation: the thermoelastic response of
an absorbing sample and the cavitation signal. The later is retrieved by
removing the linear part of the curve dominant at low laser energies. the
final curves displayed in this paper are obtained after averaging over the
10 recordings made per energy setting. Further, the response to the low-
est fluence, 3 mJ/cm2, was used to determine the noise level. To estimate
the pressures emitted and received during the acoustic characterization, the
transducer was calibrated separately using a needle hydrophone (0.2 mm,
precision acoustics, UK) for the emission, a reflection on a 2mm bead for
the shape of the reception characteristics and a flat metal plate for the
amplitude of the reception function.
In order to simulate the scattering of an acoustic wave by the stable

bubbles created by the cavitation events, the distribution obtained during
single capsules experiments were fitted to a Gaussian probability function.

16.3 Results: Photoacoustic response

16.3.1 Temporal response

Fig. 16.2 displays the temporal photoacoustic response for increasing flu-
ences for both the Resomer-PFP capsules and the PMMA-hexadecane cap-
sules. At low fluences PMMA-hexadecane and Resomer-PFP display similar
responses that is a bipolar pulse. At higher laser fluences the difference in
amplitude between the PMMA-hexadecane and Resomer-PFP becomes ap-
parent and as cavitation bubbles start to be produced, the response shifts
towards a tri-polar pulse. The third peak indicates the bubbles collapse and
is followed by low amplitude oscillations corresponding to the free oscilla-
tions of bubbles that did not fully collapse (disappear) after photoacoustic
activation. These oscillation appear above 184 mJ/cm2 for the PMMA-
hexadecane capsules and above 95 mJ/cm2 for Resomer-PFP capsules and
are more pronounced for the later (Fig. 16.2). The lower amplitude of the
third peak in the response the PFP-Resomer capsules in combination with
the strong secondary oscillations clearly indicate that the collapse of the
cavitation bubble is damped by the creation of a stable gas bubble.

16.3.2 Response amplitude

The average response amplitude for each energy setting is plotted in Fig. 16.3.
In the same figure is displayed the photoacoustic response of our negative
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Figure 16.2: Photoacoustic response. Temporal photoacoustic response of
PMMA-hexadecane capsules containing 5% dye (a) and Resomer-PFP capsules
containing 5% dye (b).

reference: ultra-clean water and that of the gold nanospheres. The response
of the gold nanospheres was mostly linear, resulting in a very low cavitation
signal. The signal to noise ratio of the gold nanoparticles sample was ∼20.
The PMMA-hexadecane capsules display a threshold around 175 mJ/cm2

after which their response jumps to 10 times that of the nanoparticles.
Expectedly, the low boiling point oil loaded particles (Resomer-PFP) dis-

play a cavitation signal that 4 to 5 times that of the hexadecane loaded
capsules. The cavitation threshold also appears lower for the cups than for
the capsules, respectively 50 mJ/cm2 and 100 mJ/cm2. We attribute this
difference to the different conformations of these 2 particles. Owing to their
acorn shape, the cups are not required to break open their shell123 and can
therefore respond at lower irradiation energy.
It was hypothesized that light absorbing microcapsules should display a

step response as a function of the laser energy123 as the nucleation mech-
anisms involve the melting of the surrounding polymer. This effect was
anticipated to be most useful to improve the localization of the capsules ac-
tivation in practice. It is obvious from Fig. 16.3 that the disparities between
the capsules are, in fact, sufficient to burry this effect and smooth out this
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Figure 16.3: Photoacoustic response for increasing fluence. Photoacous-
tic responses for PMMA-hexadecane capsules containing 5% dye, Resomer-PFP
particles containing 5% dye (capsules and cups), gold nanoparticles and ultra-pure
water. The thermolelastic contributions are removed.

step.
Furthermore, our previous observations on single capsules hinted for a

very high activation threshold for the hexadecane loaded microcapsules
(∼1J/cm2) while the size of the then created cavitation bubbles was com-
parable to the other formulations also studied here. Fig. 16.3 thus sug-
gests that the displayed data only shows the initial rise in the response of
the PMMA-hexadecane capsules (comparable to the interval 50mJ/cm2 to
100mJ/cm2 for the PFP loaded cups). The energies used here are therefore,
most likely, vaporizing only a fraction of the PMMA particles in the beam.

16.3.3 Influence of dye concentration

PMMA-hexadecane microcapsules could be produced with a capsule confor-
mation with three different dye concentrations: 0%, 3% and 5%. Assuming
a homogeneous light absorption within the polymer (small sizes):

E = λV F, (16.2)

with λ the absorption coefficient, which, in first approximation, is directly
proportional to the amount of dye, V, the volume of absorbing material,
and F, the laser fluence. The response of these three particles is shown in
Fig. 16.4 against the energy scaled by the dye concentration according to
Eq. 16.2.
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Figure 16.4: impact of the dye concentration on the cavitation. Photoa-
coustic response for increasing normalized laser energy. PMMA-hexadecane with
3% and 5% dye.

It is crucial for biomedical applications, including molecular imaging, to
make the capsules as responsive as possible, thus encapsulate as much dye
as possible. The agreement of the curves in Fig. 16.4 has therefore an
important implication: the encapsulation efficiency remains linear at least
up to 5% dye in the initial emulsion, which shows that the dye content
(already high) could be further increased.

16.3.4 Influence of the capsule concentration

In order to reflect on the collaborative aspect of the photoacoustic response,
the sample were diluted 2.8×. The response of the Hexadecane-filled cap-
sules drop by over 2 times (Fig. 16.5a), close to the expected difference.
The response of the PFP loaded microcapsules on the other hand drops by
only 15% (Fig. 16.5b), far from the expected 2.8 ratio. It is thus clear that
in this configuration, the Resomer-PFP capsules interact, which translate
in the saturation of the photoacoustic response.

16.3.5 Influence of the initial temperature

The experiment described in the previous paragraphs was repeated at body
temperature in order to evaluate the impact of an in-vivo temperature on
the capsules response. The result is display in Fig. 16.6. The response of
the PMMA-hexadecane capsules is slightly stronger, which is in line with
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Figure 16.5: influence of the capsule concentration on the photoacous-
tic response. Photoacoustic responses for increasing laser energy, for PMMA-
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Figure 16.6: Impact of the temperature. Photoacoustic response for increas-
ing laser energy for PMMA-hexadecane capsules (a) and Resomer-PFP capsules
(b) at 20°C and 37°C, thermal part of the response is removed.

the theoretical prediction. In a nutshell, the temperature increase lowers
the difference between the water vapor temperature and the temperature
of the surroundings. This in turns decreases the heat losses experienced by
the vapor bubble, allowing for it to grow larger. The reduction in threshold
(from 175 mJ/cm2 to 140 mJ/cm2) can be attributed to the reduction of
the temperature difference between the bath and the melting temperature
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of the polymer, that has to be reached in order to burst the capsules.
The response of the PFP loaded capsules changes significantly when in-

creasing the temperature of the bath to 37◦C. The response as a function
of the laser energy rapidly plateaus and in this agrees with the theoretical
predictions. However, the emitted signals are significantly lower at 20◦C
then at 37◦C. This observation can be linked to the saturation response of
these particles as discussed on the previous paragraph.

16.4 Results: Acoustic characterization

16.4.1 Bubbles produced by laser irradiation

In a previous study, we observed the response of single microcapsules using
ultra high-speed imaging. From this experimental data, we extracted the
probability for both producing a cavitation bubble and subsequently forming
a stable bubble for the PFP loaded capsules ,as shown in 16.7a. These
bubbles were observed to remain over hundreds of milliseconds. In order
for these bubble stabilize The probability for creating a stable bubble from
a cavitation bubble is higher for the Resomer-PFP capsules than for cups.
In Fig. 16.7b, the average size of the cavitation bubbles and of the resulting
stable bubbles are shown. Both sizes are smaller for the cups than for the
capsules. The average maximum size of the cavitation bubbles that lead
to stable bubbles is larger than the average cavitation bubble size (6.6 µm
versus 6.19 µm at 240 mJ/cm2). The existence of these bubbles cannot be
explained simply from the vaporization of the water or the oil as both should
re-condensate fully on a shorter timescale. The formation of these bubbles
thus involve the diffusion of gas from the surroundings that has to occur on
short timescales It is thus not surprising that larger cavitation bubbles are
more likely to create a stable bubble. The details of the process however
require further investigation. During the single capsules experiments, no
stable bubbles were produced by the Hexadecane loaded microcapsules.
The scattering of an acoustic wave by a free gas microbubble is well known

and well documented250. De Jong et al. (1993)480 have shown that the
scattering cross-section of an air bubble was 100 million times higher than
an rigid sphere of the same size, owing primarily to the compressibility of the
gas480, which allows for the system to resonate under ultrasound irradiation
at the right frequency481. This resonance frequency for a free bubble can be
derived from the Rayleigh-Plesset equation and is dependent on the inertia
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of the surrounding medium and on the size of the bubble196,482:

fr =
1

2πR0

√
1

ρ

(
3κP0 + (3κ− 1)

2σw
R0

)
, (16.3)

with fr the resonant frequency, R0 equilibrium radius of the bubble, P0

the ambient pressure, κ polytropic exponent of the gas, ρ the density of the
surrounding medium and σw is the surface tension of the water. A expression
neglecting the surface tension effects was already derived 80 years ago by
Minnaert196,250,481:

frR0 ≈ 3.3 MHz.µm. (16.4)

Therefore, from Fig. 16.7b, the bubble created by the cavitation events are
expected to resonate around 1 MHz. These bubbles will thus be probed by
a chirp sweeping the frequencies from 0.3 to 2.3 MHz, as described in the
methods.

16.4.2 Acoustic scattering by the created microbubbles

Non-collaborative collective pressure scattering

Using the Rayleigh-Plesset equation with radiation term the pressure re-
sponse of these bubbles can be calculated458,483;

1

ρ
(RR̈+

3

2
Ṙ2) = Pg (R, t)−P (t)−P0 −

R

cs

d

dt
Pg (R, t)− 4µṘ

R
− 2σ

R
, (16.5)
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where P (t) is the ultrasound driving pressure and cs the speed of sound in
the medium. Under the assumption that there is no bubble-bubble interac-
tion the grouped response can be calculated; The corresponding scattered
pressure in the incompressible fluid is obtained by changing the integration
limit in the Rayleigh-Plesset derivation:

Pscat (r, t) = ρ
R

r

(
RR̈+ 2Ṙ2

)
. (16.6)

Under the assumption that the density of bubbles is low, we neglect the
bubble-bubble interactions and the group response can be calculated as the
sum of the individual scatterers emissions:

Pr(F ) =

∫ R0=10

R0=0
Pe(R0)p(Ro)dR0, (16.7)

where Pr(F ) is the pressure received by the transducer, Pe(R0) is the pres-
sure emitted by a bubble of radius R0, p(R0) is the probability of having
a bubble of radius R0. Using the results of Fig. 16.7 and Eq. 16.5, 16.6
and 16.7, a pressure response map can be computed for frequencies of 0.3-
2.3 MHz and fluences of 3-322 mJ/cm2 (see Fig. 16.8a). We find back here
the expected 1 MHz center frequency.
Despite neglecting the bubble-bubble interactions, the simulated and ex-

perimental scatter map agree well. Both maps show a main response around
1 MHz, corresponding to a ∼3.3 µm radius bubble, estimated from Eq. 16.4.
The experimental data of Resomer-PFP cups also show a fundamental re-
sponse at 1.2 MHz and a threshold value that is comparable to the capsules.
The maximum pressure received by the transducer also compares with the
case of the cup ∼2 kPa.
PMMA-hexadecane microcapsules show very different results. First, the

pressure received is much lower, 0.4 kPa versus 2 kPa. Secondly, the center
frequency of the response is around 1.7 MHz while Resomer-PFP capsules
respond maximally around 1 MHz. Showing that the bubbles produced by
PMMA-hexadecane capsules are also much smaller (∼1.8 µm radius).

Samples comparison

The pulse-echo measurement was performed for Resomer-PFP capsules and
cups, PMMA-hexadecane, AuNP and ultra-pure water. Dye concentration,
initial temperature and suspension concentration were also varied.
The amplitude of the reference measurements with pure water and AuNP

stays at zero. PMMA-hexadecane capsules shows a slight increase from
this value from 175 mJ/cm2 onwards, which corresponds to the cavitation
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Figure 16.8: Scattered pressure map. Received pressure as a function of the
frequency and fluence for a: theoretical model prediction Resomer-PFP capsules,
b: experimental data for the Resomer-PFP capsules, c: the Resomer-PFP cups
and d: the PMMA-hexadecane capsules.
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Figure 16.9: Pulse-echo response versus fluence. Average pressure received,
for increasing fluence for PMMA-hexadecane capsules containing 5% dye, Resomer-
PFP capsules and cups containing 5% dye, AuNP and milli-Q.

threshold found in the previous section. Resomer-PFP capsules show a
threshold at 100 mJ/cm2, as was also found previously for cavitation, and
reaches a maximum average pressure of 1 kPa. Resomer-PFP cups show
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a noisy response up to 100 mJ/cm2. From there onwards it follows the
response of the capsules, reaching the same maximum value of about 1 kPa,
signifying that the bubbles created by the cup and by the capsules are
similar both in size (see Fig. 16.8) and in number (see Fig16.9).
In Fig. 16.3, the threshold of the cups was about 50 mJ/cm2 and the

strength of the response was higher than that of the capsules, especially at
lower fluences. This decrease in response strength may be explained by the
data in Fig. 16.7 showing that if the same laser energy is used, the probabil-
ity of producing a stable remaining bubble is much lower for Resomer-PFP
cups than for capsules, 33% and 67% respectively. Less bubbles will subse-
quently result in smaller echo response hereby compensating for the larger
photoacoustic response of the PFP-containing cups.

Influence of dye concentration

PMMA-hexadecane capsules produced with three different dye concentra-
tions, 0%, 3% and 5% were also compared here. The response is rescaled
to the dye concentration. As shown for the photoacoustic response, (see
Fig. 16.4), the photoacoustic response curves for the different concentra-
tions collapse when the energy is normalized to the dye concentration. The
same occurs for the pulse-echo data (see 16.10) indicating that at equal
amount of energy absorbed, these capsules produce similar stable bubbles.

Influence of initial temperature

As for the photoacoustic measurement, the scattering measurement was
reproduced at body temperature. The center frequency scattered by the
bubble created from the PMMA-hexadecane capsules shifts from 1.7 to
1.4 MHz at 37◦C (see Fig. 16.11a). As a result of the temperature in-
crease thus, the bubble size increases by ∼20%. 16.11b and 16.12b, show
the pressure map of the capsules at 37°C. The pressure received is lower
for Resomer PFP at 37°C than at 20°, 2 kPa and 1.2 kPa respectively, see
16.12b and 16.8c. PMMA-hexadecane shows the same maximum received
pressures. Fig. 16.12a shows the same representation of the evolution of the
pressure scattered by Resomer-PFP capsules as the temperature is raised
from 20◦C to 37◦C. Although the shift is less obvious then for the PMMA-
hexadecane capsules, the frequency that is the most strongly scattered shifts
from slightly over 1 MHz to 0.9 MHz.
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Figure 16.10: Pulse-echo response of PMMA-hexadecane capsules con-
taining 0%, 3% and 5% of dye. Pulse-echo measurement for increasing laser
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hexadecane capsules contain 0%, 3% and 5% dye.

For the Resomer-PFP capsules the trend of the response to plateau is
similar to that observed for the photoacoustic response (see Fig. 16.12 and
16.6). From 200mJ/cm2 onwards, the scattered pressure is lower at 37°C
than at 20°C. This observation supports the idea of a direct relation be-
tween the photoacoustic cavitation and the creation of stable bubbles for
low boiling point oil loaded particles.

Influence of the capsule concentration

In order to evaluate the importance of the interactions between the stably
oscillating bubbles, we measured the acoustic scattering from the diluted
suspension also used for the photoacoustic cavitation. The result is dis-
played in Fig. 16.14. For the Resomer-PFP capsules we find no significant
difference. Both threshold and maximum value are similar for both concen-
trations, 16.13b. The cavitation activity presented in Fig. 16.5 was observed
to slightly increase with the concentration. The frequency content of the
scattered pressure remains comparable between both concentrations (data
not shown) and comparable to the expected profile presented in Fig. 16.8a.
The bubble-bubble interactions are therefore weak.
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for different frequencies 20°C and 37°C b. Pressure response map 37°C c. Pulse-
echo response, average received pressure, for increasing fluence 20°C and 37°C.

16.5 Discussion

The results from the pulse-echo show similar trends to those of the pho-
toacoustic response. The strength of the photoacoustic response is thus
an indicator for the produced amount of stable bubbles. Some discussion
points, however, are to be noted. First, the Resomer-PFP cups showed a sig-
nificantly higher response and a lower threshold than the capsules, whereas
the strength of the ultrasound scattered is similar (see Fig. 16.3 and 16.9).
Looking at Fig. 16.7 the probability of obtaining a stable bubble from a cup
is much lower than for a capsule. Therefore and even though the photoa-
coustic response is higher for the cups, a similar amount of stable bubbles
can be expected in the sample. Second, in case of the PMMA-hexadecane
capsules tested at 37°C, we saw an increase in photoacoustic response as
compared to 20°C. The acoustic scattering on the other hand is similar
in both cases (Fig. 16.6 and 16.11). The increased PA response could be
caused by the generation of larger cavitation bubbles, leading to larger sta-
ble bubble, which correlates well with the scatter pressure map that shows
a shift from 1.7 to 1.4 MHz. The formation of larger stable bubbles can
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also be influenced by the reduced gas solubility in water as temperature
increases484–486. Despite the preheating, we cannot fully exclude a slight
supersaturation of the sample in dissolved gas. Finally, the influence of
the capsules concentration on the photoacoustic signal differs from its in-
fluence on the acoustics scattering, as depicted by Fig. 16.5 and 16.14. In
the Resomer-PFP capsules case both concentrations give similar backscatter
intensities despite a slightly higher photoacoustic emission at maximum con-
centration. Many physical aspects could play a role here, such as acoustic
shielding, bubble-bubble interactions both during cavitation and scattering
or gas depletion. These phenomena will in turn impact on the gas diffusion
process. The exploration of the specific problem however goes beyond the
scope of this study.
On a related topic, little harmonic generation were observed in the backscat-

tered signals. This surprising and interesting observation cannot be ex-
plained by the current data and would require direct optical observation.
Harmonics generation by microbubbles contrast agent has indeed become
crucial in modern practice.
The single-capsule experiments performed on PMMA-hexadecane cap-

sules showed limited response and no remaining stable bubbles. however,
the photoacoustic pulse showed a tri-polar response indicating bubble for-
mation at lower energies. We thus expect this emission to be produced by
a small amount of capsules with an increased absorption compared to the
average.
Bubble interaction in a cloud of bubbles is not a well studied phenomenon.

Most studies are based on the bubble-bubble interaction between two bub-
bles, where asymmetry, deformation and attraction are reported487. Inter-
actions between bubbles can be experienced up to a distance of 10 radii487,488.
It is not likely that the vaporization process observed here is influenced by
these interactions. Coalescence is also not to rule out487–489. Also, larger
bubbles were found to have more influence on smaller bubbles than vice
versa, enforcing their oscillation frequency on smaller bubbles for exam-
ple488. Bubble clouds collective oscillations were recorded before by Ohl
et.al.490. There are thus multiple bubble-bubble interaction effects which
enhance or decrease the received pressure signal. Strong interaction be-
tween the bubble reduce the maximum bubble radius and deform bubbles,
reducing the received response196. The collapse of a bubble can be triggered
by the collapse of surrounding bubbles. Collapsing clouds of bubbles have
been reported to release higher pressure then the sum of the same number
of single bubbles487,488,491.
A threefold dilution of the samples only resulted in a slight decrease in
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the response amplitude. This decrease in received pressure may be affected
by optical attenuation that we do not account for here.
In the present paper, we included little discuss on the process leading the

stabilization of the microbubbles. In term of purely thermal cavitation, the
bubbles should disappear within a few microseconds. The stabilization of
these bubbles here is due to gas diffusion that is known to be able to sta-
bilize a vaporizing PFP droplet under ultrasound exposure344. In case of
the PMMA-hexadecane capsules, the unexpected formation of stable bub-
bles could be enhanced by the depolymerization of the PMMA as observed
during ultra-high-speed experiments. The condensation of the PFP oil at
the interface could also play a role by reducing the surface tension and thus
the Laplace pressure that drives the bubble dissolution.

16.6 Conclusions
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Figure 16.14: Schematic response of polymeric capsules for multimodal
imaging.

The photoacoustic response of a suspension with Resomer-PFP particles
showed great promise for photoacoustic contrast enhancement with a thresh-
old within the medical approved limit. We have also showed that the dye
content of these capsules could be further increased to make these capsules
more responsive. PMMA-hexadecane capsules also showed a photoacoustic
response at a lower energy that was expected from previous experiments.
Their response remains however much lower than that of the other formu-
lation and they thus present less interest for biomedical applications.
The influence of the dye concentration, capsule concentration and sur-

rounding temperature were investigated. Dye concentration only influenced
the absorption coefficient of the capsule but did not affect the response.
The capsule concentration in suspension proved to have a high impact on
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the outcome of the measurement. Finally, the surrounding temperature was
shown to significantly affect the response of the Resomer-PFP capsules by,
unexpectedly lowering both the cavitation and scatter signals. .
The backscattered acoustic pressure of both Resomer-PFP cups and cap-

sules is significant, and reveals the presence of 3 µm gas bubbles. Threshold
value for both types is similar and lies below 100 mJ/cm2. The similar ul-
trasound scattering capabilities of both these sample results from the com-
bination of a higher cavitation activity and a lower probability of forming
stable bubbles from the cups. PMMA-hexadecane capsules also produced
some stable bubbles upon laser irradiation, with a radius of ∼1.8 µm. The
scattering capacity of this sample however is 5-6 times lower than that from
the Resomer-PFP particles.
To conclude, we have shown the light absorbing microcapsules could be

used as multimodal agents for photoacoustic and ultrasound imaging. the
response of the capsules to a laser pulse is expected to be strong enough
for molecular imaging purposes and can be advantageously combined with
ultrasound to increase to information carried by the contrast agents. These
first formulations of PFP loaded particles still present activations thresholds
that are on the high side of medical recommendation, but it is clear that
their reactivity can be greatly increased, making them promising for clinical
applications.
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17
Bubble-cell interactions with laser-activated

polymeric microcapsules

Polymeric microcapsules that are made light-absorbing by the addition of a
dye in their shell can generate cavitation microbubbles with spatiotemporal
control when irradiated by a pulsed laser. These particles less than 3 µm
in size can circulate through the body, bind to tissues and are expected to
be readily detected, even if a single cavitation bubble is produced. In this
paper, we study the impact of such cavitation bubbles on a cell monolayer
and quantify it in terms of cell poration and cell viability. Two capsules
formulations were used; the first one encapsulates a low boiling point oil and
induced less cell damage than the second that was loaded with a high boiling
point oil. We also report the generation of stable bubbles by the first capsule
formulation that completely absorb the cells in their close vicinity.

1to be submitted as: G. Lajoinie∗, T. van Rooij∗, I. Skachkov, E. Blazejewski, G.
Veldhuis, K. Kooiman, M. Versluis and N. de Jong Bubble-cell interactions with laser-
activated polymeric microcapsules., Photoacoustics (2015) (∗: equal contributors)
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17.1 Introduction

The echogenic power of microbubbles was discovered nearly 50 years ago,
by the accidental injection of small gas bubbles during an echocardiogram1.
These bubbles dissolved quickly, pushing research to focus on stabilizing
them73, which resulted in commercial microbubbles that made their way
to the clinic. Nowadays, microbubbles are still the most clinically relevant
ultrasound contrast agents. In the 90s, researchers started to report on
transfection of mammalian cells with genetic material and large fluorescent
molecules, mediated by ultrasound and microbubbles492,493. This effect
was termed sonoporation and is considered as one of the most promising
pathways for ultrasound-mediated drug delivery494.
Since these early investigations, extensive work has been done to under-

stand, control, and enhance the sonoporation effect. Microbubble coating
formulations have been continuously improved in order to increase stability,
working with the constraint of biocompatibility for the microbubble coat-
ing. This led to the currently commercialized ultrasound contrast agents
that consist of microbubbles which gas core is coated with a variety of formu-
lations consisting of phospholipids and emulsifiers495. Phospholipid-coated
research formulations have also been developed that can adhere to specific
biomarkers89. These biomarkers include angiogenic markers91 that are a
crucial sign of tumor malignancy, inflammation markers92,93, and also cell
types such as leukocytes90, involved in immune responses. These strate-
gies for microbubble functionalization allow for both ultrasound imaging on
the molecular level and localizing the potential therapeutic effects of the
bubbles within the target tissues. In order to enforce these expected ther-
apeutic effects, microbubbles have been developed that can also be loaded
with drugs95,96. These agents were shown to be efficient in vivo99, and ex-
tensive literature can be found that investigates the mechanisms by which
cells are transfected by microbubbles, using numerous experimental tech-
niques18,135,142,148,151,156,163. These studies clearly show that microbubble
oscillations are the source of cell poration and that stronger oscillations,
namely inertial cavitation, is very effective in porating cells385.
Cavitation can be mediated by microbubbles, but also by different types

of agents , e.g. polymer nanoparticles241 and microparticles103. In com-
parison to microbubbles, these agents offer longer stability, both during the
shelf life time and during in vivo circulation times. This increased circu-
lation time is crucial for the accumulation of the imaging or therapeutic
agent at the site, especially when targeted to a specific biomarker.105. Un-
like microbubbles that are confined to the blood pool, polymeric particles
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can be made small enough to extravasate into the interstitial tissue369. But
most importantly, polymeric microparticles offer an unprecedented versa-
tility. They can carry a large drug payload in their core, they can stably
entrap a multitude of elements such as metallic nanoparticles124, make use
of hydrolysis for gas generation122, or be shaped as a porous matrix121 to
be stable under sustained ultrasound exposure.
Next to the possibilities of polymeric particles for ultrasound applications,

these particles can also encapsulate dyes415 in their shell. These dyes can
absorb light, which opens up other options for imaging, such as photoa-
coustic imaging. In a previous study by the same authors, we investigated
the potential of this photoacoustic approach for medical application123, and
have shown that single polymeric capsules can be triggered by a laser, re-
sulting in a cavitation bubble. The strength of the measured ultrasound
signals were promising for molecular imaging applications. In a follow-up
study, we have investigated the effect of the capsule formulations on its
photoacoustic response128 and showed that encapsulating an oil with a low
boiling point (i.e. perfluoropentane) was a good approach to reduce the cav-
itation threshold of these light-absorbing particles below the FDA-approved
laser intensity limit. Until now, however, little is known on the biological
effects of such confined and controlled thermal cavitation events in the di-
rect vicinity of cells. More specifically, obvious concerns about cell viability
after triggering of the agents, the imaging versus the therapeutic windows,
local toxicity of the polymeric agents themselves, amongst others, need to
be addressed before these agents can be further developed for clinical use.
Here, we design an experiment to study the effects of laser-induced cav-

itation bubbles in vitro, created by two types of light-absorbing polymeric
microcapsules. The first type of capsules is loaded with a high boiling point
oil (hexadecane) and the second type contains a low boiling point oil (per-
fluoropentane). By means of ultra high-speed bright field imaging combined
with fluorescence imaging, we study the effects of these optically triggered
cavitation agents on human endothelial cells. We record the nanosecond
timescale dynamics of the cavitation bubbles in order to relate it to both
cell viability and cell poration. The uptake subsequent to cell poration is
quantified dynamically and shows a clear correlation with the size of the
generated cavitation bubbles.

17.2 Materials and Methods

17.2.1 Cell culture

Human umbilical vein endothelial cells (HUVEC) (C2519A, Lonza, Verviers,
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Belgium) were cultured in T75 flasks (353136, BD Falcon FisherScientific,
Breda, the Netherlands) in 10 mL EGM-2 medium (CC-3162, Lonza) in a
humidified incubator at 37◦C and 5% CO2. When > 95% confluence was
reached the cells were detached from the flask using trypsin in EDTA (CC-
5012, Lonza) and approx. 3 million cells were replated on one side of an
OptiCell® (Thermo Scientific, Nunc GmbH & Co, Wiesbaden, Germany) in
10 mL EGM-2 medium. Two days later the cells reached near 100% conflu-
ence and were ready to be used in the experimental setup.

17.2.2 Fluorescent staining

Calcein-AM (C3100MP, Molecular Probes, Life Technologies, Bleiswijk, the
Netherlands) was thawed and 50 µL dimethyl sulfoxide (DMSO, D5879,
Sigma-Aldrich) was added. After homogenizing, the mixture was diluted 5×
in PBS [-/-] (Dulbecco’s Phosphate-Buffered Saline 1x, 14190-094, Gibco,
Life Technologies,). Cells in the OptiCell were incubated (37◦C, 5% CO2)
with 20 µL of this diluted calcein-AM mixture for labeling of the cell mem-
brane 40 minutes prior to each experiment. During this incubation time
calcein-AM could cross the cellular membranes and be enzymatically con-
verted into calcein by live cells only. Just prior to each experiment 5 µL
Hoechst (H3570, Molecular Probes, Life Technologies) was added to the
OptiCell to label the nuclei of all cells, and 250 µL of propidium iodide (PI,
P4864, Sigma-Aldrich, Zwijndrecht, the Netherlands) was added to measure
disruption of the cell membrane. PI is membrane impermeable and can
therefore only enter a cell when the membrane integrity is compromised.

17.2.3 Capsule production

Hexadecane-loaded polymethylmethacrylate (PMMA, Sigma-Aldrich) mi-
crocapsules were prepared by a emulsion solvent evaporation technique, us-
ing microsieve emulsification418. Prior to emulsification, hexadecane (Sigma-
Aldrich), PMMA (Tg = 103°C, Mw 120,000, Sigma-Aldrich) and Sudan red
7B (Sigma-Aldrich) dye were dissolved in dichloromethane (Sigma-Aldrich)
in order to achieve a final oil concentration of 2.15-2.45% w/w and dye
concentration of 0-4.85% w/w, for different formulations. Poly(lactic-co-
glycolic acid) Resomer RG502 (PLGA) microcapsules (hereafter called Re-
somer) containing perfluoropentane oil were fabricated in a similar way
as the PMMA capsules. PLGA (Tg = 50°C, Purac) was dissolved into
dichloromethane along with perfluoropentane (Fluorochem, UK) and Su-
dan red 7B dye and placed in a 20°C bath to ensure full miscibility of the
oil in dichloromethane. Ultrapure water containing an emulsifier (polyvinyl
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alcohol 4% (w/w) or sodium cholate 1.5% (w/w)) maintained below 15°C
was used as continuous phase. The solutions were filtered through a 0.45 µm
PTFE filter and emulsified through a microsieve membrane (Nanomi B.V.,
The Netherlands) with uniform pores along the surface. The emulsions were
then spread into an aqueous solution containing the aforementioned emulsi-
fier. This was left to stir at room temperature for at least 3 h to evaporate
the dichloromethane. The hardened microcapsules were concentrated and
washed repeatedly by vacuum filtration and 0.05% w/w Tween 20 solution
(VWR, NL). Subsequently, the washed suspensions were stored at 4°C.

17.2.4 Experimental set-up

For visualization of the capsules and the cells, we used a fluorescence mi-
croscope (Olympus, Zoeterwoude, the Netherlands) equipped with a 20x
water immersed objective (Olympus, N.A=0.5) and a set of fluorescence
filters for the detection of propidium iodide (U-MWG2 filter, excitation
510-550/590nm, Olympus), Hoechst 33342 (U-MWU2 filter, excitation 330-
385/420nm, Olympus), and calcein-AM (U-MWIB2, 460-490/510 nm, Olym-
pus). The pulsed laser used for the excitation of the capsules (8 ns, 532 nm,
pulsed laser, Quantel Evergreen 150 mJ) was coupled directly through the
microscope onto the sample using a dichroic mirror. The intensity was ad-
justed using a combination of the internal settings of the laser, the setting
of a polarized attenuator, and a set of neutral density filters placed on the
path of the laser beam.
Two cameras were simultaneously used for imaging. The Brandaris 128

ultra high-speed camera160,161 was used to record the cavitation events at 10
million frames per second. These recordings were used to extract the radius-
time curves of the cavitation bubbles resulting from the laser irradiation.
Sufficient illumination was provided by a Xenon strobe lamp. This camera
was the master trigger of the setup. 20% of the light beam was routed toward
a Photron SA2 color high-speed camera by means of a beam splitter. This
camera was used for imaging in bright field and in fluorescence following a
procedure detailed below.
The OptiCell was placed into a 37◦C water bath. For the experiments

on Resomer-PFP capsules, the OptiCell was placed with the cells on the
bottom membrane, as the capsules sink. The PMMA-hexadecane capsules
float, so in these experiments the OptiCell was placed with the cells on the
top membrane to ensure close proximity of the capsules to the cells.
The photoacoustic signal was recorded by a focused 1 MHz transducer

(C302, Panametrics), after which the signal was amplified 5× (Stanford
Research Systems inc. model SR445A). The signals were recorded by a os-
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Figure 17.1: Setup and timing. a. Experimental setup comprising a tempera-
ture controlled bath in which the OptiCell® containing the cells and the capsules is
immersed. An Olympus microscope was used for excitation by the laser, bright field
recording were made using the Brandaris 128 ultra high-speed camera, and both
bright field and fluorescent images were recorded using a Photron SA2 high-speed
camera. A 1- MHz focused US transducer records the emitted acoustic pressures.
b. Timing scheme for the cell viability assays c. Timing scheme for the cell poration
experiments.

cilloscope (Tektronix DPO4034 Digital Phosphor) and automatically saved
by a computer using Matlab®. The main trigger sent by the Brandaris 128
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camera was received by a pulse-delay generator (BNC model 575) that in
turn controlled the timing of all the other elements.

17.2.5 Viability assays

For assessing cell viability and toxicity of the capsules over time, we per-
formed viability assays separate from the actual poration studies. A cus-
tom made grid was put on an Opticell with a confluent layer of HUVECs
to identify the same irradiated spot after incubation. 40 minutes prior
to the experiment 20 µL calcein-AM was added to the OptiCell, and just
prior to starting the experiment 350 µL Resomer-PFP capsules or 80 µL
PMMA-hexadecane capsules were added. Directly after laser irradiation,
the Brandaris 128 camera recorded the bubble dynamics in bright field and
the Photron SA2 camera was used to record the fluorescence signal from the
calcein (live cells) before and after activation. After the last recording the
OptiCell was left in the incubator for 3 hours to study long-term viability.
After this time had elapsed 250 µL PI and 5 µL Hoechst were added to the
OptiCell and fluorescence was recorded for calcein, Hoechst and PI at the
same activation spot as before.

17.2.6 Poration experiments

For the poration experiments 20 µL of calcein-AM were added 40 minutes
prior to the start of the experiment and left to incubate in the incubator.
Just prior to the measurements 5 µL Hoechst, 250 µL PI, and 350 µL of
Resomer-PFP capsules or 150 µL PMMA-hexadecane capsules were added
to the OptiCell. The OptiCell was placed in the set-up and after locat-
ing a region without dead cells (i.e. no PI uptake), the Photron camera
was used to record a Hoechst and calcein fluorescence recording set before.
Immediately after that the capsules were activated by the laser and their
dynamics was captured with the Brandaris 128 camera and PI uptake was
recorded using the Photron camera. The fluorescence PI recording lasted
for approximately 10 seconds after the Brandaris recordings were finished.
1-2 minutes after that, another PI fluorescence image set was recorded to
assess the uptake caused by the cavitation bubbles.

17.2.7 Data processing and analysis

Data processing was performed entirely in Matlab. The images captured
by the Photron camera had a larger field of view than those recorded by
the Brandaris 128 camera. Matching of both recordings was achieved by
a 2D cross-correlation method for each recording. The fluorescence images
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were then contrast enhanced to facilitate the analysis. Automatic count-
ing of the Hoechst stained nuclei (live and dead cells) and PI stained cells
(porated or dead cells) was achieved through Gaussian convolution filter-
ing, thresholding, and detection of the local image maxima. The capsules
were automatically counted using 2D cross-correlation with a capsule pro-
file. The radius-time curves were extracted from the Brandaris recordings
using a Matlab script developed in-house based on contrast compensation,
image equalization, 2D convolution filtering, background subtraction and lo-
cal thresholding. The pixel size was determined using a test target (USAF
1951, Thorlabs). The PI uptake curves were constructed by summing the
product of the pixel intensities of two consecutive frames and taking the
square root of the result as a method for noise reduction. The baseline was
removed before computing the square root of the data.

17.3 Cell viability

17.3.1 PMMA-hexadecane capsules (high boiling point core)

Normal cell death after the 3 hours incubation period of the sample was first
assessed in presence of the capsules, but without laser irradiation. These
controls (n=10) showed a viability of the cells over 96% defined as the num-
ber of live cells to total number of cells ratio, i.e, (number of Hoechst-stained
nuclei - number of cells showing PI uptake)/number of Hoechst-stained nu-
clei). The cell viability assays (n=29) were performed to assess whether
cavitation bubbles kill cells in their vicinity. The capsules tend to clus-
ter, which decreases their activation energy and increased the probability
of producing a cavitation bubble. This observation is primordial for in vivo
applications.
In Chap. 15, We have investigated the response of single capsules with

these formulations. The PMMA-hexadecane capsules, when activated dis-
played 2 types of response: cavitation bubble (termed ”external bubbles”)
on one hand and ”internal” bubbles on the other hand, where the PMMA
coating does not break open and the gas forms by depolymerization of the
shell on the inner side. Here we see that single floating capsules have a higher
probability of producing an internal bubbles. Before laser triggering, bright
field images showed the capsules floating below the cell layer (Fig. 17.2a)
and fluorescence recordings indicated the cells that were alive, due to the en-
zymatic conversion of calcein-AM into fluorescent calcein (Fig. 17.2b). This
example shows a confluent monolayer in which the white dashed ellipses
indicate the areas of interest. Upon activation, Brandaris ultra high-speed
recordings reveal the dynamics of the cavitation bubbles.
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Figure 17.2: Cell viability/PMMA-hexadecane capsules. a. Bright field
image of the cell monolayer with the capsules floating below them.b. Fluorescence
image of the calcein used to stain live cells before laser irradiation. c. Bright
field image where the cavitation bubbles are visible. d. Fluorescence image of the
calcein just after the cavitation events. The contours of the bubbles, extracted from
the Brandaris recording, are superimposed on the fluorescence image. The white
dashed ellipses, identical to those in (b), show the locations where the calcein is
depleted. e. Acoustic signal recorded during the cavitation. f. Radius-times curves
of the cavitation bubbles, corresponding to the contours in (d). g. Fluorescence
image showing the location of the Hoechst dye, staining all nuclei. The image was
recorded at the same location as (a)-(f) after re-incubation of the cells for 3 hours.
h. Corresponding fluorescence image of the PI dye that shows the dead cells.



Figure 17.2c shows several external bubbles, and one of the single floating
capsules, just above the right cavitation bubble shows an example of a small
internal bubble.
In fact, many of the PMMA-hexadecane capsules generated bubbles in-

side their shell, expectedly due to depolymerization of the shell at the high
temperatures reached locally (∼300◦C). These internal bubbles displayed
much softer dynamics and did not lead to significant poration or cell death
in any case, despite the high heat deposition. This suggest that the cells
themselves were not affected by locally high temperatures over a short time
(microseconds).
Calcein fluorescence recordings after activation reveal a decrease in signal

intensity due to the cavitation bubbles in the areas indicated by the ellip-
soids in Fig. 17.2. This decrease in signal is an indication of poration, as
calcein can only leave the cell when the membrane has lost its integrity.
The cavitation bubbles were relatively large; the smallest in the experi-
mental data was 6.5 µm in radius, whereas the largest was 31 µm. In the
example shown in Fig. 17.2, the radii ranged between 7.5 and 12.5 µm, and
the corresponding radius-time curves (Fig. 17.2d) show the cavitation bub-
ble that expanded, compressed and stopped oscillating, as confirmed by the
acoustic signal (Fig. 17.2e). In most experiments the bubbles had already
disappeared by the time the Brandaris recording was finished.
After the 3 hours incubation step the nuclei of the cells (Fig. 17.2f) and the

dead cells (Fig. 17.2g) were fluorescently stained and images were recorded
at the precise location where the activation took place.

17.3.2 Resomer-PFP capsules (low boiling point core)

Normal cell death after the re-incubation period of 3 hours was higher for
the Resomer-PFP capsules than for the PMMA-hexadecane loaded capsules.
Controls (n=8) showed a viability of the cells over 87%. Together with the
calcein recordings that did not show a fully confluent HUVEC monolayer,
this indicated that the sample was not in perfect condition. Cell viabil-
ity assays (n=37) showed less clustering of Resomer-PFP capsules than of
PMMA-hexadecane loaded capsules (Fig. 17.3a), but similarly sized bubbles
were formed (Fig. 17.3c, f); between 6.5 and 34 µm. Before and after laser
irradiation calcein fluorescence images were recorded and the white dashed
ellipsoids again indicate regions of interest, where calcein signal was depleted
(Fig. 17.3b, d). In contrast to the PMMA-hexadecane cavitation bubbles,
the Resomer-PFP bubbles were capable of not only depleting calcein signal,
but completely vanish or coat the remaining PFP bubble.
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Figure 17.3: Cell viability/Resomer-PFP capsules. a. bright field image
of the cell monolayer on which the capsules are sitting.b. Fluorescence image of
the calcein used to stain live cells before laser irradiation. c. bright field image
where the cavitation bubbles are visible. d. Fluorescence image of the calcein just
after cavitation. The bubbles contours, extracted from the Brandaris recording,
are superimposed on the fluorescence image. The white dashed ellipses, identical
to those in (b), show the locations where the calcein is depleted. e. Acoustic signal
recorded during the cavitation. f. Radius-times curves of the cavitation bubbles,
corresponding to the contours in (d). g. Fluorescence image showing the location
of the Hoechst dye, staining all nuclei. The image was recorded at the same location
as (a)-(f) after re-incubation of the cells for 3 hours. h. Corresponding fluorescence
image of the PI dye showing the dead cells.



Bubbles stabilization

As shown in Fig. 17.3d, after cavitation of the Resomer-PFP capsules, in-
duced by the laser irradiation, the calcein fluorescence recordings showed a
ring-shape of bright fluorescence signal surrounding the cavitation bubble.
The non-fluorescent calcein-AM molecule only becomes fluorescent when
taken up by a cell that enzymatically cleaves off the AM part. This means
that the fluorescence signal surrounding the PFP-vapor bubble comprises
calcein that has to originate from the inside of a cell. The molecular struc-
ture of calcein is amphiphilic; consists of both lipophilic ring-structures and
hydrophobic carboxyl groups and can thus adsorbe on the interface. Al-
though the calcein is the only component of the cell content that is visible
using this fluorescence filter, it is very likely that other cell contents, in par-
ticular the phospholipid bilayer, are constituting the coating of the micro-
bubble, since the cell disappeared completely. Interestingly, phospholipids
are the stabilizing agents used to stabilize commercial contrast agents. The
sizes of the cell-material-coated bubbles (n=44) ranged from 7.5 to 27 µm in
radius, measured within one minute after laser irradiation, see the obtained
size distribution in Fig. 17.4.
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Figure 17.4: Radii of cell-material-coated bubbles. Bar diagram showing
the size distribution of the cell-material-coated microbubbles that remained after
cavitation of the Resomer-PFP capsules.

Cavitation and cell death

Figure 17.3d shows that the PFP cavitation bubble exactly co-locates with
the spherical shape of the calcein fluorescent signal. The corresponding
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acoustic signal (Fig. 17.3e) and radius-time curve (Fig. 17.3f) of this PFP
cavitation bubble showed sustained oscillations after the laser had been
turned off. Fluorescence imaging after the 3 hours re-incubation period
showed the Hoechst and PI uptake of the cells. Due to the violent impact
of the PFP cavitation bubbles on the cells, the Hoechst and PI signal were,
however, not fully reliable. Some of the bubbles completely disrupted the
membrane and most likely also the nucleus, and it was therefore not always
possible to correlate a nucleus (Hoechst) to the location where a cell was
located before. This hindered the assessment of viability by the uptake of
PI.

17.4 Cell poration

17.4.1 PI influx

PMMA-hexadecane capsules (high boiling point core)

Figure 17.5 shows the result of a typical poration experiment realized with
PMMA-hexadecane microcapsules. The experiment is performed on a con-
fluent and healthy cell monolayer (Fig. 17.5a). In contrast to the cell via-
bility assay, the propidium iodide (PI) dye is injected in the sample before
triggering the cavitation events to monitor of the PI inflow dynamics. The
cavitation dynamics is also tracked (not shown). Immediately after the gen-
eration of the microbubbles by the laser pulse, the fluorescence intensity on
the PI channel is recorded at 50 frames per second over ∼10 s. From this we
extracted a time-intensity curve (see Methods). The curve corresponding
to the sample location in Fig. 17.5a is shown in Fig. 17.5b, where a clear
PI uptake can be seen. Example frames from the fluorescence recording
are shown in the two left frames of Fig. 17.5c, and the time points of these
frames correspond to the black dots in panel b. Another fluorescence im-
age, taken after ∼1 min is displayed in the same figure together with the
contours of the cavitation bubbles. The fluorescence intensity in Fig. 17.5c
clearly increases locally, and three cell nuclei become visible. The three
affected cells were in direct contact with the cavitation bubbles.
Similar time-intensity curves as shown in Fig. 17.5b were obtained for

the other recordings, of which only those were included that showed a pos-
itive uptake and without much motion artifacts due to vibrations. This
movement resulted in decorrelation between the two consecutive images
and made the resulting curve unreliable. We plotted a collection of 16 po-
ration curves in Fig. 17.6. The color of the curve shows the size of the
cavitation bubble, depending on the maximum bubble size in this poration
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Figure 17.5: Cell poration/PMMA-hexadecane capsules. a. Set of images
showing the situation before laser irradiation. The PI fluorescence (left panel)
shows that no dead cells were present in the field of view. The calcein fluorescence
(middle panel) shows the presence of live and functional cells, whose nuclei were
stained by the Hoechst dye (right panel). b. Poration curve showing the increase
in PI fluorescence intensity over time after irradiation by the pulsed laser. The
black-filled red circles represent the two first (from left) fluorescence images of (c).
c displays PI fluorescence pictures at three time points showing the uptake of PI
by two cells. The contours of the cavitation bubbles are superimposed on the last
fluorescence image.
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experiment. The smallest bubbles (5 µm radius) have a light yellow colored
curve, whereas the largest bubbles (45 µm radius) have a dark red colored
curve. Figure 17.6 shows a clear correlation: the larger bubbles induce a
faster poration of the cell, which is consistent with the creation of a larger
pore in the cell membrane.
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Figure 17.6: Dynamic PI uptake. Time-intensity curves of the PI signal
(n=16). The color of the curve is set according to the size of the cavitation bubble
(color bar) for the same experiment. The bubble size was measured from the
Brandaris 128 recordings.

Resomer-PFP capsules (low boiling point core)

The same experiment was performed on the Resomer-PFP microcapsules
and a typical example is depicted in Fig. 17.7. Figure 17.7a shows a healthy
monolayer on which the laser is fired at t=0. The cavitation bubble gener-
ated by the capsules upon laser irradiation is shown in Fig. 17.7b, next to
the corresponding radius-time curves (Fig. 17.7c). Similarly to Fig. 17.6c,
Fig. 17.7d shows the evolution of the PI fluorescence intensity as a conse-
quence of PI uptake by the cells that were porated. The affected cells are
also in direct contact with a cavitation event. As previously observed during
the viability experiments, the bubbles created by the Resomer-PFP capsules
do not collapse but remain on top of the cells. The bubbles then grow slowly
over the few seconds used to record the PI uptake (see Fig. 17.7d). This
growth and the partial obstruction of the PI signal by the bubbles prevents
extracting reliable poration curves. An example of this obstruction, and the
false positive PI signal from the core of this bubble is shown in the middle
frame of Fig. 17.7d. The fact that the bubbles do not float up suggest that
they adhere to the underlying cell layer. This observation is consistent with
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the one made earlier in the viability assay with the same capsules.
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Figure 17.7: Cell poration/Resomer-PFP capsules. a. Set of images show-
ing the situation before laser irradiation. The PI fluorescence (left panel) shows
that no dead cells were present in the field of view. The calcein fluorescence (middle
panel) shows the presence of live and functional cells, whose nuclei were stained by
the Hoechst dye (right panel). b. Corresponding frame of the high-speed record-
ing showing the cavitation bubbles created upon irradiation by the pulse laser. c.
Radius-time curves of the bubbles visible in (b). d. PI fluorescence pictures at
three times points showing the uptake of PI by two cells. The contours of the
cavitation bubbles are superimposed on the last fluorescence image.
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17.4.2 Comparison of the formulations: PMMA-hexadecane vs
Resomer-PFP

A summary of the killed and porated cells is shown in Fig. 17.8a for the
PMMA-hexadecane capsules and Fig. 17.8b for the Resomer-PFP capsules.
At equal bubble size, hexadecane-loaded capsules affected ∼50% more cells
than the PFP-loaded capsules. This can be explained by the differences in
the activation processes between both capsule types. The PMMA-hexadecane
capsules vaporize the surrounding water, which is in direct contact with the
cell membrane. In contrast, the Resomer-PFP capsules vaporized preferen-
tially the low boiling point oil located within their core. Also because of
these conformation differences, the vaporization of the water by the PMMA-
hexadecane capsules is more violent than that of the Resomer-PFP cap-
sules128. In addition, the laser energy required to generate a water vapor
bubble is higher than for a perfluoropentane bubble of the same size. The
heat deposited in the system is thus higher and this thermal shock may
induce a higher cell death and poration. We note here that the largest bub-
bles cannot be accurately sized as they often expanded beyond the field of
view of the Brandaris 128 camera.
For both types of capsules more cells were affected by the cavitation bub-

ble when it was larger. The probability of porating or killing cells here
can be larger than 1 (or 100%), meaning that each bubble porates or kills
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several cells. In both cases, the smallest bubbles (∼5 µm radius) already
induce poration or cell death in ∼40% of the cases. This number gradually
rises to ∼110% for the largest bubbles created from Resomer-PFP capsules
(∼35 µm radius) and to ∼150-200% for the PMMA-hexadecane capsules.
The absence of obvious differences between the number of cells that were

killed and the number of cells that was porated suggests that cells cannot
survive direct contact with one of these cavitation bubbles. The data dis-
played in Figs. 17.8a and b, however, originate from different experimental
sets and do not relate one to one. It is therefore not evident that all porated
cells have actually died.

17.5 Discussion

The presence of a membrane has been shown to impact significantly the
behavior of an acoustically driven bubble39–41 and the poration efficacy32.
The position of the cells and bubbles relative to the propagation direction
of the acoustic wave also changed the outcome of sonoporation experiments
due to the influence of radiation forces. Here the bubbles do not experience
acoustic driving, so that the effects are expectedly different. To rephrase,
the thermal cavitation bubbles generate their own acoustic field and do not
need to interact with an imposed one. here, we did not evaluate the impact
of the membrane on a single cavitation event and subsequent cell death
and/or poration.
The experimental samples we studied were not all in the same initial

condition. As already discussed briefly (Results section), the controls for
the Resomer-PFP viability assay showed more cell death and a less con-
fluent monolayer than the other samples. This consequently hindered the
quantification of dead cells per bubble, as we had more dead cells from the
start (indication of bad condition). Secondly, because the monolayer was
not fully confluent, we also observed some regions with less cells; cavitation
bubbles in a region without cells cannot kill cells. Due to these observations,
the error in the assessment of cell viability for the Resomer-PFP capsules
is expected to be higher than for the other experiments.
In this paper, we related the bubble-cell interactions to the maximum size

of the created cavitation bubble, as a measure for its poration capability.
The laser energy required by the PMMA-hexadecane microcapsules is, how-
ever, much higher than that necessary for generating cavitation from the
Resomer-PFP capsules. As a consequence, the energies used for the first
type of capsules are far beyond the medical FDA limit. We verified that
the laser energy alone was not sufficient to directly kill cells, but it might
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slightly influence the result of the viability assay. Thus, the heat deposited
is also higher for the PMMA-hexadecane, which could affect the cells.

17.6 Conclusions

In this paper, we have studied the effect of laser-induced cavitation me-
diated by polymeric microcapsules on human endothelial cells. Cavitation
was mediated by two distinct types of light-absorbing polymeric microcap-
sules. A first formulation contained a high-boiling point oil (hexadecane)
and showed 50% more impact on the cell monolayer than the second for-
mulation containing a low boiling point oil (perfluoropentane). Chances of
poration and/or killing cells directly in contact with the smallest cavitation
bubbles was already around 40%. The larger bubbles were able to porate
multiple cells. No significant difference was seen between the proportion of
porated cells and the proportion of cells killed by the cavitation. Interest-
ingly, bubbles created by the Resomer-PFP microcapsules did not disappear
but slowly grew to stabilize at an average radius of 20 µm. These large bub-
bles can present risks when used in vivo, but could on the other hand also
be used for embolotherapy applications or for the monitoring of the thera-
peutic effect of the cavitation bubbles using low frequency ultrasound. The
strong effect of even the smallest bubbles suggests that efficient cell poration
could also be achieved with similar, but smaller particles than those investi-
gated here. We now used microcapsules, but the use of nanoparticles could
result in additional advantages. These smaller capsules could extravasate
and still produce cavitation bubbles. Thus, although these bubbles will be
smaller, they may still be of therapeutic benefit. The effect of cavitation
further away from the cell membrane, i.e. in the lumen of a blood vessel,
or near a multi-layer of cells (i.e. soft tissue) might be different from the
results presented here. As we know, these in vitro experiments do not repre-
sent the actual clinical setting, but the present observations will be crucial
for apprehending the potential of these types of laser-activated therapeutic
agents for clinical use.
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18
Non-gaseous perfluorocarbon nanoparticles

for in vivo ultrasound, 19F MRI and
fluorescence imaging

In vivo imaging, typically MRI and PET, plays a vital role in the devel-
opment and optimization of personalized medicine, including cellular and
targeted therapeutics. Despite being the most widely used clinical imag-
ing modality, such use of ultrasound has been severely limited. Here we
describe a contrast agent that consists of a biocompatible polymer, liquid
perfluorocarbon and soluble metal chelate for multimodal imaging, including
ultrasound, 19F MRI and fluorescence imaging. Importantly, we show that
acoustic contrast generation does not involve vaporization of the perfluoro-
carbon, and the agent is indefinitely echogenic. The contrast achieved is 2
orders of magnitude higher than with conventional bubbles of the same size.
We demonstrate their use in vivo, and expect this technology to allow the
application of ultrasound to a wide array of modern clinical and preclini-
cal research, including cell tracking. Finally, the particles are suitable for
clinical use.

1under review as: M. Srinivas, G. Lajoinie, L.J. Cruz, Y. Dolen, A. Heerschap, M.
Versluis, C. L. de Korte, C. G. Figdor and I.J.M. de Vries Non-gaseous perfluorocarbon
nanoparticles for in vivo ultrasound, 19F MRI and fluorescence imaging., Nature Nan-
otechnology (2015)
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18.1 Introduction

In vivo imaging plays a vital role in the development and optimization of
nanomedical technology, including medical devices, and cellular and tar-
geted therapeutics496. Despite being the most widely-used clinical imag-
ing modality, such use of ultrasound (US) is severely limited, largely due
to the inherent limitations of conventional microbubble agents. Here, we
describe polymeric nanoparticles, with a non-gaseous perfluorocarbon and
soluble metal chelate for multimodal imaging with US, 19F magnetic res-
onance imaging (MRI) and fluorescence, suitable for clinical use. These
nanoparticles (200 nm) are indefinitely echogenic; but the exact mechanism
of contrast generation remains obscure. We applied US, fluorescence and
19F MRI to track migratory therapeutic cells in vivo, as an example of one
in vivo application in this proof-of-concept paper. We expect this technol-
ogy will expand the application of US to a wide array of modern clinical
and preclinical imaging applications, including targeted molecular imaging
and drug delivery.
Imaging modalities, such as MRI, single photon emission computed to-

mography (SPECT) and positron emission tomography (PET) are key play-
ers in personalized medicine applications due to their noninvasive nature.
However, these imaging techniques are expensive, logistically difficult and
can involve ionizing radiation, all of which hinder their longitudinal and
frequent use. Ultrasound (US) does not suffer from these complexities and
is already the most widespread and cost-effective clinical imaging modality;
it can be used at the bedside, at frequent time intervals, and in real-time.
US has, so far, been largely unsuitable for applications such as longitu-

dinal cell tracking due to the absence of a stable ultrasound contrast agent
(UCA) to differentiate regions of interest from tissue background, the main
problem being that current clinically approved UCAs typically have active
lifetimes in the order of minutes in vivo316. Clinically, UCAs are generally
used for short-term blood pool contrast. These micron-sized agents consist
of stabilized microbubbles with a compressible gas core, essential for acous-
tic contrast. The large acoustic impedance mismatch between the gas and
surrounding liquid results in detectable contrast, particularly at the reso-
nance frequency of the agent. Bubbles, however, dissolve through loss of
their gaseous component, which can occur in a time frame of microseconds,
by acoustic destruction, to minutes, by diffusion, or short circulatory life-
times. When driven at high acoustic pressures, violent bubble oscillations
and bubble destruction can also lead to local microvasculature ruptures and
hemolysis497. At low pressures, however, sensitivity is limited. For all these
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reasons, particularly the short active lifetimes, current microbubbles are
not relevant to applications such as cell tracking. Thus there has been great
interest in the development of novel UCAs, such as carbon nanotubes and
silica or gold nanoparticles, all of which are solid and also generate con-
trast relative to tissues498–500. However, the long retention times of these
agents in vivo and the potential for release of heavy metals501 restricts in
vivo preclinical, and particularly clinical, applicability502. Liquid perfluo-
rocarbon (PFC) droplets, typically over 500 nm in diameter, that generate
contrast when aggregated503,504 or when vaporized have also been stud-
ied116,344,370,505,506, although these suffer from many of the same limitations
as microbubbles as they are also �single use� agents. In general, liquid PFCs
are known to generate poor ultrasound contrast507 unless vaporized301,365

to gaseous form.
The nanoparticles described in this paper consist of a high boiling point

liquid PFC, entrapped in a poly(lactic-co-glycolic acid) (PLGA) polymer508.
We focused on nanoparticles containing perfluoro-15-crown-5-ether (PFCE)
and gadoteridol (a soluble Gd chelate used as a clinical MRI contrast agent;
Prohance®, Bracco Imaging) as this combination resulted in the best con-
trast for US and 19F MRI509. Figure 1a shows energy-dispersive X-ray
spectroscopy data (EDX). Gd appears to be distributed throughout the
core, while PFCE seems more concentrated along the periphery, although
still within the PLGA polymer. At a size of 200 nm, the nanoparticles
are small enough to leave the circulation- a major advantage over current
microbubble agents. We also found that addition of the soluble Gd chelate
enhances the US contrast.

18.2 Materials and Methods

18.2.1 Particle synthesis

Particles were made as described previously473, with the addition of gado-
teridol from Prohance® (Bracco Imaging Europe, Amsterdam). PLGA
nanoparticles with entrapped perfluorocarbon alone or in combination with
gadoteridol and a fluorescent dye, IC-Green® (Akorn Inc, IL, USA) were
prepared using an o/w emulsion and solvent evaporation�extraction method
as was described before. Briefly, 180 mg of PLGA (Resomer RG 502 H, lac-
tide: glycolide molar ratio 48:52 to 52:48; Boehringer Ingelheim, Germany)
in 6mL of dichloromethane containing, 1800 µL PFCE (Exfluor Inc, Texas
USA), or 460 µL PFO (Perfluoron®, Alcon Inc, TX, USA), or 275 µL PFOB
(Fluorochem, UK), plus 1 mg of IC-Green®, and 3600 µL for Gdhi or 1800
for Gdlo, gadoteridol were added dropwise to 50 ml of aqueous 2% polyvinyl
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alcohol and emulsified for 120 seconds using a digital sonicator from Bran-
son Ultrasonics (Connecticut, USA). The solvent was evaporated overnight
at 4◦C and nanoparticles were collected by centrifugation at 14,000rpm for
20 minutes, washed six times with distilled water and lyophilized. Dynamic
light scattering (DLS) was done on a Malvern Zetasizer Nano (Malvern,
UK) (n>15). Gd content was measured using mass spectrometry. PFCE-
Gdlo particles contain 16±3 µg/mg and PFCE-Gdhi 35±9 µg/mg (n=3).
The PFCE content of the particles with the highest Gd content is 9±3.1018
19F�s per mg (n=6). Standard two-tailed t-tests were carried out. Standard
deviations and sample sizes are indicated.

18.2.2 EM and EDXmeasurements

The sample was fixed on a glass plate by evaporation of the suspension fluid.
A layer of gold was then deposited on the sample before observation by an
environmental scanning electron microscope FEI ESEM XL30 at 20 kV and
magnifications up to 60,000X. EM was done 3 times on different batches, and
representative images are shown. Transmission electron microscopy (TEM)
and TEM coupled with energy dispersive X-ray spectroscopy (EDX) was
performed on a 200 KV JEOL TEM 2100 system with a resolution point
of 0.24 nm. The microscope is equipped with two Gatan camera’s: Gatan
833 Orius and Gatan 890 ultrascan for the highest resolution and sensitivity
at an acceleration voltage of 200 kV and two detector systems STEM and
EDS (energy dispersive X-ray spectroscopy for elemental analysis. Standard
specimen holder for TEM measurements and a Beryllium specimen holder,
for EDS measurements were used. Sample specimens were prepared by
placing a drop (6-10 µL) of the solution on a carbon-coated Cu grid (200
mesh, EM science, PA, USA) and air-dried. The TEM images allowed
for visualization of the nanoparticles and their size distribution while the
secondary electron imaging allowed for the examination of the chemical
composition of the nanoparticles and the elemental mapping and elemental
imaging distribution.

18.2.3 In vitro imaging

In vitro US imaging was carried out on samples in a gel phantom or injected
ex vivo in bovine liver tissue. A linear array transducer (L11-3) with center
frequency 8 MHz was used for all the US scans (SONOS 7500, Philips Med-
ical Systems, Best, The Netherlands). The MI was variable, from 0.1-1.2,
as stated in the text. Gain was set to 90%. Gel phantoms consisted of
8% gelatin (Dr. Oetker, Ede, The Netherlands) and 2% agar (Agar Pow-
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der CMN, Boom, Meppel, The Netherlands) by weight. Analyzes on the
contrast (Figs.18.2a,b and Fig. 18.3c) were carried out by drawing a region
of interest over the relevant area and measuring average pixel intensity us-
ing ImageJ (U.S. National Institutes of Health, Bethesda, Maryland, USA).
The average intensity is shown (n=3). Cells were labeled with the particles
in at least 3 experiments (with different batches of particles and cells from
different donors). For Figs.18.2a and c, 0.5 mg of particles were injected
in a tissue phantom. Images were acquired immediately after injection (0
hrs), and the transducer was left on and in place at MI = 1.2 for 80 minutes
(80 min, continuous). The sample was then placed in a freezer for 48 hrs
and thawed at room temperature for 1 hr, before further imaging (48 hrs).
For Fig. 18.1b, the particles were exposed to 2 minutes of US at an MI
of 1.2 (8 MHz, focus at 0.5 cm; n=3) before measurement of 19F content
through NMR and size parameters through DLS. In Fig. 18.1c, the particles
were exposed to probe sonication for 30 seconds at 40% power, as during
synthesis (n=3). EM before and after this sonication are shown. Injections
of particles in tissue phantoms was done (n=5) with different batches of
particles and in different tissue phantoms. 1 mg of particles contains about
4.108 particles per mg; Sonovue® contains about 2.108 bubbles per mL when
reconstituted as per directions. MR imaging (Fig. 18.3a) was performed on
an 11.7T MR system (Bruker Biospin, Ettlingen, Germany), equipped with
a horizontal bore magnet, using a dual 1H/19F volume coil. Image settings
were TR/TE of 800/10.5 ms, 2x2x2 mm voxels, 256x128 matrix and 2 av-
erages for 1H using a spin echo sequence; 960/46 ms, 4x4x4 mm voxels,
64x32 matrix, 512 averages using a RARE sequence with RARE factor 8.
For fluorescence imaging, samples were placed in a FluorVivo 300 (INDEC
BioSystems, Santa Clara, CA USA). Exposure times were between 0.05 and
0.15 s (Fig. 18.3a). Imaging of labeled cells was done with 3 different batches
of particles and cells from different donors.

18.2.4 Cell isolation and labeling

Primary human DCs were isolated from donor blood as described510, and
labeled with 5 mg of particles per million cells from days 3-8 of the in vitro
culture period (n=3). Cells were washed three times before use. Viable
cells were counted using a cell counter with trypan blue exclusion. Primary
murine DCs were generated from bone marrow cells as described511. Cells
were incubated with 1 mg of particles per million cells/ml overnight for
labeling (n=3), 1 µg/ml LPS was used to obtain mature DCs.
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18.2.5 In vivo imaging

Mice were housed under specified pathogen-free conditions in the Central
Animal Laboratory (Nijmegen, the Netherlands). All experiments were per-
formed according to the guidelines for animal care of the Nijmegen Animal
Experiments Committee. We used untreated C57/BL/6J female mice (Har-
lan) at 10 weeks of age for these experiments; 12 mice were used for imaging,
with at least 3 mice per condition, with the experiment repeated 3 times.
All mice were identical before experimentation and thus no further random-
ization procedure was used. High resolution in vivo US imaging was carried
out using a VisualSonics Vevo 2100 system (MS-700 probe at 50 MHz,
100% power, gain set to 37 dB). Mice were anesthetized using Isoflurane.
Intranodal injections (Fig. 18.3b) were performed with a NanoFil Microliter
syringe (World Precision Instruments, Germany) under microscopic guid-
ance (n=3). For the cell tracking experiments (Figs.18.3c d and e), 5x106
cells were injected in the footpad of a mouse, and the mouse was imaged
24 hours later (popliteal and inguinal lymph nodes) with high resolution in
vivo US (n=6) The nodes were also removed and imaged ex vivo in a gel at
low frequency (Philips SONOS 7500; n=2). MRI was carried out on a hor-
izontal bore 7T system (Bruker, Clinscan), using a dual-tuned volume coil.
Image settings were TR/TE of 1200/15 ms, 0.1 x 0.1 x 2 mm voxels, 512 x
512 matrix and 2 averages for 1H using a TSE sequence with an acquisition
time of 2.57 minutes; 100/2.8 ms, 1.6 x 0.8 x 4 mm voxels, 64 x 32 matrix,
256 averages using a GRE sequence with an acquisition time of 13.42 min-
utes (n=2). Fluorescence imaging was done in a FluorVivo system, as with
the ex vivo tissue samples (n=6).

18.2.6 Acoustic characterization

The results of the acoustic characterization presented in Fig. 18.2c. The ex-
perimental setup consisted of a square cross-section capillary of about 380
micrometers in size attached to a piezoelectric crystal in order to generate
an acoustic standing wave in the capillary at a frequency of 1.94 MHz. The
motion of the particles was recorded at 125 frames per second using a high-
speed camera (Photron, APX-RS) connected to an Olympus microscope. A
10x microscope objective was used for the visualization. The signals were
generated with a Tabor AWG arbitrary waveform generator and amplified
with an ENI 350L power amplifier. The experiments were realized at low
pressures to limit the rapid build-up of acoustic streaming in the fluid. The
data analysis was performed in Matlab®, notably the PIV vector fields are
obtained using OpenPIV, a freely available software. Two methods were
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used simultaneously to analyze the optical recording to obtain a better pre-
cision. The first is a PIV analysis based on the cross correlation between a
subset of images. The relative displacement obtained from the PIV analysis
can then be rescaled to the known geometry. The second method is based
on averaging in the horizontal direction. The resulting pixel line is added
to the previous ones in a single frame as presented in Fig. 18.2c (panels).
This was done at least 3 times, with the average and standard deviation
shown. The direct measurement of the pressure scattered by the nanopar-
ticles is delicate due to the low absolute pressure scattered, and the need
to use the same transducer for the reception and the emission in a con-
trolled environment with sufficient sensitivity. Theories indeed predict a
high directivity of the signal scattered by solid particles and the same could
apply here. Therefore the acoustic activity and echogenicity of the particles
was further quantified using a method based on acoustic radiation force512.
The signal backscattered by an US contrast agent and the radiation force
acting on it have the same origin and therefore a measure of the scatter-
ing coefficient can be achieved by measuring the particle displacement in a
well-defined acoustic field. A piezo single element transducer was used to
generate a standing wave in a square glass capillary, with homogeneously
dispersed particles. The creation of an US standing wave induces migration
towards the pressure node or antinode located in the middle and the sides
of the channel, respectively. The motion of the particles was recorded with
a high-speed camera and analyzed (Fig. 18.2c). To do so, each frame is
averaged in the direction of the channel to give a single pixel line in Mat-
lab. The pixel line from the consecutives frames were added one after the
other to crate the time frame presented. The convergence observed in the
time frame is then compared to the theoretical result of the force balance
equation to extract the corresponding cross-section.

18.2.7 Quantification of scattering cross section

The forces acting on a random particle in an acoustic field include the
drag force513, the added mass force that describes the acceleration of the
surrounding fluid following the particle motion514, and the radiation force
that drives the motion of the particle. The force balance equation can then
be solved to determine the trajectory of the particle of any given size. In
first approximation, the particles are assumed to obey the well-accepted
theory describing the interaction of a rigid sphere with the acoustic field512.
A field decomposition of the radiation force into spherical harmonics gives a
frequency component f1 that only depends on the density mismatch and a
frequency component f2 that depends on the relative compressibility. The
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radiation force, Fr, experienced by the particle in a standing wave is then
given by:

Fr =
VpP

2
a

4ρ0c20

[
f1 +

3

2
Real (f2)

]
sin (2ky) , (18.1)

where ρ0 is the density of the fluid, PA is the driving acoustic pressure, Vp

the volume of the particle, c0 the speed of sound in the fluid and k the wave
vector.

f1 = 1− κ̃ with κ̃ =
κp
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. (18.2)

Using the no-slip boundary condition at the wall of a solid sphere and New-
ton’s law comes:
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is the relative size of the particle with respect to the viscous boundary layer
thickness and with ν the dynamic viscosity of water, ρ̃ =

ρp
ρ0

is the density
ratio and fus the frequency of the applied US wave. Solving the wave
equation on a spherical harmonic base leads to the following expression for
the far field backscattered scalar potential in a spherical referential having
its origin at the center of the particle and the space variables r and θ:
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In a traveling ultrasound wave of the same frequency, the potential becomes:
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For a 100 nm particle in water in a 2 MHz frequency US wave, δ̃ ≈ 4
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For a solid polymer nanoparticle the imaginary part of the coefficient f2 can
then be neglected as compared to the real part. The backscattered pressure,
ps, then relates to the radiation force in the direction of the transducer by:

ps =
Pa

r

kρ0c20
π Fr

(
y = λ

8

)
P 2
a

. (18.8)

From this expression, the scattering cross section in intensity can be defined
as the total scattered power over the incoming intensity:
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For these calculations, we assumed these parameters: cPFCE = 652 m/s
cPFOB = 658 m/s cPFO = 598 m/s (from our pulse-echo data) The specific
gravity of the PFCE is stated by the manufacturer as 1.78.

18.3 Results

Sonovue® microbubbles (Bracco Imaging; sulphur hexafluoride gas microbub-
bles with an average diameter of 2.5 µm with 100-500 bubbles/ml) was
imaged simultaneously with our nanoparticles for comparison. All further
experiments were carried out with PFCE nanoparticles with the highest
Gd content (PFCE-Gd). An ideal contrast agent is characterized by large
scattering and low absorption; Fig. 18.2a shows that the contrast achieved
with the novel PFCE nanoparticles is comparable to that of microbub-
bles. Fig. 18.2a shows that the highest Gd content results in the strongest
contrast. 19F content of the nanoparticles remained constant at 8 x 1018
19F�s/mg, for all concentrations of Gd tested.
To assess the stability of the nanoparticles, we injected PFCE-Gd nanopar-

ticles in a tissue phantom ( Fig. 18.2b). The sample was imaged immediately
and after 80 minutes with the transducer left continuously �on� at a high
mechanical index (MI, indicative of the peak pressure achieved) of 1.2. The
sample was then frozen for 48 hours and thawed before imaging again. No
change in contrast was observed, showing that the agents are extremely
stable. Furthermore, the indefinite duration of contrast achieved strongly
suggests the absence of a gaseous component, such as from dissolved oxy-
gen or vaporization of the PFCE itself. Next, we exposed the nanoparticles
to US for 60 seconds, assessed the diameter distribution and carried out
electron microscopy (EM; Figs.18.1b and 18.1c). Again, no changes were
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Figure 18.1: Particles characterization. a EDX images of particles (200 nm
diameter) containing perfluoro-15-crown-5-ether (PFCE) and gadoteridol within
the PLGA polymer. PLGA and PFCE appear to colocalize, while the Gd chelate
is in the inner part of the particle. b. Diameter distributions were acquired before
and after particles were exposed to ultrasound. No changes were observed (p<0.05).
c. SEM images were acquired on particles before (left) and after (right) probe
sonication. No changes were observed in particle morphology.

observed. 19F content also did not change after insonation. These data
provide further evidence that the nanoparticles are not altered by US.
The behavior of the nanoparticles when insonified by an US wave of in-

creasing energy was measured ( Fig. 18.2c), using Sonovue® microbubbles
as a reference. The response for microbubbles rapidly collapses as the pres-
sure increase leads to loss of bubbles, while the nanoparticles showed an
increasing response. The other nanoparticles tested are PFCE and PFCE
with high and low Gd content (PFCE-Gdhi and PFCE-Gdlo), PFO and
perfluorooctyl bromide (PFOB) nanoparticles; the dashed blue line depicts
the theoretical scattering cross-section curve of an UCA microbubble at a
driving frequency of 2.0 MHz250. PFCE nanoparticles show a scattering
coefficient two orders of magnitude higher than that predicted for a bubble
of the same diameter, although not standard microbubbles, which are much
larger. Interestingly, the scattering coefficient of the other nanoparticles was
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Figure 18.2: Acoustic characterization. a. PLGA-PFCE particles with de-
creasing Gd content were injected in tissue in vitro before imaging. Sonovue®

(Bracco) was imaged as a control, at native, and 100x dilutions. Numbers indicate
mean signal intensities. b. PFCE-Gd particles were injected in tissue and imaged
at 0 and 80 minutes, and 48 hours post-injection at MI values of 0.2 and 1.2. The
transducer was left �on� continuously at MI=1.2 in the same position for 80 minutes
after injection. The sample underwent a freeze/thaw cycle before the 48 hr time
point. The SNR did not change for each MI over the 48 hr period. c. Scattering
cross section of various particles compared to coated bubbles, as a function of the
size of the particles. Squares denote a positive radiation force, while circles denote
a negative one. Particles with PFCE show unexpectedly high scattering cross sec-
tions. The panels show maximum-intensity projection images of PFCE-Gd (upper)
and PFOB particles (lower) flowing in a channel exposed to a standing acoustic
wave. PFCE particles move toward high-pressure areas (channel edges) whereas
the PFOB particles move toward the pressure node located at the center of the
channel. A sample path is highlighted in each panel.
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similar to that expected for a coated bubble of comparable size, although
such nanobubbles are highly unstable and cannot be used in practice. We
noticed that the use of PFCE in the preparation dramatically modifies the
particle properties. Not only does it improve their echogenicity, but it also
changes its resonance behavior demonstrated in the observed sign of the
radiation force ( Fig. 18.2c): Contrary to nanoparticles with other PFCs
(lower panel shows nanoparticles with PFOB), PFCE-based nanoparticles
move toward the pressure antinode (upper panel), as expected for small
bubbles. Furthermore, the effect was seen at very low pressures (50 kPa,
MI=0.05), thus ruling out spontaneous bubble formation. The latter is also
excluded by the fact that the nanoparticles do not lose their echogenicity
even after the application of high intensity US, including tip sonication, or
freeze/thaw procedures.
Primary human therapeutic dendritic cells (DCs) as used in clinical tri-

als515 were labeled and imaged using MRI, fluorescence and US. Virtually
no loss of cell viability was observed relative to non-labeled controls. Previ-
ous work with similar particles, without the Gd chelate, has similarly shown
no effect of labeling on cells with respect to the expression of maturation
markers by DCs, their ability to activate T cells or their migratory behav-
ior473,510. Together, no effects on cell function were observed despite the
cellular 19F loading, a key parameter for 19F MRI studies, being the highest
reported so far516. Two million labeled cells were readily detected using all
three imaging modalities after injection into liver tissue ( Fig. 18.3a). US
imaging was carried out first, followed by fluorescence and MR imaging.
The notion that these nanoparticles are highly stable is supported by the
persistence of fluorescence and particularly 19F MRI signal, which further
suggest that the nanoparticles are not altered by exposure to US. Note that
the 19F MRI sensitivity matches that reported previously516, as would be
expected for liquid, rather than gaseous or solid, PFCE.
Nanoparticles were also imaged after intranodal injections in mice ( Fig. 18.3b,

and Supplementary videos). These injections mimic the clinical situation,
where cells can be injected directly in the lymph nodes of patients in DC
vaccination therapy517. Free nanoparticles (equivalent to 100,000 labeled
DCs) were injected instead of cells as the total volume that can be injected
in murine lymph nodes is too small for the injection of cells (< 10 µL). In
comparison, 3-15 million cells are typically injected intranodally in human
trials517. High frequency US imaging showed that the mean contrast of the
node changed over 10-fold, from the presence of nanoparticles equivalent
to 100,000 labeled cells. Lastly, to see if migratory cells could be imaged
using US, we injected labeled primary murine DCs in vivo in the footpad.
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Figure 18.3: Multimodal imaging with nanoparticles. a US, fluorescence
and 1H and 19F (false color) MR images of 2 million DCs labeled with particles
containing PFCE, IC-Green and Gd injected in a tissue sample (boxes indicate
position of the cells). b High-frequency in vivo US images of the inguinal lymph
node (ILN) of a mouse before (left) and after (right) injection of 0.1mg of PFCE-
Gd particles, show a 10-fold increase in mean contrast in the node after injection
(see Supplementary videos). c Mice were injected with 5 million labeled primary
murine DCs in the footpad, and imaged after 24 hours using US on a clinical scanner
and a high resolution small animal scanner (48 MHz). Control mice received an
equivalent number of non-labeled cells, or free particles. In vivo images of the
draining lymph nodes are shown at high resolution (48 MHz). Ex vivo images are
also shown (circled) at high and low frequency . Labeled DCs increased contrast
in the node nearly 5-fold compared to non-labeled cells. d A fluorescence image
shows the same results, with labeled cells mainly in the INL and particles in the
PLN and surrounding lymphatics. Excised lymph nodes were also imaged (boxes).
e The corresponding 1H/19F MRI, with 19F data in false color also shows the same
distribution. The injection site is just outside the field of view.

Controls received the same number of untreated cells or free nanoparticles
alone. Mice were imaged 24 hours after injection using US, both at clinical
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and at high frequency, 11 and 48 MHz, respectively, as well as fluorescence
and MRI (Figs.18.3c, 18.3d and 18.3e). The lower resolution clinical imag-
ing was not able to resolve mouse lymph nodes (LNs); thus the nodes were
imaged in vivo only at high frequency. We found that labeled cells were
detectable in the draining popliteal LN (PLN) and inguinal LN (ILN) at 24
hrs, whereas nanoparticles remained primarily in the draining PLN. Non-
labeled cells were not detectable at any point. Excised LNs were also imaged
to corroborate the in vivo data. A 6-fold increase in contrast was observed
between nodes that contain nanoparticles or labeled cells, and those with
non-labeled cells ( Fig. 18.3c). Furthermore, labeled cells reached more dis-
tal LNs than free nanoparticles, draining mainly to the ILN rather than
the PLN, and this was confirmed in the fluorescence and 19F MRI images
(Figs.18.3d and e). Typical migration rates of DCs to draining lymph nodes
are around 2%517, suggesting that we are detecting in the order of 100,000
cells. Moreover, these data also show that free nanoparticles are cleared from
the site of injection, allowing the possibility of repeated injections. Based
on these distinct data, we conclude that we imaged migratory labeled cells
reaching a distant LN in vivo, and not free contrast nanoparticles or non-
labeled migratory cells. Furthermore, the sensitivity of the imaging is well
above that necessary for DC vaccination trials, and the labeling does not
hinder DC migration in vivo.

18.4 Discussion

Evidence that the PFCE in our nanoparticles is not vaporized into gaseous
form include its relatively high boiling point (147◦C); the sustained and
constant acoustic contrast ( Fig. 18.2b), the lack of changes in DLS and
EM data, and fluorine content ( Fig. 18.1b); the ability to perform 19F
MRI even after US ( Fig. 18.3a); and the scattering at very low pressures
( Fig. 18.2c). This is also supported by the lack of change in echogenicity
following continuous insonation at an MI of 1.2 for 80 minutes ( Fig. 18.2b).
Thus, the nanoparticles are stable in terms of content and acoustic activity,
over time, through freezing and to sonication, including high energy tip son-
ication. Furthermore, we did not observe toxicity either to primary human
or murine DCs, or after in vivo injection. Indeed, PLGA nanoparticles are
already used in humans, and have been extensively applied in the literature
to various uses such as targeted drug and vaccine delivery, often with var-
ious modifications such as the addition of radioligands518 or coating with
PEG to make �stealth� particles519. The rate of particle degradation and
subsequent drug release, circulation times and multimodal functionalities
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Table 18.1: Summary of dose administered per million therapeutic cells.
Current clinical dosages are listed where applicable. Here we calculated the ex-
pected numbers for labeled dendritic cells (DCs).

Coumpound Prior human use Recommended dose Estimated dose
(per million DCs)

PLGA
Scaffolds,

particles for
vaccine delivery

Varies with
application;

typically 30mg
<1mg

PFC e.g. Perfluoron®

(Alcon Inc),
Oxygent®

(Alliance Pharma),
PFCE

eye surgery,

blood substitute,

19F MRI30

8mg

>100g

n/a

0.1-0.3 ng
(dependent on

DC subset)

Gd chelate, e.g.
Prohance®, Multihance®,

(Bracco Imaging)

intravenous contrast
agent for 1H MRI 4000 mg <1 mg

IC-Green (Akorn Inc.) intravenous contrast 35 mg <5 mg

can be controlled520. All of these modifications remain possible with our
nanoparticles, allowing further customization where necessary. All com-
ponents of the nanoparticles have previously been used in humans, at a
dosage several orders of magnitude higher than necessary for cell tracking
(Table.18.1). Furthermore, the nanoparticles themselves have recently been
approved for a preliminary human trial.

18.5 Conclusions

US imaging is ideally suited for the study of personalized therapeutics, but
its potential is vastly unrealized due to the lack of suitably stable, biocom-
patible agents. The nanoparticles described here can readily be customized
to multimodal imaging in clinical and preclinical applications, including ad-
vanced nanomedical applications such as cell tracking. These agents could
potentially allow the application of US to areas now dominated by other
imaging modalities.
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19
Cellular to systemic impact of microbubbles

and ultrasound on the human body:
potential risks and how to control them.

The injection of foreign bodies in the blood stream comprises several risks.
Microbubbles, by design, are additionally combined with ultrasound and have
strong mechanical and chemical effects on biological structures. They there-
fore present specific potential risk categories that ought to be controlled.
Here, we review these potential issues on the different lengthscales relevant
to the problem to allow for safe use of such agents.

1to be submitted as T. van Rooij, G. Lajoinie, K. Kooiman, Nico De Jong, M. Versluis
and, I. Lentacker Cellular to systemic impact of microbubbles and ultrasound on the human
body: potential risks and how to control them. (2015)
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19.1 Introduction

After decades of clinical use of ultrasound contrast agents, clinicians and re-
searchers have built-up a deeper knowledge of the behavior of microbubbles
under ultrasound exposure. Extensive literature reporting on in vivo exper-
iments is available and clinical cohorts of tens of thousands of patients have
been analyzed and published on the safety of microbubbles combined with
ultrasound in vivo. These datasets have been mainly used for retrospec-
tive analysis of scans performed with all generations of ultrasound contrast
agents and a wide range of ultrasound parameters. These reports however
are either very specific and on short scale, as is also often the case for the
in vitro studies. Here, we review the information available concerning the
potential risks of ultrasound contrast agents on the different length scales in
order to form a better overview of the impact of ultrasound and microbub-
bles on patients. We start with an overview of the impact of microbubbles
on a cellular level, continue to the tissue level and end with the systemic
risks in clinical practice.

19.2 Cellular risks

19.2.1 Cell poration

Microbubbles and ultrasound have become widely recognized as interesting
drug delivery tools due to the fact that they can increase cellular permeabil-
ity and as such stimulate the uptake of cell-impermeable drugs494. Because
they can temporarily disturb cellular membranes, a main concern remains
the impact of these cellular disruptions on cellular viability and functional-
ity. As such, several methods have been used to study cellular viability after
sonoporation. In general, the viability of sonoporated cells has been evalu-
ated by including a small cell impermeable dye like propidium iodide during
flow cytometry measurements36,147,237,521–524. As only irreversibly damaged
cells will stay permeable for more than a few minutes after sonoporation,
inclusion of these small molecular dyes allows for the determination of the
percentage of dead cells. The main advantage is that both, drug delivery
efficiency and cell toxicity can be determined within the same experiment.
In general cellular toxicity with these compounds has been reported be-
tween 5 and 20% depending on acoustic conditions147,522 and microbubble
concentrations.
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19.2.2 Ultrasound parameters

As only direct microbubble-cell interactions are responsible for pore for-
mation, acoustic conditions and microbubble concentrations153,237,524 have
been shown to have a major impact on the sonoporated cell area and recov-
ery process. Lower ultrasound intensities (50-200 kPa) mainly induce stable
microbubble oscillations (stable cavitation) and as such only small cell mem-
brane disruptions originating from cavitation induced shear stresses that
may arise. In contrast to this, higher ultrasound intensities (> 200 kPa) can
cause a violent microbubble collapse (inertial cavitation) leading to shock
waves and jet formation525. These harsh conditions create micrometer-sized
cell membrane disruptions and require complex cell membrane repair mech-
anisms to patch these disruptions494,526. The length of the ultrasound pulse
is another acoustic parameter influencing microbubble behavior. Longer cy-
cles at moderate ultrasound intensities can lead to microbubble translation
due to acoustic radiation force phenomena. Translating microbubbles can
impact on cellular monolayers and cause direct cell disruption when they
take part of the lipid membrane with them while translating. It has even
been described that intact microbubbles can enter cells due to translational
movements527. A third ultrasound parameter which determines the level
of cellular toxicity is the pulse repetition frequency of the applied ultra-
sonic wave. Karshafian et al. showed that cell survival increases when the
time between successive ultrasound pulses increases. He attributed this to
two possible reasons: 1) the fact that cells might be able to restore cel-
lular damage within two pulses, or 2) the fact that uncoated gas bubbles
that can arise after microbubble fragmentation, already dissolve within the
medium between two successive ultrasound pulses. As a result, the amount
of cavitation events that can affect cellular membranes decreases.

19.2.3 Microbubble-cell ratio

Another important player is the microbubble concentration in relation to
the number of cells. When higher microbubble concentrations are used, the
microbubble to cell ratio increases524, thereby increasing the amount of cell
membrane pores per cell. Related to this is the microbubble size, that can
have a major influence on cell viability; larger microbubbles will lead to
larger cell membrane pores and increase cellular toxicity146. The reason for
this may be the fact that above a certain sonoporation threshold, cellular
mechanisms fail to reseal the cell membrane as nicely demonstrated by Hu
and colleagues156.
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19.2.4 Induction of apoptosis

The use of small cell impermeable dyes only allows for identifying perma-
nently permeabilized cells with flow cytometry, indicating the necrotic cell
population. To gain more insight in cell death mechanisms associated with
sonoporation, cells can be stained with annexin-V to determine the fraction
of apoptotic cells. During apoptosis, phosphatidylserine, which is normally
associated with the inner leaflet of the cell membrane, is exposed on the
outer cell membrane surface and can hence be detected by annexin-V stain-
ing. Few sonoporation studies have been performed with annexin-V labeling
as inertial cavitating microbubbles are mainly inducing cell necrosis when
cell perforation becomes too violent. As such, the apoptotic fraction of cells
has been reported to be rather small and in the order of 2-5%528,529.

19.2.5 Chemical effects

Although the biophysical aspects of cavitation and imploding microbubbles
have been the main subject of investigation when it comes to cellular toxic-
ity, the influence of chemical components in microbubble formulations has
often been neglected in literature. Honda et al.529 used galactose-coated
Levovist microbubbles to study apoptosis induction and found out that
the fraction of apoptotic cells was elevated due to the hypertonicity of the
medium, due to the high galactose concentration in the microbubble formu-
lation. However, it is unlikely that clinically used doses are high enough to
change blood isotonicity. It remains however poorly investigated how poly-
mer shell fragments can be cleared from the body, while for lipid-coated
microbubbles it is believed that released lipids and lipid micelles can en-
ter normal lipid metabolism. The microbubble shell composition can also
promote cellular uptake. Sonazoid microbubbles consist mainly of egg phos-
phatidylserine and are as such recognized and quickly endocytosed by liver
Kupffer cells and other phagocytic cells530. This makes these specific cells
very sensitive to ultrasound as intact gas cores are remaining inside these
cells531. On the other hand, the inclusion of PEGylated lipids within the
microbubble shell can prevent opsonization and recognition of microbubbles
by the immune system.

19.2.6 Measuring cell toxicity

Cytometry

Although flow cytometry has been widely applied as a quick and easy
method to screen the impact of acoustic variables on sonoporation-induced
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cytotoxicity, there are some major disadvantages as well. As only non-
fragmented cells become visible within the scatter plot, cellular toxicity can
be underestimated since completely lysed cells will not be detected531,532.
Moreover, it has been demonstrated that a part of adherent cells detaches34,204
during sonoporation, which means that these cells are not taken into ac-
count when performing flow cytometry as they will be washed away dur-
ing sample preparation. A good alternative can be to measure cellular
toxicity with colorimetric assays like the ones based on the conversion of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT-assay).
These assays assess the metabolic activity of cells and will take into account
the metabolic activity of all cells, even detached ones, when comparing them
to untreated samples.

Confocal microscopy

Only recently, the impact of sonoporation on cellular morphology and func-
tionality has been more thoroughly studied using more advanced techniques
like confocal scanning microscopy. This enables not only to register morpho-
logical changes like cell shrinkage529,533 and cell membrane blebbing168, but
even to study more complex cellular mechanisms. Although a lot of debate is
still ongoing on sonoporation induced toxicity, it is becoming clear that de-
pending on microbubble-cell interactions, cellular toxicity can be divided in
three main categories: (a) complete cell lysis (b) cell poration and (c) more
subtle effects like intracellular free radical production534, endoplasmic retic-
ulum stress, or cytoskeleton disassembly148, leading to apoptosis or necrosis
at a longer time scale. In this regard, Hutcheson et al.146 have shown that
cells which contained a higher amount of model drug expelled it again after
several hours while the cells underwent apoptosis. These findings indicate
the importance of evaluating clonogenic viability of sonoporated cells as
evidenced by Karshafian et al.153 who found that only 50 and 70% of the
sonoporated cells was able to divide. In contrast, this might be less impor-
tant for drug delivery studies dealing with gene delivery as plasmid DNA
(pDNA) or messenger RNA (mRNA) translation and subsequent protein
expression already indicates cell functionality.

Acoustic monitoring

In attempting to predict sonoporation and sonoporation-induced toxicity
levels, researchers have also tried to correlate these effects with the total
acoustic energy that was applied to the cells147. This, however, does not
account for any differences in pulse length or pulse repetition frequency
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also influencing microbubble cavitation, as already mentioned above. An
alternative and more realistic parameter is to register inertial cavitation
activity by measuring broadband noise237. Although this is an interesting
parameter during sonoporation studies, it still lacks several other variables
like microbubble composition, size distribution and concentration which will
in the end all influence microbubble-cell interactions and therefore drug
delivery efficiency and sonoporation-promoted cell damage.

19.2.7 Therapy and toxicity

It is obvious that sonoporation events are inevitably associated with some
cellular toxicity. The balance between successfully porated cells and ir-
reversible damaged cells is however very delicate and it remains difficult
to predict in which direction it will drift. A more detailed understanding
of cellular behavior in response to sonoporation, as recently initiated by
Prof. Yu′s group148,168,533,535 can aid in clarifying which microbubble-cell
interactions are favorable to induce reversible cell membrane damage and
maximal drug uptake. This knowledge can be used to select the most opti-
mal ultrasound settings to stimulate identical cavitation behavior of recently
developed monodisperse microbubbles and for achieving better controllable
microbubble-cell interaction aiming to fully maximize sonoporation-assisted
drug delivery and minimize the associated toxicity.
On the other hand, ultrasound induced membrane damage can be used as

a major advantage as well534, more specifically when sonoporation is applied
as a tool to deliver chemotherapeutics to cancer cells. It has even been
shown that this physical damage can be used to revert chemoresistance536
and render cancer cells again sensitive to chemotherapeutics. This could be
a very interesting strategy to treat blood cancers or lymphomas that can
benefit from direct microbubble-cell interaction.

19.3 Risks on tissue level

19.3.1 Chemical effects due to cavitation

Microbubbles can oscillate gently, and in a controlled way (stable cavita-
tion) or violently and randomly (inertial cavitation). Inertial cavitation of
a microbubble is typically achieved with high pressures at low frequency537.
Locally, pressures can increase up to 100 MPa and temperatures can rise
locally over 1000 K537,538. These conditions are associated with certain
chemical effects that may pose a risk to living tissue, such as the production
of free radicals, sonoluminescence, and lysis of adjacent cells537–539. Free
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radicals are highly reactive molecules537,538 and can react with polyunsatu-
rated fatty acids in cellular membranes, nucleotides in DNA, and sulfhydryl
bonds in proteins540. This can result in cell damage and eventually cell
death. Free radicals are produced in the final phase of bubble collapse,
when the temperature and density of the gas increase rapidly. This results
in the formation of ˙H and ˙OH free radicals, superoxide (H2O2), and ni-
trogen oxides534,538,539 which react to stable molecules within only a few
microseconds. Due to their high reactivity their radius of action is rather
small, and the free radicals produced in blood can react with proteins and
other molecules containing sulphhydryl groups (−SH) that act as free radi-
cal scavengers. It has been shown in vitro that the aminoacids cysteine and
cysteamine can protect the cell against free radical damage. When present
in the blood, it has the ability to mostly cancel the effect of the free radi-
cals produced by the cavitating bubble. Due to the free radical production,
US therapies that rely on producing cavitation bubbles such as lithotripsy,
could cause larger lesions when UCAs are still present in the blood.
Next to free radical production, inertial cavitation of microbubbles is also

associated with lysis of erythrocytes (hemolysis)538. However, in animal
models this effect has been shown to be lower than 4%, which means that
it is almost without clinical importance. Mornstein et al. studied hemolysis
in the presence of Albunex (2.17 MHz, 22.4 W/cm2) and the effect was only
present with hematocrit values < 10%539, which is unrealistically low to be
reached clinically. When the power was increased to 420 W/cm2 lysis was
achieved up to hematocrit values of 40%.

19.3.2 Blood-brain barrier disruption

In healthy individuals molecules larger than a few nm cannot cross the bi-
ological barrier between the blood and the brain541. This barrier is better
known as the blood-brain barrier (BBB). Ultrasound-mediated blood-brain
barrier disruption (BBBD) using UCAs is a promising technique for en-
abling drug delivery to the brain. This is generally only achievable with
relatively high acoustic pressures (> 0.5 MPa) and low frequencies (<
1 MHz)144,542,543, exactly the combination of parameters that are also as-
sociated with inertial cavitation and the production of free radicals, as dis-
cussed in the previous subsection. Other risks of BBBD include intracranial
hemorrhage (0.98 MPa, 0.4 MHz, MI 1.6)542, reduced cell viability (in vitro,
0.5 MPa, 10.000 cycles)144, inflammatory reactions (0.9 MPa, 1 MHz, single
exposure), formation of vacuoles, and degeneration (0.9 MPa, 1 MHz, two
exposures)543. Quite some risks are involved with BBBD, and research on
the perfect set of acoustic parameters and type of microbubbles are ongoing
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in this active and exciting field of research.

19.4 Risks in clinical practice

Ultrasound contrast agent (UCA) injection has all kinds of possible risks
associated with it when injected into the blood stream. Due to the injection,
the possibility of an embolism cannot be ruled out (although unlikely as
shown by animal studies)544 and the patient could be extremely sensitive or
allergic to one the components which can result in anaphylactic shock545–547.
Other concerns may rise on the obstruction of vessels and the clearance of
the microbubbles from the circulation; where does the gas end up, what
happens to the coating components, how quickly is everything cleared and
can another dose be administered, what is the maximum dose, etc. Different
UCAs that are marketed worldwide all have their own potential risks544.
They differ in the type of gas in the core, the coating that is used for
stabilization, and the solution in which the microbubbles are dispersed.
Currently, five agents are approved for clinical use by regulatory agencies:
Definity, Lumason, Optison, Sonazoid, and SonoVue548. In this section
we evaluate the potential and proven risks that are associated to contrast-
enhanced ultrasound examinations in clinical practice.

19.4.1 Contraindications

Nowadays, contrast-enhanced ultrasound (CEUS) is approved for applica-
tion in most organs: heart, liver, breast, vascularity, prostate, and many
more545,546. Especially in Europe, UCAs are used extensively off-label for
other applications as long as no contraindications are present. These con-
traindications mainly comprise cardiac diseases, which exclude 10-35% of
the world′s population from undergoing CEUS examinations. Being overly
careful in using UCAs for improving US imaging, medical professionals
might have even increased patient risk; due to suboptimal image quality and
the need for other techniques, such as CT and X-ray, patients have been
subjected to ionizing radiation544. In addition to this, Kurt et al. showed
that UCAs even had a positive impact on cardiac examinations: additional
procedures were avoided or therapy changed in over 35% of patients549.
Although, the risks of CEUS examinations have never been thoroughly

and systematically evaluated, general consensus has been reached that UCAs
are very safe and have a low incidence of side effects546. In contrast to con-
trast agents used for other modalities, such as CT, X-ray, or MRI, UCAs
are not nephrotoxic, not toxic for the heart or liver, do not interact with the
thyroid gland, and anaphylactic reactions have only been reported in less
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than 1 in 50 to 100 thousand examinations546,550. The risk for anaphylaxis
is lower than for CT/X-ray, and similar to that for MRI contrast agents.
However, as discussed before, the combination of US and UCAs can induce
cellular effects such as sonoporation, hemolysis, and cell death. Although
these effects have so far only been observed in vitro, or in small animals,
it could also occur in patients546. These risks become higher for increasing
mechanical index (MI) and in hyperthermia. The MI is defined as the pres-
sure (in MPa) divided by the square root of the frequency (in MHz) (MI
= PA/

√
fr) and quantifies the probability to generate cavitation. Accord-

ing to the clinical guidelines the MI cannot exceed 1.9 and the maximum
temperature rise with the use of US cannot exceed 1.5◦C551.

19.4.2 Dosing and clearance

The safety studies for the introduction of new agents as commissioned by
the FDA provide specific risks for different agents, but give an indication for
the general safety of UCAs. First of all, the rules are much more stringent
than for general clinical use, as for the clinical trials preceding the approval
of, for example, Definity the maximum MI that could be used was only
0.8552. In terms of dosing, it is recommended that an intravenous (IV)
bolus injection does not exceed 10 µL/kg followed by a 10 mL saline flush,
if necessary repeated 30 minutes later. For IV infusion the recommended
rate is 1.3 mL in 50 mL saline, not to exceed 10 mL/minute552. Definity
contains C3F8 gas which is stable and not metabolized. After injection
of free gas, i.e. not encapsulated, it was not detectable anymore after 10
minutes, neither in the blood, nor in the expired air. Blood concentrations
declined monoexponentially with a mean half-life of 1.3 minutes in healthy
subjects552. The shell components of Definity are phospholipids80 that are
thought to be metabolized by the normal lipid metabolism to free fatty
acids552. Although these tests have to be performed on each agents, the
result is not expected to be different.

19.4.3 Clinical experience

After the introduction of UCAs in clinical practice, adverse effects such
as anaphylactic shock and even death occurred, that could be associated
to the contrast-enhanced US examination. Several studies in large cohorts
have contradicted these adverse effects and have shown that use of UCAs
is actually very safe. A retrospective study that compared the number of
deaths of patients after receiving either CEUS examinations with Defin-
ity (> 6000) or non-CEUS (> 12.000) examinations showed no significant
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difference between the two groups553. Even when undergoing stress echo,
no differences were found in a cohort of 40,000 patients554. Another, even
larger study, of 80,000 injections of Optison and Definity attributed no
deaths to the use of UCAs, and only 0.01% of the patients had probable se-
vere reactions555. This study included over 10.000 injections in critically-ill
patients in the ICU with acute chest pain or suspected cardiac origin. Even
in critically-ill patients, the risks associated with CEUS are lower or equal
than for other cardiac imaging methods such as transesophegal echo (TEE),
and contrast-enhanced CT or MRI. Other studies even attribute a better
survival rate to populations that underwent CEUS examinations versus a
population that had not556. However, since no systematic risk analysis has
been performed in different critically-ill patient groups, usage of UCAs in
these patients is still not considered as completely safe. Soman et al.557,
studied the cardiopulmonary and hemodynamic effects after bolus injections
of SonoVue (2 or 4 mL) in patients with severe left ventricular dysfunction,
congestive heart failure, and in patients with pulmonary hypertension. Even
in these patient groups, no significant effects were found following SonoVue
injection. Other severe adverse events that have been reported in relation
to UCAs are cardiac arrest, sustained ventricular tachycardia, and other
cardiac arrhythmias558, including premature ventricular contraction. Mi-
nor adverse events such as backache, headache, abdominal pain, chest pain,
nausea, vomiting, and dyspnea have also been reported558,559.

19.5 Conclusions

The general conclusion is that ultrasound and microbubbles are a safe com-
bination in current clinical practice. The concerns that arose from clini-
cal accidents proved to be hardly related to the injection of microbubbles,
and reports of such accidents often forget that accidents, even during rou-
tine examination, are a statistical certainty. The relevant comparison is
thus of statistical nature. Furthermore, the absolute measure for hazard
is irrelevant, the risk to benefit ratio is, and in that regard, microbubbles
have much to offer. The results of large clinical studies tend to combine
results obtained with diverse ultrasound settings. From the physical knowl-
edge that we presently have of the microbubbles behavior, it seems that
reliable conclusions can only be drawn on the safety of ultrasound driven
microbubbles when incorporating the dimension of the ultrasound settings,
i.e. pressure, frequency, pulse duration, pulse repetition rate and duration
of the exposure. Of the most innovative applications, e.g. enhanced gene
therapy, local drug delivery or even sonothrombolysis, there is little to no
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information available on the long-term effects on the tissue scale or on that
of the whole body. Many biological pathways that can lead to cell survival
or cell death were observed in vitro on single cells or cell collections that
are as of now unrelated to systemic effects. Future research should consider
this multiscale problem for clinical translation. Finally, we have discussed
the dimension of the risk that is formulation-dependent. Therefore, the
question of the risk of microbubble and ultrasound will never be met with a
definitive answer, but renewed interrogations for each new development or
modification of ultrasound agent will remain necessary.
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Summary

The research on the medical use of microbubbles has continuously provided
fascinating results for half a century. Investigating new agents or new uses
of existing agents requires both innovative physics and ideas and extensive
testing in-vitro and in vivo. The translation from the lab to the clinic is
long and calls upon many specialties. In this dissertation, we have presented
and studied various experimental agents for biomedical imaging and therapy,
some in the early development phase and some others in a more advanced
animal testing phase.
Microbubbles are active under ultrasound irradiation mostly because of

the volumetric oscillations induced by the variations in the surrounding
pressure. When the frequency of the pressure wave matches the eigenfre-
quency of the bubble, it resonates with the ultrasound, which amplifies the
volumetric oscillation and the subsequent ultrasound scattering. This res-
onance is the origin of many of the phenomena investigated in this thesis.
Microbubbles also generally require a stabilizing coating in order to be able
to circulate in the body long enough to reach the site of interest and to be
detected. This same coating can be used to functionalize the microbubbles,
target them with specific biomarkers or to load drugs onto the microbubble,
either directly in between the phospholipid molecules, either by addition of
liposomes that are attached to the coating. Using fluorescent molecules
as a model drug, we have shown that the non-spherical oscillations of the
microbubbles, particularly in the presence of a neighboring boundary were
crucial to understand how the payload can be detached from the interface.
The payload is subsequently transported by the strong acoustic streaming
field generated by the microbubbles up to distances far greater than the size
of the bubble itself. After removal of their coating, microbubbles quickly
dissolve and re-stabilize to smaller sizes. The dissolution, that follows from
the insonation, can be used as a remote and indirect measure for the thera-
peutic effects that the microbubbles can have on neighboring cells, both by
releasing their payload and by mechanical action.
Microbubbles can also be coated with a light-absorbing oil layer. Upon

laser irradiation, the gas core heats-up and expands, then cools down and
contracts. This process can be repeated millions of times per second. At the
right frequency the bubbles will resonate and emit ultrasound that can be
used for imaging. Laser activated bubbles behave similarly to acoustic bub-
bles and could beneficially replace the current nanoparticles use for contrast
enhancement in photoacoustic imaging. These bubbles can also emit mul-
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tiple frequencies simultaneously (harmonics and subharmonics) that makes
them easy to distinguish from surrounding tissues. The higher specificity
of light absorption as compared to ultrasound scattering is promising for
molecular imaging applications.
Bubbles, being either oil or phospholipid-coated, are limited in size as

they can hardly be imaged and kept stable below a 1 µm size. A new strat-
egy to overcome this limitation is to use nanodroplets that have a boiling
temperature lower than the body temperature. Such droplets can in fact
remain liquid at body temperature despite their low boiling point owing to
the absence of gas nucleation sites that usually ease the phase transition. In
liquid form, these droplets can circulate through the body and extravasate
in tumorous tissues. Once triggered by ultrasound, they transform into gas
bubbles that can be used as an ultrasound contrast agent. Multiple meth-
ods were developed based on microfluidic techniques to produce such drop-
lets in a highly controlled, monodisperse manner. Nano-channel junctions
allow for the production of droplets down to 100 nanometers and microflu-
idic flow-focusing chips can be used to produce droplets in the micrometer
range. A method based on the condensation of vapor bubbles produced in a
flow-focusing microchip allows for bridging the size range. These monodis-
perse droplets can then be selectively vaporized by high-frequency ultra-
sound wave that can couple into the droplet. When insonified, the resulting
bubbles behave similarly to a phospholipid coated microbubble, due to the
surfactants added to the droplet surface for stabilization.
Beyond stable oscillations, microbubbles can display a more chaotic be-

havior with large oscillation amplitudes that is called cavitation. Cavitation
is expected to be a major actor in the transport of drugs to deeper tissues. A
bubble trapped in a micro-pit can generate a cloud of these smal cavitation
bubbles that can then be used for medical purposes. This cloud originates
from the build-up of surface waves on the interface between the gas and the
liquid, leading to the fragmentation of the bubble. Such bubbles present
the advantages of a better control and lower pressure requirement as com-
pared to a bulk fluid. Nucleation sites for reducing the cavitation thresholds
can also be injected in the blood stream under the form of small polymeric
nanoparticles that can carry a gas pocket of less than 100 nm to aid the
initial bubble growth. Their small size make these agents ideal for sliding
in between the cells paving the vessel walls, allowing them to reach deeper
into the target tissue. Polymeric nanoparticles can further be loaded with
a multitude of chemical compounds that make them visible in ultrasound,
but also in optical fluorescence imaging and MRI. This list can be extended
by inserting additional components into the particles.
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Cavitation bubbles, alternatively, can be generated by laser irradiation
of absorbing polymeric microcapsules containing an oil core. The unique
strength of the pressure wave emitted by the activation of these agent would
allow to detect single particles attached to target tissues in vivo, making
them powerful agents for molecular imaging. Loading these capsules with
a low boiling-point oil in their core dramatically decreases the laser energy
threshold for their activation. The low boiling-point oil loaded capsules
produce bubbles that do not quickly disappear and can therefore be used
for multimodal imaging, e.g. for combining photoacoustic imaging to ul-
trasound imaging in order to capture complementary information. Finally,
these capsules are also able to porate cell membranes, forcing them to take-
up non-specifically any drugs that would be released locally within their
surroundings. This type of therapeutic effect combined to molecular imag-
ing capabilities will change innovate the medical strategies for diagnosis and
therapy in the near future.
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Samenvatting

Wetenschappelijk onderzoek naar het gebruik van microbellen heeft de afge-
lopen 50 jaar fascinerende inzichten opgeleverd. Het zoeken naar nieuwe
contrastmiddelen en het ontwikkelen van verdere toepassingsgebieden voor
reeds bestaande contrastmiddelen, vraagt naast heel veel ontwikkeltijd zowel
een innovatieve natuurkundige benadering als een uitgebreide in vitro en in
vivo testfase. In dit proefschrift hebben we diverse experimentele contrast-
middelen voor biomedische beeldvorming en therapieën bestudeerd. Som-
mige van deze middelen bevinden zich nog in de vroege ontwikkelingsfase,
terwijl anderen zich reeds in een vergevorderd stadium met dierproeven
bevinden.
Microbellen zijn actief onder instraling van ultrageluid en dit zijn voor-

namelijk volume oscillaties die worden opgewekt door de variatie in de druk
rondom de bellen. Als de frequentie van de drukgolf overeen komt met de
eigenfrequentie van de microbel, dan zal de microbel resoneren met het ul-
trageluid. Dit zorgt voor versterking van de trillingen en de daaropvolgende
vorming van de echo. Resonantie is de basis van vele fenomenen die in dit
proefschrift zijn onderzocht. Verder hebben microbellen een schil nodig om
er voor te zorgen dat ze lang genoeg in het lichaam kunnen circuleren om op
de aangewezen plaats aan te komen en aldaar gedetecteerd kunnen worden.
Deze coating kan verder worden gebruikt om de functie van de microbel
te optimaliseren; zo kunnen de microbellen beplakt worden met specifieke
biomarkers of kunnen er medicijnen aan de microbel bevestigd worden. En-
erzijds gebeurt dit door direct medicatie tussen de fosfolipiden moleculen
van de microbel zelf te bevestigen, ofwel indirect middels liposomen die aan
de schil van de microbel bevestigd worden. Door gebruik te maken van fluo-
rescente moleculen hebben we laten zien dat niet-sferische oscillaties van de
microbel, met name beïnvloedt wordt door de aanwezigheid van de wand en
dat dit cruciaal was om te begrijpen hoe de lading kan worden losgemaakt
van het oppervlak van de microbel. Het sterke stromingsveld dat veroorza-
akt wordt door de microbel zorgt ervoor dat de losgelaten lading vele malen
verder wordt getransporteerd dan de grootte van de microbel zelf. Na het
verwijderen van de beschermende schil destabiliseren en lossen microbellen
snel op tot kleinere bellen. Het oplossen wordt aangedreven door ultrageluid
en kan worden gebruikt als een indirecte meetmethode om de therapeutis-
che effecten van microbellen direct ter plekke te meten en voor het afgeven
van medicatie als de mechanische actie op de omliggende cellen.
Microbellen kunnen ook gecoat worden met een licht absorberende olielaag.
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Bij laser bestraling warmt de gas kern eerst op en zet uit, waarna de kern
vervolgens weer afkoelt en krimpt. Dit proces kan zich miljoenen keren per
seconde herhalen. Bij de juiste laserfrequentie resoneren dan de microbellen
en stralen ultrageluid uit welke dan gebruikt kan worden voor beeldvorming.
Dit type microbellen gedraagt zich vergelijkbaar als de akoestische micro-
bellen en zou wellicht in de toekomst de huidige nanodeeltjes die worden
gebruikt als contrastmiddel in foto-akoestische beeldvorming kunnen ver-
vangen. De microbellen met de licht absorberende olielaag zijn makkelijk
te onderscheiden van het omliggende weefsel omdat ze verschillende fre-
quenties kunnen uitzenden. De hogere specificiteit voor licht absorptie in
vergelijking tot echografische verstrooiing is veelbelovend voor toepassingen
in moleculaire beeldvorming.
Microbellen die olie- ofwel fosfolipide gecoat zijn, zijn gelimiteerd in grootte

omdat ze nauwelijks afgebeeld en stabiel gehouden kunnen worden onder
een afmeting van 1 µm in grootte. Een nieuwe strategie om deze beperk-
ing te verhelpen is het gebruik van nanodruppels met een kookpunt lager
dan de lichaamstemperatuur. Ondanks hun lage kookpunt, kan dit type
druppels vloeibaar blijven op lichaamstemperatuur, dit is mogelijk door de
afwezigheid van gas nucleatiekernen welke normaal gesproken de faseover-
gang vergemakkelijkt. In vloeibare vorm kunnen deze nanodruppels uit de
bloedbaan treden en in tumorweefsel opgenomen worden. Aldaar kunnen ze
door ultrageluid geactiveerd worden, waardoor de druppel verandert in een
gasbel, welke dan op zijn beurt gebruikt kan worden als ultrageluid contrast-
bel. Op diverse manieren is getracht dit soort druppels te ontwikkelen op
een gecontroleerde, monodisperse manier voornamelijk met microfluidische
technieken. In een microfluidische chip met een tientallen nanometer diep
kanaal dat uitmondt in een aantal micrometer diep kanaal kunnen monodis-
perse nanodruppels geproduceerd worden die kleiner zijn dan 100nm. Mi-
crofluidische chips kunnen gebruikt worden om druppels produceren van
micrometer grootte. Een methode om alle tussenliggende afmetingen van
druppels te cre�ren is gebaseerd op de recondensatie van dampbellen gepro-
duceerd in een flow-focusing microchip. De monodisperse druppels kunnen
selectief verdampt worden door een hoogfrequente ultrageluid golf die zich in
de druppel focust en voor nucleatie zorgt. Door instraling met ultrageluid,
gedragen deze bellen zich vergelijkbaar met de fosfolipiden gecoate micro-
bellen, dit komt door de oppervlakte actieve stoffen welke zijn toegevoegd
aan de druppel om het oppervlak te stabiliseren.
Naast stabiele oscillatie tonen microbellen ook meer chaotisch gedrag bij

grotere trillingen, dit heet cavitatie. Cavitatie wordt geacht een grote rol te
hebben in het transport van medicijnen naar dieper gelegen weefsels. Een
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bel gevangen in een micropit kan een wolk van deze kleine cavitatie bellen
genereren welke gebruikt kunnen worden voor medische toepassingen. De
wolk van cavitatie bellen wordt veroorzaakt door de opgebouwde opper-
vlakte golfen op het raakvlak van het gas en de vloeistof in de bel, deze
golfen leiden uiteindelijk tot fragmentatie van de bel. Deze cavitatiebellen
hebben als voordelen dat ze beter controleerbaar zijn en een lagere druk
vereisen dan die van bulk vloeistoffen. Cavitatiekernen om de benodigde
druk voor cavitatie te verlagen kunnen ook ge�njecteerd worden in de bloed-
stroom, bijvoorbeeld door kleine polymere nanodeeltjes te injecteren die een
klein beetje gas met zich meedragen (kleiner dan 100 nm) om zo de initiële
bel groei te helpen. Het kleine formaat van zo�n contrast middel maakt
hen ideaal om tussen cellen door te glijden en de wanden van bloedvaten te
bekleden, om zo dieper gelegen weefsels te bereiken. Polymere nanodeeltjes
kunnen daarnaast worden geladen met verschillende chemische bestandde-
len die ervoor zorgen dat zichtbaar worden in echografie, fluorescentie en in
MRI. Deze lijst kan verder uitgebreid worden door extra bestanddelen aan
de deeltjes toe te voegen. Als alternatief generen we cavitatiebellen met
behulp van laser straling van absorberende polymere microcapsules met een
olie kern. De unieke kracht van de sterke drukgolf, uitgestoten na acti-
vatie van deze deeltjes, maakt zelfs enkele deeltjes in vivo zichtbaar. Dit
maakt hen krachtige contrast middelen in moleculaire beeldvorming omdat
ze gericht kunnen blijven plakken aan de op te sporen zieke cellen. Door
deze capsules te vullen met een olie met een laag kookpunt, wordt de ben-
odigde laser energie voor hun activatie verder verlaagd. De capsules geladen
met olie en met een laag kookpunt produceren bellen die niet meteen verd-
wijnen en daarom gebruikt kunnen worden voor multimodale beeldvorming,
bijvoorbeeld voor het combineren van foto-akoestische beeldvorming en ul-
trageluid om zo meer complementaire informatie te verkrijgen. Tot slot zijn
deze capsules in staat een opening in celmembraan te maken, waardoor de
cel gedwongen wordt om niet-specifiek alle medicatie op te nemen.
Deze therapeutische effecten en de toepassingen, zullen samen met de

moleculaire beeldvormingstechnieken van microbellen de medische innovatie
in diagnostiek en therapie in de nabije toekomst verder versterken.
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