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Abstract

In recent years, the advantages of using ultrasound contrast agents (UCA)
with monodisperse size distribution have been highlighted. Characterized by a
coefficient of variation (CV) lower than 5%, monodisperse microbubbles have the
potential to improve the quality of ultrasound images (improving signal-to-noise ratio
and reducing shadowing effects. It also facilitates microbubble resonance frequency
monitoring, opening possibilities in the areas of molecular imaging and non-invasive
pressure measurements. In addition, monodisperse bubbles can optimize the drugs,
genes, and therapeutic gas delivery (e.g. sonotrombolysis, sonoporation, blood-
brain barrier opening).

However, thus far, contrarily to polydisperse bubbles, freeze-drying
monodisperse populations of fresh microbubbles, without deteriorating their
monodispersity, remains a challenge. Thereby, today, monodisperse bubbles can
neither be stored nor transported. This represents a bottleneck for their use in clinical
applications. Attempts made to solve the problem have used toxic solvents, raising

regulatory issues

The objective of the present work was to develop a new freeze-drying
technique for monodisperse microbubbles that did not degrade their size distribution,
or their acoustic properties, without the use of toxic solvents. As the first step of the
project, flow-focusing microfluidic devices were fabricated to produce microbubbles
with highly monodisperse size distribution (CV<5%). During this step, the
optimization of the microbubble formulation and cryoprotectant materials was
performed. Geometric characterization of two of microbubbles with mean diameters
of 40um and 5um was performed. With the use of a high-speed camera coupled to
an optical microscope, images of all stages of the freeze-drying process of the
microbubbles were captured and analyzed, aiming to control the size distribution and
production rate of the microbubbles. The steps of the freeze-drying process
consisted of production, collection, freezing, lyophilization, and resuspension. The
development of a new retrieval technique, where the microbubbles were stored in
monolayers, resulted in a drastic reduction of the interaction between the bubbles
during lyophilization. In this way, it was possible to preserve the monodispersity

during the freeze-drying process, resulting in a CV <6% for the resuspended



microbubble population. Environmental scanning electron microscope (ESEM)
assays demonstrated uniformity in the shells of the freeze-dried microbubbles with

an estimated wall thickness of 70nm.

In the second stage of the project, a characterization of the backscatter
acoustic response of the freeze-dried monodisperse PVA-shelled microbubbles, in
comparison with freshly produced microbubbles, and commercially available
polydisperse microbubbles SonovueTM was conducted. Firstly, the backscatter
acoustic response of the microbubbles was evaluated in two different setups: the
centimetric cell (large container - 45mmx10mmx30mm), and the ‘milli-channel’
(confined system in which the liquid is at rest - 10 mmx35 mmx1 mm). Using a
focused acoustic transducer with a frequency of 2.25MHz, the acoustic responses
of the microbubbles, in the form of the fundamental resonance frequency and
amplitude, before and after the freeze-drying process was compared for the bubble
population of 5um diameter. It was found that the variation of amplitude and
fundamental resonance frequency of the bubbles were within the experimental
uncertainty range, suggesting that their acoustic properties were preserved. We also
observed, in agreement with the literature, that there is a linear dependence between
the concentration of the microbubble population (without freeze-drying) and the
amplitude of the backscatter coefficient. Subsequently, a comparison of the acoustic
backscatter response was performed for monodisperse and polydisperse bubbles.
Also, in agreement with the literature, we observed an amplitude in the response
signal of the monodispersed bubbles of 8 to 10 times higher than that for the
polydispersed ones, for the same in vitro concentration. It was also possible to
observe the lower uncertainty in monitoring the fundamental resonance peak of the
bubbles and a smaller bandwidth for the monodispersed bubble population. Finally,
using the universal ultrasound matrix imaging approach, developed at Institut
Langevin, the backscatter acoustic response of the freeze-dried monodisperse and
polydisperse population was evaluated in a phantom mimicking tissue. The
preliminary results reinforce the findings from the backscatter acoustic
measurements in the centimetric cell and the milli-channel, in which the
monodisperse population presented a significantly reduced bandwidth in

comparison with the wide bandwidth of the polydisperse population.

The present work successfully presented a new technique developed to
freeze-dry monodisperse microbubbles without degrading their geometrical and
acoustic properties. Thus, we proposed a new generation of ultrasound contrast

agents in the form of a stable freeze-dried powder that can be transported and stored



for months and resuspended for use in clinical applications
Keywords

Microbubbles; microfluidic; lyophilized; monodisperse; ultrasound; polyvinyl
alcohol



Résumé

Ces derniéres années, les avantages de I'utilisation d'agents de contraste
ultrasonores (ACU) a distribution de taille monodisperse ont été mis en évidence.
Caractérisées par un coefficient de variation (CV) de leur diamétre inférieur a 5%,
les microbulles monodisperses ont le potentiel d'améliorer la qualité des images
ultrasonores (amélioration du rapport signal/bruit et réduction des effets d'ombre).
Elles facilitent également le contréle de la fréquence de résonance des microbulles,
ouvrant des possibilités dans les domaines de I'imagerie moléculaire et des mesures
de pression non invasives. En outre, les bulles monodisperses peuvent optimiser
I'administration de médicaments, de genes et de gaz thérapeutiques (par exemple,
sonotrombolyse, sonoporation, ouverture de la barriere hémato-encéphalique).

Cependant, jusqu'a présent, contrairement aux bulles polydisperses, la
lyophilisation de populations monodisperses de microbulles fraiches, sans
détérioration de leur monodispersité, reste un défi. Ainsi, aujourd'hui, les bulles
monodisperses ne peuvent étre ni stockées ni transportées. Cela représente un
goulot d'étranglement pour leur utilisation dans des applications cliniques. Les
tentatives faites pour résoudre ce probléme ont utilisé des solvants toxiques, ce qui

souléve des problémes de réglementation.

L'objectif du présent travail était de développer une nouvelle technique de
lyophilisation des microbulles monodisperses qui ne dégrade pas leur distribution de
taille, ni leurs propriétés acoustiques, et ce sans utiliser de solvants toxiques. La
premiére étape du projet a consisté a fabriquer des dispositifs microfluidiques de
focalisation du flux pour produire des microbulles avec une distribution de taille
hautement monodisperse (CV<5%). Au cours de cette étape, l'optimisation de la
formulation des microbulles et des matériaux cryoprotecteurs a été réalisée. La
caractérisation géométrique de deux microbulles avec des diamétres moyens de
40um et 5um a été menée. A l'aide d'une caméra a haute vitesse couplée a un
microscope optique, des images de toutes les étapes du processus de lyophilisation
des microbulles ont été capturées et analysées, dans le but de contrbler la
distribution de taille et le taux de production des microbulles. Les étapes du
processus de lyophilisation comprenaient la production, la collecte, la congélation,

la lyophilisation et la remise en suspension. Le développement d'une nouvelle



technique de récupération, ou les microbulles étaient stockées en monocouches, a
permis de réduire considérablement linteraction entre les bulles pendant la
lyophilisation. De cette maniére, il a été possible de préserver la monodispersité
pendant le processus de lyophilisation, ce qui a permis d'obtenir un CV <6% pour la
population de microbulles remise en suspension. Les analyses au microscope
électronique a balayage environnemental (ESEM) ont démontré l'uniformité des
enveloppes des microbulles lyophilisées avec une épaisseur de paroi estimée a
70nm.

Dans la deuxiéeme étape du projet, une caractérisation de la réponse
acoustique (en rétrodiffusion) des microbulles monodisperses lyophilisées et
enveloppées de PVA a été réalisée et comparée avec celles de microbulles
fraichement produites et de microbulles polydisperses disponibles dans le
commerce (SonovueTM). Tout d'abord, la réponse acoustique en rétrodiffusion des
microbulles a été évaluée dans deux configurations différentes : la cellule
centimétrique (grand récipient - 4smmx10mmx30mm), et le "milli-channel" (systéme
confiné dans lequel le liquide est au repos - 10 mmx35 mmx1 mm). En utilisant un
transducteur acoustique focalisé avec une fréquence de 2.25MHz, les réponses
acoustiques des microbulles (fréquence de résonance fondamentale et amplitude)
avant et apres le processus de lyophilisation ont été comparées pour la population
de bulles de 5um de diametre. Il a été constaté que la variation de I'amplitude et de
la fréquence de résonance fondamentale des bulles se situait dans la plage
d'incertitude expérimentale, ce qui suggére que leurs propriétés acoustiques ont été
préservées. Nous avons également observé, en accord avec la littérature, qu'il
existe une dépendance linéaire entre la concentration de la population de
microbulles (sans lyophilisation) et I'amplitude du coefficient de rétrodiffusion. Par la
suite, une comparaison de la réponse acoustique a été effectuée pour des bulles
monodisperses et polydisperses. Aussi, en accord avec la littérature, nous avons
observé une amplitude du signal de réponse des bulles monodisperses de 8 a 10
fois supérieure a celle des bulles polydisperses, pour une méme concentration in
vitro. Il a également été possible d'observer une plus faible incertitude dans le suivi
du pic de résonance des bulles et une plus petite largeur de bande pour la population
de bulles monodisperses. Enfin, en utilisant une approche originale dite « d'imagerie
matricielle par ultrasons », développée a I'Institut Langevin, la réponse acoustique
de la population lyophilisée monodispersée et polydispersée a été évaluée dans un
fantdme simulant les tissus. Les résultats préliminaires renforcent les conclusions
des mesures acoustigues menées dans la cellule centimétrique et le canal

millimétrique, dans lesquelles la population monodisperse présente une largeur de



bande significativement réduite par rapport a la grande largeur de bande de la
population polydisperse.

Le présent travail a permis le développement d’'une nouvelle technique pour
lyophiliser des microbulles monodispersées sans dégrader leurs propriétés
géométriques et acoustiques. Ainsi, nous avons proposé une nouvelle génération
d'agents de contraste ultrasonores se présentant sous la forme d'une poudre
lyophilisée stable qui peut étre transportée et stockée pendant des mois et remise

en suspension pour étre utilisée dans des applications cliniques.

Mots Clés
Microbulles; microfluidique; lyophilisees; monodisperse; ultrason;

alcool polyvinylique



Resumo

Nos ultimos anos, as vantagens do uso de agentes de contraste de ultrassom
(UCA) com distribuicdo de tamanho monodisperso foram destacadas.
Caracterizadas por um coeficiente de variacdo (CV) inferior a 5%, as microbolhas
monodispersas tém o potencial de melhorar a qualidade das imagens de ultrassom
(melhorando a relacdo sinal/ruido e reduzindo os efeitos de sombra). Também
facilita o monitoramento da frequiéncia de ressonéncia das microbolhas, abrindo
possibilidades nas areas de imagem molecular e medi¢cdes de pressdo nao-
invasiva. Além disso, as bolhas monodispersas podem otimizar a entrega de
drogas, genes e gases terapéuticos (por exemplo, sonotrombdlise, sonoporacao,
abertura da barreira hemato-encefélica).

No entanto, até agora, ao contrario das bolhas polidispersas, a liofilizacéo de
populacbes  monodispersas de  microbolhas, sem  deteriorar sua
monodispersividade, continuam sendo um desafio. Assim, hoje, as bolhas
monodispersas hdo podem ser armazenadas nem transportadas. Isto representa
um gargalo para seu uso em aplicagdes clinicas. Tentativas feitas para resolver o

problema tém usado solventes toxicos, levantando questdes regulatorias

O objetivo do presente trabalho foi de desenvolver uma nova técnica de
liofilizag&o para microbolhas monodispersas que ndo degradassem sua distribuicdo
de tamanho, ou suas propriedades acusticas, sem o uso de solventes téxicos. Como
primeira etapa do projeto, foram fabricados dispositivos microfluidicos com
focalizacdo de escoamento (flow-focusing) para produzir microbolhas com
distribuicdo de tamanho altamente monodispersa (CV<5%). Durante esta etapa, foi
realizada a otimizacdo da formulacdo das microbolhas e dos materiais
crioprotetores. Foi realizada a caracterizacao geométrica de duas populacbes de
microbolhas com diametros médios de 40um e 5um. Com o uso de uma camera de
alta velocidade acoplada a um microscoépio 6tico, imagens de todas as etapas do
processo de liofilizagdo das microbolhas foram capturadas e analisadas, visando
controlar a distribuicdo de tamanho e a taxa de producdo das microbolhas. As
etapas do processo de liofilizacdo consistiram na producéo, coleta, congelamento,
liofilizacdo e ressuspensdo. O desenvolvimento de uma nova técnica de

recuperacao, onde as microbolhas eram armazenadas em monocamadas, resultou
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em uma reducao drastica da interacdo entre as bolhas durante a liofilizacdo. Desta
forma, foi possivel preservar a monodispersédo durante o processo de liofilizacao,
resultando em um CV <6% para a populacdo de microbolhas ressuspensas. Os
ensaios de microscopio eletrénico de varredura ambiental (ESEM) demonstraram
uniformidade nas cascas das microbolhas liofilizadas com uma espessura de

parede estimada em 70nm.

Na segunda etapa do projeto, foi realizada uma caracterizacdo da resposta
acustica de retrodifusdao das microbolhas liofiizadas em forma de PVA, em
comparacgado com as microbolhas recém produzidas e as microbolhas polidispersa
Sonovue™ disponiveis comercialmente. Primeiramente, a resposta acUstica de
retrodifusdo das microbolhas foi avaliada em duas configuracdes diferentes: a célula
centimétrica (recipiente grande - 45mmx10mmx30mm), e o "milli-canal" (sistema
confinado no qual o liguido estd em repouso - 10 mmx35 mmx1 mm). Usando um
transdutor acustico focalizado com frequéncia de 2,25MHz, as respostas acusticas
das microbolhas, na forma de frequéncia e amplitude de ressonancia fundamental,
antes e depois do processo de liofilizacdo, foram comparadas para a populacéo de
bolhas de 5um de didmetro. Verificou-se que a variagdo de amplitude e frequéncia
de ressonancia fundamental das bolhas estava dentro da faixa de incerteza
experimental, sugerindo que suas propriedades acusticas foram preservadas.
Observamos também, de acordo com a literatura, que existe uma dependéncia
linear entre a concentracdo da populacdo de microbolhas (sem liofilizacdo) e a
amplitude do coeficiente de retrodifusédo. Posteriormente, foi feita uma comparacdo
da resposta de retrodisperséo acustica para bolhas monodispersas e polidispersas.
Também, de acordo com a literatura, observamos uma amplitude no sinal de
resposta das bolhas monodispersas de 8 a 10 vezes maior que a das bolhas
polidispersas, para a mesma concentracao in vitro. Também foi possivel observar a
menor incerteza no monitoramento do pico de ressonancia fundamental das bolhas
e uma menor largura de banda para a populacdo de bolhas monodispersas.
Finalmente, utilizando a abordagem de imagens de matriz universal de ultrassom,
desenvolvida no Institut Langevin, a resposta acustica de retrodifusdo da populacéo
monodispersa liofilizada e polidispersa foi avaliada em um tecido artificial com
impedancia acustica similar ao tecido humano. Os resultados preliminares reforcam
os resultados das medi¢des acusticas de retrodifusédo na célula centimétrica e no
milicanal, nos quais a populacdo monodispersa apresentou uma largura de banda
significativamente reduzida em comparacdo com a ampla largura de banda da

populacéo polidispersa.
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O presente trabalho apresentou com sucesso uma nova técnica desenvolvida
para liofilizar as microbolhas monodispersas sem degradar suas propriedades
geomeétricas e acusticas. Assim, propusemos uma nova geracao de agentes de
contraste ultrassom na forma de um po liofilizado estavel que pode ser transportado

e armazenado por meses e ressuspenso para uso em aplicacdes clinicas.

Palavras-chave
Microbolhas; microfluidica; liofilizado; monodisperso; ultrassom; alcool poli-

vinilico
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the nozzle width are stably produced. (d) IV: Unstable (80-92 pL/min),
microbubbles production becomes unstable and can result in doublet
formation (i.e. two microbubbles in quick succession followed by a
delay in microbubbles production, black box) and microbubbles with a
diameter less than the nozzle width. ..o 88
Figure 4.2 — Typical production of microbubbles in a flow-focusing microfluidic
device with a nozzle of 20um width and 16um height. (A) image of the
production of monodisperse microbubble population at the nozzle of
the flow-focusing device. (B) The size distribution of the microbubbles
downstream of the nozzle. Bubbles presented a mean diameter of
36.0+0.1 um, a standard deviation of 1.0um, and a CV of 2.9%. (C)
Images of the monodisperse microbubble close to the outlet of the
microfluidic device. The red rectangle is the selected area of analysis
where the bubbles are in the same plane, and (D) shows the size
distribution of the microbubbles close to the outlet. They presented a
mean diameter of 44.7+0.2 um, a standard deviation of 1.4 um, and a
CV OF B.20. ettt ettt ens 89
Figure 4.3 — Schematic illustration of the pressure variation in the microchip.
Regions A, B, and C presented in the image have a mean size
distribution of 39.0+0.1 (CV of 2.7%), 36.0+0.1 pm (CV of 2.9%), and
44.7+0.2 pm (CV of 3.2%), respectively........cccccevevrenenenenienieeeeeenn 90
Figure 4.4 — The image on the left shows a typical collection of the produced
microbubbles over a microscope glass slide. The image on the right
shows the size distribution of the collected microbubbles................... 90
Figure 4.5 — Typical image of the freeze-dried cake collected in bulk before
resuspension with a buffer saline solution (10mM PBS). A) Shows the
cake inside of the glass vial, B) shows the freeze-dried cake over a
microscope glass slide, and C) shows an optical image of the cake
powder, with the presence of microbubbles. D) Shows an image of
the freeze-dried population after resuspension, and E) show its size
distribution with a mean diameter of 56.9 +1.2 um, a standard
deviation of 17 um, and a CV of 29%. Qualitative access of the
lyophilizate cake before resuspension, shows that bubbles were
already polydisperse in this configuration, suggesting that the
degradation process happened before the rehydration of the bubbles.

Figure 4.6 — This set of images shows the effect of a double layer collection of
monodisperse microbubbles population over their polydispersity
during freeze-drying. (A) The typical image of freeze-dried spots over
a glass slide, (B) A freeze-dried powder of microbubbles in a double-
layer configuration, (C) Freeze-dried population after resuspension,
and (D) shows the size distribution of the resuspended microbubbles.
The population presented a mean diameter of 41.5+2.2 um, a
standard deviation of 23.8 uym, and a CV of 57% ......cccevevvevevercennnne 94

Figure 4.7 — The images and size distribution (bars represent the size distribution
and dots represent Gaussian fits) of lyophilisates and resuspended
bubbles. (A) Optical images of one spot of the lyophilizate, consisting



of freeze-dried bubbles deposited onto glass slides. (B) Size
distribution of the lyophilisates 42 uym, with a standard deviation of 4
pum, and a CV of 9%, in average diameters of the lyophilisates. (C)
Resuspended bubbles and (D) their size distributions (insets): the
average diameter of the bubbles is 44 um, with a standard deviation
Of 3 UM and @ CV Of 6%...ccueveieieeieeeee e 95
Figure 4.8 — Microfluidic generation of 5 um in diameter poly(vinyl alcohol) (PVA)
‘fresh’ microbubbles (i.e., directly coming out of the microfluidic
device and thereby not resuspended from a lyophilisate). (A)
Monodisperse bubbles were generated in the central channel located
between the “river” channels (i.e., anti-clogging system or tangential
filtering) and after the gas channel. Bubbles exited the device without
any coalescence. (B) Optical images with 20x magnification of freshly
generated bubbles were collected in a monolayer manner on a glass
slide, (C) is the optical image with 40x magnification of the same
microbubble population. (D) Shows the size distribution of the
collected bubbles showing average sizes, standard deviation, and
coefficient of variation (CV) respectively equal to 5.70+£0.01 pum, 0.2
M, AN 32890, .eeeieieieieeeseeeete ettt sttt e e ennees 97
Figure 4.9 — The images and size distribution of lyophilisates and resuspended
bubbles. (Left) The optical images of the central part of a lyophilisate
spot consist of freeze-dried bubbles deposited on a glass slide.
(Right) Shows the size distribution of the lyophilisate as 5.8+0.03
(standard deviation of 0.3 and CV of 5%) um in average diameter...98
Figure 4.10 — A) Environmental scanning electron microscopy (ESEM) of the 5
um lyophilisate. (B) Scanning electron microscopy (SEM) image
shows a broken bubble and the magnified image, shown as an inset
and an illustration (right-hand side), measuring the thickness of the
SNl @S ~70 NIM. e 99
Figure 4.11 — The images and size distribution of resuspended bubbles. The
insert shows the average diameter of the bubbles as 5.48+0.01 um, a
standard deviation of 0.3 um, and a CV of 5.7%. ....cccccevvecvevvrvenenne. 100
Figure 4.12 — Surface tension measurements using the pendant drop technique.
The results extracted from Pessoa et al (2020) were combined with
the measured surface tension for the 8% PVA + 10mM PBS
CONLINUOUS PRASE. ...coiiiieieiieeeie sttt ettt sne e es 101
Figure 4.13 — A stability test of typical PVA-shelled monodisperse microbubbles.
The size distribution of the collected population was evaluated as a
function of time. (A) Optical image of the bubbles at t=0, and (B° its
size distribution with a mean diameter of 5.2 um (CV of 2%). (C)
Shows the size distribution of the microbubbles after 5 minutes of
collection, with a mean diameter of 4.89 um (CV of 2.3%). (D) An
optical image of the microbubbles after 15 minutes of collection, and
(E) shows its size distribution of 5.10 um (CV of 7.8%). (F) shows the
size distribution of the population after 30 minutes, with a mean
diameter of 5.9 um (CV of 17%). (G) Optical image of the
microbubble after 45 minutes of collection, (H) with a mean diameter
of 6.83um (CV of 24.7%). (1) Show the size distribution of the
microbubbles population after 1 hour from the collection, having a
mean diameter of 8.23um (CV 0f 25.5 %0). ..ccoveeeceevieieiceeeseeeee 102



Figure 5.1 — Schematic drawing of reflection and refraction of a sound wave at
the boundary (a) between two fluid media and (b) between a fluid and
a solid medium (Laugier and Haiat 2011). ........cccccoevveveveneecieseeeenne, 110
Figure 5.2 — The ultrasonic beam emitted by a transducer can be unfocused (on
the left) or focussed using an acoustic lens (on the right) (bottom).
Focusing produces a narrower beam but does not affect the length of
the near field. The dispersion rate in the far-field is increased due to
concentration(illustration from the website Thoracic Key.com)......... 113
Figure 5.3 — The ultrasonic beam can be shown in three dimensions. A
cylindrically formed beam will be emitted by a single-crystal
transducer (top). If the transducer face is rectangular (bottom), the
beam will also be rectangular. The two illustrations mark the various
beam axes (illustration from the website Thoracic Key.com)............ 114
Figure 5.4 — illustration of a bubble in liquid. R(t) is the bubble radius, pL(t) is the
pressure in the liquid at the bubble surface, poo is the pressure in the
liquid far from the bubble, and p is the density of the liquid (adapted
from HOFf (2001)). c.vevireeieieieeeeeieeese et e 121
Figure 5.5 — The resonance curves of an uncoated 3.8 um bubble and a
phospholipid-coated bubble of the same size. The coating stiffens the
system, resulting in a higher resonance frequency. The coating's
viscosity causes higher energy dissipation, or damping, resulting in a
broader resonance curve (T. Segers, 2015)......cccccveveeveieecereeeennens 126
Figure 5.6 — Damping coefficients for an air bubble in water as a function of the
diameter calculated at their resonance frequency. §TOT is the total
damping; 8v is the viscous damping; &r is the reradiation damping;
Sth is thermal damping (De Jong et al. (2002))......cccoceverereveenennens 129
Figure 5.7 — The effective surface tension as a function of the bubble radius
(RO=2 pm) for the models of Church (1995), De Jong (1994), and
Sarkar (2005) accounting for the purely elastic shell. Image adpted
from Overvelde et al., 2010. .......ccocevirerenieieieeeee e 132
Figure 5.8 — The effective surface tension as a function of the bubble radius
(RO=2 pm) including an elastic, buckling, and rupture of the shell
regimes for the Marmottant et al. (2005) model. Image from
Overvelde et al., 2010. ....cccooeriieirieereseeeeee e 134
Figure 5.9 — The resonance frequency and the eigenfrequency of uncoated and
coated bubbles as a function of the initial radius. The resonance
frequency and the natural frequency of the uncoated bubble agree
within graphical resolution (Overvelde et al., 2010). .....cccccevvevruennene 135
Figure 5.10 — The oscillation amplitude for an uncoated and coated bubble with
RO = 2 pm normalized with the uncoated microbubble's maximum
oscillation amplitude. The driving frequency is normalized to the
uncoated microbubble resonance frequency (Overvelde et al., 2010).

Figure 5.11 — Scattering cross-section as a function of frequency and bubble
diameter (HOff, 2001). ....ooeeieieieeeeee e 137

Figure 5.12 — Simulated microbubbles Gaussian size distributions with total
number 104, mean radius RO = 3 pm and standard deviation & = 0.3
and 0.6 (Y. GONQG 2013). ..ocueeeeeeeeeseeeee ettt 142

Figure 5.13 — Simulated attenuations as a function of incident frequency for (a)
free bubbles, and (b) lipid-coated microbubbles with uniform size



distribution and Gaussian size distributions (Figure 5.12), respective
(Y. GONQG 2013). .ttt st 142
Figure 5.14 — Resonance frequency shift as a function of mean radius for lipid-
coated microbubbles with Gaussian size distributions (5 = 0.17) with
respect to linear resonance frequency of microbubbles with the
uniform sizes (Y. GONg 2013). .cccoverererieieieieeeienieseese e 143
Figure 6.1 — Acoustic characterization setups with different geometries and
typical acoustic responses of fresh bubbles and SonoVue. (A) The
instrumentation for the data acquisition, monitoring, and recording of
the detected signal consist of an arbitrary wave function generator
(Tektronix AFG 2021, USA), and a PicoScope (5242D, Pico
Technology, UK). (B) Schematic drawing of the centimetric cell used
for the backscatter acoustic characterization of the bubbles. The
bubbles were injected in a MilliQ water-filled container
(45mmX10mmX30mm) which was placed in a degassed DI
waterfilled large container. (C) Schematic drawing of the milli-channel
for the backscatter acoustic characterization of the bubbles. The focal
transducer was coupled with an acoustic gel-filled 3D-printed
WAVEGUIAE. ...eceviieeeeeieceetesteeee sttt ettt st steera e besreenae e 151
Figure 6.2 — The backscattered echoes show a comparison of 108 freshly
generated polyvinyl alcohol (PVA) monodisperse microbubbles with a
reference measurement (where there are no bubbles) at 1.35 MHz
central sweep frequency. (A) The weak front and back wall echoes
originated from the mylar windows, while the echoes from the bubbles
appeared between these walls, in this 10 mm height cell. (B) The
front and back wall echoes originated from the PDMS structure, while
the echoes from the confined bubbles merged with the front and back
walls of the chamber whose height was 1 mm..........cccccoovevevreeennne. 152
Figure 6.3 — FFT of the emitted pulses (i.e., excitation) across the sweeping
frequencies, reflected by the metallic plate. A) The spectrum of the
center frequencies emitted through each experiment from 0.75 to
3.5MHz. The maximum amplitude (orange) in each frequency is
highlighted. B) The normalized emitted pulse, in which the orange
bars illustrate the maximum excitation amplitude in each frequency
from 0.75 10 3.5MHZ ... 152
Figure 6.4 — A) lllustration of the recording of the reflection matrix Ruu(t) =
R(uout, uin, t). One element at a given position uinsends a short pulse
and the corresponding echoes are received at each transducer
positioned at uout B) lllustration of the time delays applied at the input
and output to create the B-mode image confocal image. .................. 155
Figure 6.5 — lllustration of the recording of the focused reflection matrix RF. A)
shows the confocal image in which the location of the virtual emitters
(rin) and receivers (rout) inside the medium are equal in the focal
plane. B) shows the split between the virtual emitters and receivers.
While each pixel of a confocal image is associated with the same
virtual transducer at emission and reception, the focused reflection
matrix also contains the cross-talks between each pixel of the image
and, thus, holds much more information than a conventional image.



Figure 6.6 — Example of an RF matrix where the dotted white line represents an
anti-diagonal. A) Regime dominated by single scattering events, and
B) regime dominated by multiple scattering or aberration, due to high
off-diagonal intensity ValUes. ..........ccccccveveveecenecceeceeeeere e 157
Figure 7.1 — A) The backscattered echoes show a comparison of 106 freshly
generated polyvinyl alcohol (PVA) monodisperse microbubbles with a
reference measurement (where there are no bubbles) at 1.35 MHz
central sweep frequency. The weaker front and back wall echoes
originated from the mylar windows, while the echoes from the bubbles
appeared between these walls, in this 10 mm height cell, where the
signal was time-gated with a Hanning window. B) The backscatter
acoustic response of 106 freshly generated monodisperse PVA-
shelled microbubbles with the acoustic excitation presented in the
DACKGIOUNG. ... 162
Figure 7.2 — A) Typically obtained normalized backscatter resonance spectra
(each is an average over fifty spectra) of the compensated emission,
fresh, and freeze-dried bubbles with the same size (5um in diameter)
under the same experimental conditions, obtained in the centimetric
cell. B) Shows the backscattered power spectra comparison of ~10°
SonoVue (magnified by 5), and ~10° fresh bubbles (in solid line while
the dotted line represents the gaussian fitted spectrum) in the
CENLIMELTIC CEIL. .. 162
Figure 7.3 — A) Backscatter coefficient for the 5.4um mean diameter PVA-shelled
monodisperse microbubbles. B) Scattering coefficients at the
fundamental frequency at peak negative pressures of 10, 25, 50 and
100 kPa for lipid-shelled monodisperse microbubbles (adapted from
Segers et al.,, 2018) ....cceoivireieieieeee e 163
Figure 7.4 — A) The backscattered echoes show a comparison of 106 freshly
generated polyvinyl alcohol (PVA) monodisperse microbubbles with a
reference measurement (where there are no bubbles) at 1.35 MHz
central sweep frequency. The front and back wall echoes originated
from the PDMS structure, while the echoes from the confined bubbles
merged with the front and back walls of the chamber whose height
was 1 mm. B) The backscatter acoustic response of 106 freshly
generated monodisperse PVA-shelled microbubbles with the acoustic
excitation presented in the background.............cccccoevveieiinicceneenenne. 165
Figure 7.5 — A) Typically obtained normalized backscatter resonance spectra
(each is an average over fifty spectra) of the compensated emission,
fresh, and freeze-dried bubbles with the same size (5um in diameter)
under the same experimental conditions, obtained in the milli-channel
setup. B) Shows the backscattered power spectra comparison of ~10°
SonoVue and ~108 fresh bubbles (in solid line while the dotted line
represents the gaussian fitted spectrum) in the centimetric cell....... 166
Figure 7.6 — A) Comparison of backscattered power spectra of ~10°, ~107, and
~10® SonoVue with ~106 fresh monodisperse microbubblebubbles
and reference (where there is no bubble). B) Typical resonance
spectrum measured in the confined system (average of 50 spectra) of
~10® SonoVue and ~10° fresh bubbles with ~%15 % and ~10%
standard deviation from the Gaussian center, respectively. ............. 167



Figure 7.7 — Typical 3D confocal image generated by the matrix image approach
in phantom tissue-mimicking setup in the presence of microbubbles
(top left).In the bottom is an example of 3 different B-mode planes
used to construct the 3D IMAge. .......cceecveveeeeevereceereee e 168
Figure 7.8 — Typical 3D confocal image generated by the matrix imaging
approach in phantom tissue-mimicking setup in the presence of
microbubbles (top left). A filtering of the mean intensity value was
applied in the image in order to highlight the dynamic elements, e.g.,
microbubbles. In the bottom is an example of 3 different B-mode
planes used to construct the 3D iMage. .......ccceveveevieeeveieeeseceens 168
Figure 7.9 — A) 3D confocal image of the freeze-dried monodisperse
microbubbles flowing inside the tissue-mimicking phantom. B)
Example of the signal of a high intense pixel in the ballistic time,
corresponding to the bubble’s response. A FFT is applied over the
bubbles signal in order to obtain their spectrum. C) Mean spectrum of
the microbubbles inside the phantom (blue), and the speckle
spectrum at the level of the tube. The speckle signal is assumed to be
representative of the signal emitted by the transducer and thus used
to deconvolve the microbubble mean spectrum. D) Deconvolved
mean spectrum of the freeze-dried monaodisperse microbubbles
population showing a resonance peak around 1.3MHz..................... 169
Figure 7.10 — The top left image shows the mean spectrum of the freeze-dried
monodisperse microbubbles inside the phantom (blue), and the
speckle spectrum at the level of the tube. The images in the bottom
left shows the deconvolved mean spectrum of the freeze-dried
monodisperse microbubbles population showing a resonance peak
around 1.3MHz. The top right image shows the mean spectrum of the
polydisperse SonovueTM microbubbles inside the phantom (blue),
and the speckle spectrum at the level of the tube. The images in the
bottom shows the deconvolved mean spectrum of the polydisperse
SonovueTM showing a broad resonance peak with resonance
frequency around 2MHZ..........c.coveviiieeecieeece e 170
Figure 7.11 — Measured backscattered echo power as a function of freshly
generated monodisperse PVA-shelled microbubble concentration in
the centimetric Cell SELUP. ..ccecveieeeceeeeeeee e 171
Figure 7.12 — Damping coefficients for air bubbles in water as a function of the
diameter calculated at their resonance frequency. tot = total
damping; 8vis = viscous damping; érad = radiative damping; &th =
thermal damping. .....occeviiieceree e 172
Figure 7.13 — The backscattered intensity can be decomposed onto all possible
pairs of paths in the medium. These path pairs can be classified into
one of the three categories symbolized in the figure. (A) Speckle
contribution; (B) incoherent contribution; (C) coherent contribution
(adapted from A.Tourin et al., 2000). ......ccceeeriereecereeiee e 174
Figure 7.14 — A) Transversal 2D confocal image of the tissue-mimicking phantom
with the presence of freeze-dried monodisperse PVA-shelled
microbubbles. The red and blue lines represent the regions where the
focused reflection matrix from images B and D were taken. B)
Focused reflection matrix inside the tube where the monodisperse
microbubbles are present. C) Is the Antidiagonal signal intensity for



the region represented by the red line in image A. D) Focused
reflection matrix inside the below the backwall of the tube without the
presence of any microbubbles. E) Is the Antidiagonal signal intensity
for the region represented by the blue line in image A. ................... 175
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A Cross section area
Ag Surface area
Bi Biot number

C Solubility

Cp Heat capacity at constant pressure

C Gas concentration; thermal capacity; speed of sound
Ca Capillarity number

D Characteristic dimension; Diffusion coefficient
Dy Diffusivity constant

ds Shell thickness
ES Dilatational surface elasticity

E Shell elasticity

f Frequency; saturation level factor
fr Resonance frequency
fo Eigenfrequency
Gs Shell shear modulus
h Height; enthalpy; film thickness
H Ostwald coefficient
h. Convective heat transfer
hg Gas permeability
I;(w) Incident sound intensity
I Acoustic intensity
] Effective permeability
k Thermal conductivity; adiabatic bulk modulus of elasticity; wave-
number
ky Boltzmann constant

Ky Molar Henry’s constant
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Length

Thermal diffusion Length

Mach number

Effective elastic modulus
Molecular weight

Mass

Particle density in volume
Number of scatterers

Moles of gas i

Calescence probability

Pressure

Excess pressure

Scattered and absorbed power
Pressure at the bubble’s surface
External pressure

Driving acoustic pressure
Scattered pressure; scattered power
Peclet number

Volumetric flow rate

Bubble radius; reflection intensity
Shell resistance to mass transfer
Shell elasticity

Shell viscosity

Secondary scattering ratio
Stiffness

Absolute temperature; period; transmission coefficient
Glass transition temperature
Temperature at the transition front
Time

Collapse time of thin thread

Velocity
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Ucouapse SP€€d Of collapse

|4 Velocity; Volume

Vin Molar volume

w Width

Wi Minimum width of the thread of gas
Z Acoustic impedance

Greek Symbols

a(w) Attenuation coefficient
B Damping
y Adiabatic constant
rvis Viscous damping
6 Damping coefficient; Thickness of encapsulation
Ne Viscosity of the thinning film
n Viscosity
n(f) Backscatter/scatter coefficient
K Polytropic exponent of the gas
A Wavelength
u Dynamic viscosity
v Kinematic viscosity
& Small displacement at bubble’s surface
p Mass density
R Universal gas constant
o Interfacial tension
Oq Absorption cross-section
oy Scattering strength
O, Extinction cross-section
O Scattering cross-section
Tq Drainage time
T¢ Contact time

X Shell elasticity



Q, Mass transfer resistance

1) Angular frequency
Subscripts
c Critical
i Inside; initial
0 Outside

or Orifice

rad Radiation

S At the surface; shell
Th Thermal
tot total

0 Initial

n Viscous
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1. INTRODUCTION

Since the 1970s, ultrasound has been the most frequently applied medical
imaging modality. It provides low-risk and portable imaging, creates real-time
images that can be obtained at the patient's bedside, and is less costly than
computed tomography (CT) and magnetic resonance imaging (MRI). The
technology is based on capturing the scattering and reflection of transmitted
ultrasonic waves at surfaces and tissue inhomogeneities with distinct acoustic
impedances. The time of travel and the amplitude of the received echos can be
used to create an ultrasound image. The most common ultrasonic frequencies
employed are in the 1 to 50 MHz range, with higher frequencies resulting in higher
spatial resolution due to their shorter wavelength. However, attenuation reduces
penetration depth at higher frequencies, which grows linearly with frequency. As a
result, the optimal imaging frequency is always a compromise between resolution
and imaging depth. Acoustic inhomogeneities on bodily tissues scatter ultrasound
which makes the ultrasound image brighter. Contrarily, ultrasound scattering from
blood is substantially less than scattering from other tissues, often 30 to 60 dB
weaker. However, the Doppler effect generates a frequency change in the echoes
of flowing blood, and these weak signals can be distinguished from tissue echoes.
This is utilized in different diagnostic ultrasound Doppler procedures to measure
the velocity and direction of blood flow. The introduction of contrast agents is
intended to enhance the scattering of sound from the blood. This will be utilized to
boost the information content of ultrasound images and gather diagnostic

information that would otherwise be unavailable.

1.1.Ultrasound Contrast Agents

Ultrasound contrast agents (UCA) are constituted of encapsulated
microbubbles with diameters ranging from 1 to 10 um that are filled with a gas that
is insoluble in water (e.g., perfluorocarbon, nitrogen). They are administered into
the systemic circulation intravenously; therefore, they must be less than 10 pm in
diameter to pass through pulmonary circulation and microcirculation, which is

equivalent to the size of red blood cells (6-8 um). Free uncoated air microbubbles
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of this size could dissolve in the blood rapidly, in less than 1 second due to the
surface tension (Stride, 2009). Thus, the microbubbles are coated with a shell of
surface-active molecules (lipids or polymers), which counteracts surface tension,
reduces gas diffusion into the surrounding environment, and extends the
microbubbles' lifespan for imaging (> 10 minutes).

UCA offers excellent contrast between flowing or stagnant blood and
surrounding tissue when injected into the circulatory system. Because the gas core
is very compressible, UCA experiences volumetric oscillations and emits pressure
waves when exposed to an acoustic field. Due to the pressure waves generated
during volumetric oscillations, UCA have a small geometric scattering cross-
section, but are extremely echogenic. As a consequence, the US Food and Drug
Administration (FDA) has authorized UCA for use in cardiology.

1.2. History of Ultrasound Contrast Agents

Ultrasound contrast agents have been researched for over 40 years since it
was first discovered by Gramiak and Shah (1968) by accident. They observed that
saline infusion into the ascending aorta improved echo signals for
echocardiography. This effect was then attributed to the formation of microbubbles
that were found to scatter ultrasound efficiently. The first microbubbles could not
travel through the lungs and could only be used to obstruct the right ventricle
(Becher et al., 1988). The discovery of tiny, stable, and highly echogenic
microbubbles in the 1980s (e.g., gelatin-encapsulated nitrogen microbubbles
(Carroll et al., 1980) and human serum albumin-coated air bubbles (Feinstein et
al., 1984) sparked the commercialization of UCA. Echovist® (1982), produced by
Schering AG (Berlin, Germany), was the first commercially marketed UCA,
followed by Levovist® (1985). Albunex was the first UCA authorized by the FDA in
1994. It was created by Molecular Biosystems Inc. (MBI, San Diego, CA). Albunex
is made by sonicating a 5% human serum albumin solution. These agents are from
the first generation of UCA, and their microbubbles are generally filled with air.
Because of their high solubility and diffusibility, air seeps out of the microbubbles
as they travel through the pulmonary circulation, reducing their size.

In the early 1990s, high-molecular-weight gases (e.g., perfluorocarbon,
nitrogen) were added to the second-generation UCA to address this issue. These
gases can decrease gas diffusion to the surrounding medium, enhancing
microbubble stability and lifespan. These agents have been shown to improve

contrast imaging in various settings (e.g., echocardiography). Optison® (GE
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Healthcare, Princeton, NJ) was approved by the FDA in 1998 and is made up of
perfluoro gas microbubbles coated with human serum albumin. SonoVue® (Bracco
Diagnostics, Inc., Princeton, NJ) uses another gas with a limited solubility: sulfur
hexafluoride. Definity® (Lantheus Medical Imaging, Inc., N Billerica, MA), one of
the most popular agents, was authorized by the FDA in 2001. They are perfluoro-
filled lipid-coated microbubbles. However, in the United States, the FDA has only
authorized Optison® and Definity® for left ventricular (LV) opacification (Kaul,
2008). Echogen® (Sonus Pharmaceuticals, Bothell, WA) (Grayburn, 1997) is a
phase-shift colloid containing dodecafluoropentane (DDFP) liquid in the dispersion
phase that transforms from liquid to gas phase at body temperature and creates
microbubbles. A list of commercially available ultrasound contrast agents can be
found in Kaul (2008) and Frinking et al. (2020).

1.3. Applications of Ultrasound Contrast Agents

UCA are commonly employed in ultrasound imaging due to their strong
echogenicity and nonlinear response to acoustic stimulation. Microbubbles
oscillate nonlinearly when insonified by ultrasound at frequency f. Thus, harmonic
(2f, 3f, ...), subharmonic (f/2, /3, ...), and ultra-harmonic (3f/2, 5f/2, ...) components
can be formed depending on the shell characteristics, driving frequency, and
pressure. Based on these characteristics, multiple techniques have been
developed to increase the imaging sensitivity and contrast-to-tissue ratios (CTR),
such as second harmonic imaging (Kaul, 2002), super-harmonic imaging (van
Neer et al., 2010), subharmonic imaging (Gong et al., 2006; Couture et al., 2009),
pulse inversion (Simpson et al., 1999), pulse inversion Doppler (Mahue et al.,
2011), dual-frequency modulation (Su et al., 2008) and coded-pulse imaging
(Gong et al., 2007; Li et al., 2010).

UCA is mainly used in echocardiography (Kaul, 2008), where it is used to
detect ventricular opacification, delineate endocardial boundaries, measure
systolic function and left ventricular volume, and identify myocardial infarction and
coronary artery stenoses (Stride, 2009). Contrast-enhanced imaging is also utilized
to identify and characterize liver tumors, assess brain strokes and other organs
(e.g., kidney, breast, prostate, etc.).

Ultrasound has lately shown potential as an imaging modality for molecular
imaging (Hamilton et al., 2002; Leong-Poi et al., 2003; Weller et al., 2003; Bloch et
al., 2004; Hamilton et al., 2004; Rychak, et al., 2006; Dayton and Rychak 2007,
Klibanov, 2007). In this method, UCAs coupled with particular antibodies or peptide
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sequences are directed towards membrane-bound ligand receptors produced
during illness development. Diagnostic ultrasound pictures of the bound UCA are
collected and employed to examine the disease's anatomy and pathology. UCA
with all bubbles having the same frequency response would be ideal for molecular
imaging applications. This would allow imaging to be performed at frequencies
tuned to the resonance or harmonics of the bound bubbles, increasing the system's
sensitivity to identify the targeted UCA.

In addition to diagnostic applications, UCA has been studied for therapeutic
applications such as drug delivery (Larina et al., 2005), gene therapy (Liu et al.,
2006; Phillips et al., 2009), sonothrombolysis, blood-brain barrier (BBB) opening
(Choi et al., 2007), High Intensity Focused Ultrasound (HIFU) (Luo et al., 2006;
Kim et al., 2008), functional ultrasound imaging (Macé et al., 2011), and super-
resolution ultrasound imaging with ultrasound localization microscopy (ULM)
(Errico et al., 2015, and Demené et al., 2021).

1.4.Monodisperse Ultrasound Contrast Agents

Since the inaugural use of free gas bubbles as ultrasonic contrast agents in
1968 (Gramiak and Shah, 1968), much effort has been made to enhance the
stability, safety, and echogenicity of UCAs. Today, UCAs with a shell that
encapsulates a heavy gas are created by sonication and agitation of a surfactant
solution containing lipids, proteins, or polymers (Frinking et al., 2020). Current
manufacturing approaches produce the required structure, but give little control
over microbubble size, resulting in polydisperse contrast agents.

Polydisperse microbubbles have a practical benefit. They cover both low and
high frequencies, allowing the visualization of images of a deep or shallow
structure. A single product might thus serve several purposes. However, limits
caused by size polydispersity have been highlighted in recent years. Because the
resonance frequency of microbubbles is inversely related to their size (Minnaert,
1933), the resonance spectrum in polydisperse UCAs will be broad (Tremblay-
Darveau et al., 2014; Hoff et al., 2000). In a polydisperse population, ultrasound
scanners used in clinics generally produce acoustic pulses with a restricted
frequency bandwidth, exciting just a tiny percentage of the bubbles near their
resonance (Segers et al., 2016). As a result, polydispersity is not optimum in terms
of signal-to-noise ratio (Stride et al., 2020). Furthermore, (Segers et al., 2018b)
demonstrated that polydispersity makes it difficult to fully use the non-linear

properties that allow for the reduction of shadowing effects in deep tissue imaging.
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The use of polydisperse bubbles also inhibits quantitative measures that
might be useful in therapeutic settings, such as detecting local pressure (Fairbank
and Scully, 1977; Ishihara et al., 1988; Tremblay-Darveau et al., 2014; Segers et
al., 2018a). According to Minnaert's law, local pressure influences the resonance
frequency. If the bubble population is monodisperse, a route connecting resonance
measurements to local pressure can be established. However, polydisperse
bubbles provide a broad resonance range from which it is challenging to derive
quantitative pressure information. For example, the needed clinical sensitivity for
diagnosing portal vein hypertension is +2 kPa. The readings are supposed to be
repeatable in a monodisperse population, with a coefficient of variation (CV) of 6%.
(Tremblay-Darveau et al., 2014). Attempts to use subharmonics have also been
proposed (Shi et al., 1999; Esposito et al., 2020), but on a purely empirical basis,
impairing the measurement's reliability.

In molecular diagnostics, the bubbles can be functionalized to acquire an
affinity with certain antigens, causing them to preferentially settle in specific parts
of the circulation, disclosing the presence of the targeted molecules (Leong-Poi et
al., 2003), as mentioned in the previous section. The amount of bubbles that reach
their destinations is small, resulting in weak echoes (Frinking et al., 2012).
Polydisperse bubbles lack the high sensitivity of the resonance frequency shift for
distinguishing freely circulating and confined bubbles (Overvelde et al., 2011).

Drugs, genes, and therapeutic gases can also be transported via
microbubbles (Hernot and Klibanov, 2008; Sutton et al., 2014; Kooiman et al.,
2020). When bubbles reach specified regions, they might break, releasing the
charge locally. Nonetheless, polydisperse bubbles necessitate high ultrasonic
intensities for effective breaking, which might lead to clinical issues. To produce a
regulated and efficient burst, monodisperse bubbles must be used (Roovers et al.,
2019). The fine control of monodisperse bubbles can also enhance therapeutic
applications such as sonothrombolysis (Dixon et al., 2019) and temporary blood-
brain opening (Choi et al., 2010).

Functional ultrasound imaging (fUS) is a breakthrough technology that uses
ultrafast frame rates to map changes in local cerebral blood volume induced by
neural activity (Macé et al., 2011). However, skull bones attenuate and distort
ultrasound waves in the MHz range (Pinton et al., 2012), which hinders the fully
noninvasive potential of fUS imaging. A potential solution to compensate for skull
attenuation is to augment the source of contrast in fUS — red blood cells — by
administering UCA into the blood stream. Maresca et al., (2020) used gas vesicles

(GVs), genetically encodable ultrasound contrast agents derived from buoyant
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photosynthetic microorganisms, characterized by being monodisperse. They
showed that intravenously infused GVs enhance ultrafast Doppler ultrasound
contrast and visually-evoked hemodynamic contrast in transcranial fUS of the
mouse brain. The enhancement leads to a more effective functional signal
amplification compared to the commercial microbubbles which are polydisperse.
Recently, super-resolution ultrasound imaging with ultrasound localization
microscopy (ULM) has received much attention (Errico et al., 2015, and Demené
et al., 2021). In ULM, the microvasculature is imaged by tracking the microbubbles
that are confined within the capillaries. ULM requires a sparse distribution of
microbubbles in the microvasculature, which ensures the separation of their point
spread functions. By tracking the centroids of these point spread functions as the
microbubbles flow through the capillaries, the microvasculature and its flow field
(magnitude and direction) are mapped. Blanken et al., (2022) presented an
alternative super-resolution approach, based on direct deconvolution of single-
channel ultrasound radio-frequency signals with a one-dimensional dilated
convolutional neural network (CNN). They showed a better performance for
monodisperse bubbles compared to polydisperse bubbles, which was attributed to
a lower degree of kernel variability. In other words, the individual bubble echoes

varied less in amplitude and shape.

Figure 1.1 - Transcranial Ultrasound Localization Microscopy of deep brain vessels in patients
using microbubbles. (figure adapted from Demené et al., 2021).

In vitro, phospholipid-shelled microfluidic monodisperse microbubbles were

shown to have 2-3 orders of magnitude more acoustic sensitivity than polydisperse

microbubbles (Segers et al.,, 2018b). Similarly, the acoustic sensitivity of
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monodisperse bubbles was found to be between 10 and 15 times (in rats) greater
than that of clinical polydisperse bubbles like SonoVue, Definity, and Optison
(Helbert et al., 2020).

Based on these findings, one might conclude that monodisperse bubbles are
particularly beneficial in therapeutic applications. Monodisperse bubbles bring new
possibilities for diagnostics, pressure sensing, and treatment. Highly monodisperse
bubbles are nowadays produced with microfluidics (Peyman et al., 2012; Abou-
Saleh et al., 2021). However, to transport and store them, they must be freeze-
dried without losing their qualities, which is currently a difficulty. The issue is that
coalescence and ripening events decrease monodispersity during the freeze-
drying process. Freeze-drying without compromising size uniformity remains a
hurdle in the industry, preventing the use of monodisperse microfluidic bubbles in
clinical applications.

Attempts have been undertaken in the past to obtain freeze-dried bubbles
with restricted size ranges. For stability concerns (bubbles are more challenging to
handle than droplets), the fabrication of monodisperse oil-water or air-oil-water
emulsions was the starting point (Bbhmer et al., 2006; Song et al., 2018; Lee et al.,
2011). These droplets were freeze-dried or evaporated to produce microbubbles
with polymer shells (Kooiman et al., 2009; Chlon et al., 2009). These procedures
need the removal of a solvent (e.g., dichloromethane, cyclododecane, dodecane)
at some point throughout the process. This task, which is never guaranteed to be
accomplished completely, poses regulatory concerns. Another approach is to size-
filter polydisperse bubbles using mechanical (Streeter et al., 2010), centrifugal
(Feshitan et al., 2009), or acoustic sorting (Segers et al., 2018b), then freeze-dry
them using the same method as commercial bubbles. These procedures resulted
in a CV of 10% to 20%. Although sorting may be tailored to specific applications,
the monodispersity produced with this method is insufficient for non-invasive
pressure monitoring (Tremblay-Darveau et al., 2014). Thus, to obtain a CV of less
than 5%, allowing for such measurements and the other tasks outlined above,
microfluidic bubble generation followed by freeze-drying is required. Monodisperse
bubbles can be produced on-site using portable and automated microfluidic
devices (Abou-Saleh et al., 2021; van Elburg et al., 2021). However, matching
clinical limits and encouraging doctors to make bubbles themselves with this
strategy is difficult (Schneider et al., 1995; Sontum, 2008). Finally, this discussion
suggests that freeze-drying directly shell-encapsulated monodisperse bubbles

created in microfluidic devices is an ideal solution for addressing storage and
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transportation issues. These facts raise the possibility that, one day, monodisperse
bubbles will be employed in clinics.

In this work, we succeeded in producing freeze-dried microfluidic-generated
monodisperse microbubbles without degrading their monodispersity. The gas
bubbles are encapsulated with nanometric polyvinyl alcohol (PVA) shell. Their size
can be tuned from 4 to 50 um in diameter with a narrow size distribution, i.e., less
than 5% in CV. The lyophylisate we produced in the present work represents a
new generation of contrast agents that can be stored for months and transported
at any place, resuspended, and used directly in clinical applications.

1.5.Qutline of the Thesis

This dissertation presents a general introduction of ultrasound contrast
agents, their history, application, and limitations in the Introduction chapter. The
thesis is then divided into two main sections.

Section 1 focuses on the freeze-drying of a microfluidic monodisperse
microbubble population. First, we provide a detailed literature review regarding
microbubble stability, microfluidics, and freeze-drying. After, the materials and
techniques used to produce and freeze-dry PVA-shelled PFC-filled monodisperse
microbubbles and their characterization methods are described. Finally, the results
and discussion regarding size distribution and stability of two different size
microbubble populations are presented.

Section 2 focuses on the backscatter acoustic characterization of the freeze-
dried microfluidic monodisperse microbubbles population. First, we provide a
detailed literature review of the fundamentals of ultrasound imaging, ultrasound
contrast agents, and acoustic characterization of UCAs. The setups and methods
used to characterize the freshly generated PVA-shelled monodisperse
microbubbles, the Freeze-dried PVA-shelled monodisperse microbubbles, and the
commercially available polydisperse microbubbles are presented. At last, we
present the results and discussion for the backscattering acoustic characterization
of the different bubble populations, comparing the effects of freeze-drying, size
distribution, materials, and concentration.

Concluding remarks and suggestions for further studies are presented in the

last chapter.



2. FREEZE-DRIED MONODISPERSE MICROBUBBLES

This chapter provides, at first, a literature review of the main mechanisms
that affect microbubble’s stability (coalescence, Ostwald ripening, and bubble
dissolution), presenting models that were developed through the years. In the
following, a review of microfluidics and monodisperse microbubble production
through the use of a flow-focusing microfluidic device is presented. At last, the
physics behind the freeze-drying process is described and the parameters that play
a role in the quality of the technique are discussed.

By understanding the parameter that influences microbubble stability,
monodispersity, and freeze-drying, we were able to propose and develop a new
lyophilization technique that does not degrade the monodispersity of a

microbubble’s population.

2.1.Microbubble Stability Fundamentals

The stability of the microbubbles over time is vital for their applications as
ultrasound contrast-enhancing agents and as therapeutic agents. The microbubble
suspension must be stable in body fluids (in vivo stability) and during storage
(shelf-stability). As defined by Dalvi et al. (2018), shelf-stability of a microbubble
population is the period in which no significant change in the bubbles' size
distribution and concentration (number/milliliter) is observed. Multiple factors can
play a role in the instability of a microbubble suspension, such as coalescence,

Ostwald ripening, and diffusion of the gas core out of the microbubbles.

2.1.1. Coalescence

One of the main processes that can affect the stability of microbubbles is
coalescence. In the ultrasound contrast agent domain, the formation of large
microbubbles is undesirable because it can lead to blood flow blockage and
embolism, which can result in fatalities.

The most popular theory or criteria proposed for the coalescence process is
the film drainage model (Shinnar and Church, 1960; Vrij, 1966). The process is

divided into three manageable subprocesses. First, two bubbles dispersed in a
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liquid phase approach each other, forming a thin film (a quasi-equilibrium film
thickness of typically 1-10um between them. This phenomenon is governed by the
hydrodynamics of the bulk liquid phase (Oolman and Blanch, 1986). At second, a
drainage process due to capillary forces occurs, increasingly thinning the liquid
film. In that phase, the system properties such as surface tension and viscosity
also influence the thinning process. After reaching a thickness of approximately
100nm, Van der Waals attraction starts to increase the drainage rate, competing
with electrostatic double-layer forces that try to reduce it. Around 50-10nm, some
films become metastable or collapse. Metastability is reached when forces of
attraction (border suction and van der Waals) equilibrate with repulsive force
(double layer). When the attractive forces overcome the repulsive ones, instability
appears. A spontaneous rupture of the unstable film occurs at a characteristic
critical thickness. The rupture of the film (around 10nm) leads to the coalescence
of the bubbles.

Since the rupture step happens at a much faster rate than the thinning of the
liquid film between bubbles, coalescence is mainly controlled by the drainage rate.
Therefore, bubble coalescence can be described as a probabilistic process

governed by two characteristic time scales: the drainage time t,; and the contact

time 7., as follows (Coulaloglou, 1975; Segers, 2017):

P =exp(—14/ 7.) (2-1)

where P is the coalescence probability. The drainage time is the time required for
a thin film between two bubbles of initial thickness to reach a critical value, at which
the bubble wall destabilize and rupture.

Various regimes of film drainage might be distinguished according to the
rigidity of the particle surface (deformable or non-deformable, Figure 2.1), and the
mobility of the contact interfaces (immobile, partially mobile, fully mobile, Figure 2.2)
(Lee and Hodgson, 1968; Liao et al., 2010). The majority of the models found in the
literature use the lubrication theory to derive a thinning equation. For simple
boundary conditions (e.g., constant interaction force or constant approach velocity),

the drainage time can be obtained by integrating the film thinning equation.

els

Figure 2.1 — (a) Non deformable surfaces ; (b) Deformable surfaces. Simon (2004).
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Figure 2.2— (a) Immobile interfaces; (b) Partially mobile interfaces; (c) Fully mobile interfaces. Simon
(2004).

For the case of ultrasound contrast agents, where the bubbles have a
diameter much smaller than 1mm, at a large distance, their interfaces are slightly
deformed and they can be considered as nearly rigid spherical particles. For two
non-deformable spheres with equal sizes, the drainage time was derived by
Chesters (1991) by using the Poiseuille relation (Segers et al., 2017, Liao et al.,
2010).

__ 3mneR? (ﬁ)
Tqa =~ In . (2-2)

where 1, is the viscosity of the thinning film, R is the radius of the bubble, h; is the

initial thickness of the thin film between the bubbles, h, is the critical thickness at

which the thin film ruptures, F is the difference between compressive force F,;, and
surface forces F; originating from intermolecular interaction.

Coalescence is avoided when the contact time between two bubbles is
smaller than the thinning time. For that reason, the focus of the coalescence
mechanism is the drainage rate of the thin film between bubbles. Five main factors
that influence the thinning rate are described in the literature:

1- Gravity and capillarity are the main forces influencing the drainage rate.
Therefore, the mobility of the bubble surface, the physical properties of the
continuous phase (surface tension gradients, viscosity, and surface viscosity)
and the difference between the density of gas and liquid phases are the drivers
of this process. Jeffreys and Davis (1971) showed that higher surface tensions
lead to higher resistance to deformation of the bubble wall, resulting in a smaller
drainage film area, increasing, as consequence, the speed of coalescence.

2- The electro-viscous effect, described by Elton and Pickness (1957) is shown to
inhibit gas bubble coalescence. These phenomena appear in electrolyte
solutions, where the formation of an electrical double layer at the bubbles
interface retards the thinning of the film in between bubbles, by immobilizing

their interfaces. This mechanism is more noticeable when the size of the
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electrical double layer has the same order of magnitude as the drainage film
thickness.

3- The coalescence can be also inhibited by having surface-active agents in the
agueous solution. These agents consist of organic molecules with hydrophilic
groups (-OH, >CO, -COOH, etc.) and a hydrophobic part (hydrocarbon
structural group) (Keitel and Onken, 1982). They act in decreasing the surface
tension and increasing the surface viscosity, which slows the thinning rate of
the liquid film between bubbles, resulting in a reduction of the probability of
rupture of the bubbles wall. Surface active molecules will adsorb to the gas-
liquid interface forming a monolayer. The stability of this configuration depends
on the type of surfactant, size of the molecule, and concentration. Moreover,
these molecules have hydrophilic and hydrophobic parts, which will be aligned
in the liquid and gas phase, respectively, making the surface around the bubble
electrically charged. The polarization resulting from this phenomenon generates
repulsive forces that contribute to reducing coalescence.

4- Diffusion can also play an important role in the drainage rate of the liquid film.
Processes such as diffusion of the film to the liquid-gas interface or diffusion
from solutes in the continuous liquid phase to the film between bubbles are
examples of this phenomenon.

5- Chemical reactions of the gas core can lead to changes in the size of the
bubbles, leading to an increase or decrease of the coalescence probability. This
type of event can also change the size distribution of the bubble’s population,
even without coalescence.

The importance of the previously mentioned factors on coalescence will be
defined by the type of system that the bubble is inserted. The systems are typically
divided into four major groups where the liquid phase consists of a hon-Newtonian
fluid, a solution of electrolytes, a pure solvent (or a mixture of non-polar solvents),
or a solution containing inorganic or organic surface-active agents. Based on that,
multiple theoretical models were developed over the years aiming to obtain a
guantitative description of the thin film drainage rate. Theoretical models and
experimental data regarding the coalescence mechanism are described in deeper
details by Chaudhari and Hofmann (1994).

More recently, the exposure of microbubbles to ultrasound fields was found
to contribute to coalescence events of UCA populations as described by Postema
et al. (2004). When exposed to the ultrasound field, the bubbles expand resulting
in a flattening of the surface of the bubble before contact. Then, drainage of the

liquid film occurs until reaching a critical thickness, followed by the rupture of the
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liquid film, leading to the formation of a single larger bubble. The study shows that
the coalescence mechanism for colliding bubbles can be also applied for
expanding bubbles but at a faster rate.

Liao et al. (2010) provided a detailed literature review on the mechanisms
and models of coalescence of fluid particles. Figure 2.3 shows a flowchart with the
main models available in the literature. The authors first distinguish the models in

two categories, namely, physical models and empirical models.

Models for Coalescence
Frequency T

1
. .
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i A=exp|—=— Blanch, 1940
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[ 1999: 2002} (1967) Wu etal,, 1998; Lehr et al,, 2002; Wang et al., 2005)
Sovova
(1981} || Wake-Entrainment (Kalkach et al., 1994; Wu et al.,
1998; Caolella et al., 199%; Hibiki et al., 2001)
— - Simon
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Mondeformahle Surface (Rigid Particles)

- immobile interfaces (Jeffrey & Davis, 1971; Davis et al., 198%;

Chesters, 1%91)
Deformable Surface

- immobile interfaces (MacKay & Mason, 1963 Chesters,
1991:Vaughn & Slattery, 1995; Li, 1999)

- partial mobile interfaces (Sagert & OQuinn, 1976; Davis et al., 1989
Chesters, 1991; Tsouris & Taviarides, 1994; Vaughn & Slattery, 1995;
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Figure 2.3 — Classification of Theories and Models in the literature (Liao et al., 2010).

The physical models calculate the coalescence frequency based on both
collision frequency and coalescence efficiency. The collision frequency is caused

by the relative velocity of the bubbles. Liao and colleagues summarize the five
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main parameters in a turbulent flow that contributes to the bubble’s collision:
viscous shear-induced collision, buoyancy-induced collision, turbulence-induced
collision, wake interaction or zigzag trajectories, and bubbles captured in a
turbulent eddy.

Since not all collisions lead to coalescence, the concept of coalescence
efficiency is introduced. There are three main theories or criteria that aim to
describe the coalescence process. First, the most popular one is the film drainage
model (previously described), proposed initially by Shinnar and Church (1960).
Second, is the Energy model proposed by Howarth (1964), where the main
parameter that drives coalescence is the impact of colliding bubbles. He argues
that the attraction force between two colliding bubbles (usually induced by
molecular nature) is too weak when compared to forces imposed by the turbulent
flow. The last one originates from the empirical models, where the concept of
critical velocity is introduced. The concept arises from the experimental
observation of Doubliez (1991) and Duineveld (1994), where they observed that
small approach velocities result in higher coalescence efficiency. Most of these

empirical models use a power-law function with empirically adjusted parameters.

2.1.2. Ostwald ripening

A second mechanism that can irreversibly decrease the monodispersity of a
microbubble population is the Ostwald ripening phenomenon. In a polydisperse
particles suspension, larger particles grow at the expense of smaller ones,
whereas the small particles will diminish until completely disappear. Due to a lower
surface-to-volume ratio, the larger particles are thermodynamically more stable
than smaller particles. In the second stage, a differentiation in the size of the large
particles takes place. This process arises because of the Kelvin effect, where the
solubility of the substance inside the spherical particle increases with the reduction
of size. In a system having one component disperse phase, the equation first

proposed by Kelvin (1871) is the following:

20Vm
RTr

20Vm
C(r) = C(0) - exp (3222) ~ C(o0) - (1 +222) (2-3)
where ¢ is the interfacial tension, V,, is the molar volume of the substance of the
disperse phase, r is the radius, C(r) is the solubility, and C (o) is the solubility

when r = oo (the bulk phase solubility) of the spherical particle, R is the universal

gas constant, and T is the absolute temperature. The solubility of the gas inside
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the bubble is inversely proportional to the bubble’s radius, and temperature, while
it is directly proportional to the surface tension. Kabalnov and Shchukin (1992)
reported a detailed description of the Ostwald ripening mechanism for fluorocarbon
emulsions.

For the specific case of microbubbles in a polydisperse suspension, the
mechanism basically results from the Laplace pressure differential giving rise to
concentration gradients for bubbles of different sizes. The pressure inside the
bubble is as follows:

20

Pi = Po = — (2-4)

r

where p; and p, are the pressure inside and outside the bubble, respectively. The
bubbles radius is inversely proportional to the internal pressure, resulting in smaller
p; for the larger bubbles in comparison to smaller ones. This configuration
generates a driving force for mass transfer of core gas from smaller bubbles to
larger ones, which results in an increase of larger microbubbles. Figure 2.4 shows
a typical case in which microbubbles experience Ostwald ripening. Talu et al.
(2008) observed the growth of bigger microbubbles at the expanse of the smaller
ones, as previously described, for PFB-air lipid-encapsulated microbubbles.

Figure 2.4 — Example of Ostwald ripening for PFB-air lipid-encapsulated microbubbles. (D) under the
cover glass, and (E) microbubbles under the cover glass after 3 min. Scale bar represents 10 um.
Figure adapted from Talu et al. (2008).

It is impossible to increase the stabilization of microbubbles population
infinitely through the choice of surfactants. Despite the usage of an optimized
surfactant system, the degradation rate, which is slightly dependent on the
emulsifying system, and highly dependent on the properties and composition of
the disperse phase, is still a problem. In this type of system, which is sufficiently
stabilized against coalescence, Ostwald ripening plays a major role in the bubbles

population degradation (Kabalnov and Shchukin, 1992).
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In 2008, Dressaire et al. demonstrate that it is possible to achieve
stabilization of microbubble dispersion for more than 1 year, through the reduction
of surface tension, and increase in the viscosity of the bulk phase. The mean size
of the microbubble population increased from 0.7 to 3.5 um over the studied period,
meaning that bubble growth due to Ostwald ripening was reduced.

A theoretical study conducted by Hu and Le (2018) shows the influence of
particle size distribution on the lifetime stability of Ostwald ripening of supported
particles. Their results highlight the importance of both size and monodispersity in
particle size distribution on the ripening stability.

The reduction of the Ostwald ripening effect due to monodispersity of
microbubbles was also verified by Weaire and Hutzler (1999) and Zuniga and
Aguilera (2009). In a monodisperse bubble suspension, the Laplace pressure
through the bubble population is very similar, resulting in a very small pressure
gradient between different bubbles. This configuration reduces the mass transfer
between the bubbles, which enhances the stability of the bubble population.

Dagastine et al. (2020) conducted a study where they quantified gas transfer
between two adjacent microbubbles separated by a thin film, far less than 100 nm,
with and without surface-active species. They observed that an anionic surfactant
does not provide a barrier to mass transfer but does enhance mass transfer above
the critical micelle concentration. In contrast, a polymer monolayer (i.e.,
Polydiallyldimethylammonium chloride - PDADMAC) at the interface does restrict
mass transfer, yielding higher stability to the bubbles.

Another parameter that could extend the stability of the bubble’s population
against Ostwald ripening is the bubbles concentration. Feshitan et al. (2009),
through the use of differential centrifugation, were able to isolate from a
polydisperse lipid-shell microbubble population, a 1-2 and 4-5 pm diameter
fractions. They observed that the smaller size population (1-2 pm) was more stable
over time than the larger population. They attributed this counter-intuitive behavior
to the fact that the smaller population was 1 order of magnitude more concentrated
than the 4-5um population. They argue that the higher population led to a thicker
cake coating the top surface that buffered, reducing film rupture and gas release

at the surface (“popping”).

2.1.3. Microbubble dissolution

The stability of the bubbles is affected by the microbubble’s core gas diffusion

into the surrounding medium. This process can lead to the collapse of the
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microbubbles. Therefore, when designing microbubbles, the encapsulated gas
properties (solubility in aqueous medium and molecular weight) should be
evaluated. Also, the permeability of the shell material to gas diffusion plays an
important role in the dissolution process. The main parameters that influence the
permeability of the shell are thickness, the nature of shell material, and the
molecular configuration inside the shell (Dalvi and Joshi, 2015; Upadhyay and
Dalvi, 2018).

In this chapter, a brief review of the models available in the literature for
microbubble dissolution is presented. There are three main categories where the
models fit in: single bubbles dissolution in a gas saturated aqueous medium, single
bubble dissolution in a multigas environment, and stability of microbubbles

population in agueous suspension.

2.1.3.1. Single bubbles dissolution in gas saturated agueous

medium

The models described in this segment are typically suited to describe the
bubble’s stability when stored in vials before their use in biomedical applications.
The origin of these models is the Epstein-Plesset formulation from 1950. By
assuming the gas inside the bubble as an ideal gas, and using the diffusion
equation, they developed an expression for the concentration profile of a dissolving
bubble in an aqueous medium. This equation was then differentiated in order to
obtain the molar flux at the bubble’s surface. Then, the molar balance over the
bubble was coupled with the molar flux equation, leading to the equation for the

variation of the microbubble’s radius over time.

. Dy (ci—cs)RT (1 1
R = - 2-5
Mw(po"':_;) (R T ,/nDWt) (2-5)

where R is the bubble radius and R its time derivative, D,, is the diffusivity constant
for the interface at a given temperature and pressure, c; is the initial dissolved gas
concentration in the liquid, cs is the gas concentration at the bubble surface, R is
the universal gas constant, T the absolute temperature, o is the interfacial surface
tension, R, the initial bubble radius, p, the ambient pressure, M,, the molecular
weight of the gas and t is time. Figure 2.5 shows the radius-time relation for
dissolving bubbles. The chart shows the microbubbles dissolution curves for

bubbles with diameters of 1, 3, and 5 um. The dissolution time, respectively, for
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the air-filled bubbles were approximately 2, 25, and 90ms. The curves show a
considerably shorter dissolution time for the smaller bubble, which is a
consequence of the higher Laplace’s pressure. It is also possible to see that the
bubbles follow the exact same curve when they reach the same size. The
comparison between the air and SFe-filled microbubbles shows a four times higher

dissolution time for the bubble containing the high-molecular-weight gas (SFe).
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Figure 2.5 — Microbubble dissolution curves. A 5 um air bubble in water dissolves in approximately
90 ms. A3 um and a 1 um air bubble dissolve in 25 ms and 2 ms, respectively. Exchanging the gas
core of the 3 um bubble by a high-molecular-weight gas (SF6) shows a fourfold increase in its lifetime
(Segers, 2015).

Itis important to state that the Epstein-Plesset model takes into consideration
the surface tension effects and the gas saturation of the aqueous solution, but does
not account for the shell's permeability. D'Arrigo et al. (1992) showed
experimentally that lipid-coated air-filled microbubbles of 1-5 pm diameter were
stable in an air-saturated aqueous solution for up to one year. In the same
direction, Soetanto et al. (1997) showed that sodium-laurate-coated air
microbubbles dissolved much more slowly in a degassed medium than would be
theoretically predicted for an air microbubble with no shell. Therefore, in scenarios
where the microbubble shell provides high resistance to mass transfer, this
classical Epstein-Plesset model is not suitable.

In the study of Borden and Longo (2002), they proposed a model for
microbubble dissolution (Eg. 2-6) in a degassed medium considering both surface
tension reduction and shell resistance to gas permeation and compared it to

experimental data for lipid-coated, air-filled microbubbles.

—R =2 <(1+q2_f> (2-6)
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where H is the Ostwald coefficient and is equal to the ratio of the gas concentration
in the aqueous phase to that in the gas phase, f is the saturation level factor, and
Rsnerr 1S the shell resistance to mass transfer. The gas molecules exiting the gas
core of a dissolving bubble must permeate through three layers (illustrated by
Figure 2.6), including the lipid monolayer, the grafted PEG brush layer, and the
bulk agueous medium. This makes the shell resistance to mass transfer to become
the sum of the resistance of the individual layers. For the case in which shell
resistance is negligible (free-gas bubbles), the equation reduces to the steady-

state model from Epstein-Plesset, Eq. (2-5).
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Figure 2.6 — Schematic of the concentration profile of gas molecules exiting the gas core of a lipid-
coated microbubble (Borden and Longo, 2002).

The authors assumed in their model that the shell material was inelastic,
leading to constant values of surface tension and shell resistance through the
dissolution process. As a result, they observed that shell resistance is the primary
stabilization mechanism for microbubbles coated with gel-state lipids. Further, the
study concluded that the lipids with longer carbon chains resulted in higher shell
resistance to gas diffusion.

In 2009, Sarkar et al. proposed a modification to the model, where they
included the elasticity of the shell. The elasticity is modeled using a Gibbs elasticity
type constitutive model, where a dilatational surface elasticity E® term appears as
derivative of surface tension with respect to the fractional change in the interfacial
area (A/Ap).

s — do
dA/Ay’

oo + ES [(%)2 - 1], for gy + ES [(%)2 - 1] >0

a(R) = (2-7)
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The authors assume that R, is the initial bubble’s radius that corresponds to
a stress-free configuration. From Eq. (2-7), if the bubbles radius increases, the
surface tension increases as well. The higher tension created at the interface tries
to bring the surface back to a stress-free configuration. The opposite occurs as
well. A decrease in the bubble’s radius makes the second term in Eq. (2-7) to
become negative. The compression generates a stress that tries to bring the radius
back to the stress-free value. Due to a discontinuity in do/dR at R =
Ro(1 — 0o/ES)Y/2, the model proposed by Sarkar et al. (2009) yields:

20, , 2ES(/R\*
3H.D. |Paem(1—f) + =52+ "5 (—) -1 2
D, R TR UR, )
=-— 1o aEs R 2 ,fora, +E (R_> -1]1>0
_9 0 0
(hg +R) 3Patm + 2+ 7 {2 (R_o - 1}
R =529 (1= f), for a(R) = 0. (2-8)
(@*R)

Note that for the case where the gas permeability h; goes to infinity, and the
dilatational surface, ES, goes to zero, the model becomes the Epstein-Plesset
equation, Eq. (2-5).

In summary, the author assumed the surface tension as variable, but the
shell resistance was still constant. Their finding shows that the dissolution rate of
microbubbles decreases significantly after reaching an equilibrium size. They
attribute this behavior to the shell elasticity. With the gas diffusion from the core of
the microbubbles, the shell material is compressed, leading to a hardening of the
shell, and consequently, to a higher resistance to mass transfer.

More recently, a mathematical model for the microbubble’s dissolution time
was proposed by Dalvi and Joshi (2015). By using experimental data available in
the literature for dissolution in a single-gas medium, they were able to fit their model
and estimate shell elasticity and shell resistance. Differing from the before exposed
models, the authors considered as variables the shell elasticity, the shell
resistance, and surface tension. The surface tension was found to vary linearly with
time, while the shell resistance increased linearly with time, for different levels of
gas saturation of the medium. The authors attribute this behavior mainly to the
elastic nature of the microbubbles shell material.

Table 2.1 from Dalvi and Upadhyay (2018) summarizes the 5 models

presented in this chapter, highlighting the differences between them.
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Table 2.1: Summary microbubbles dissolution models. Dalvi and Upadhyay (2018).
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2.1.3.2. Microbubble dissolution in a multigas environment

Differently from the agueous medium described in the chapter before, blood
is a medium saturated by multiple gases (mainly O, and N with traces of CO, and
H.O vapor). Therefore, models considering multiple gas effects over the dissolution
time of the bubbles were proposed to more accurately describe the bubble’s
stability after being intravenously injected.

The model proposed by Epstein-Plesset for the kinetics of the dissolution

process of bubbles (Eq. 2-5) can be adapted for the bloodstream as follows:

R= =Dy H e e+ o) @9)
where p* is the excess pressure, which has a contribution from both the systemic
blood pressure and the oxygen metabolism.

It is clear to see that bubbles filled with gas with a low Ostwald coefficient will
have a lower dissolution rate. However, this feature comes at the expense of lower
vapor pressure, which can potentially lead to a condensation of the gas into liquid,
and loss of contrast in the ultrasound images.

The ultrasound contrast agents are typically filled by a single gas with a low
Ostwald coefficient, which would make the model applicable for the stability
prediction of microbubbles suspended in blood. However, when passing through
the lungs, the bubbles will experience swelling in air, becoming multicomponent
(Burkard and Van Liew, 1994; Van Liew and Burkard, 1995). In this scenario, the
theory is not strict due to the big difference in the Ostwald coefficient and diffusivity
of the gas in the bubble’s core.

In 1998, Kabalnov et al. (1998) proposed a model for the dissolution of a
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microbubble in the bloodstream, where the bubble was assumed to be filled by an
osmotic agent and air, characterized by Ostwald coefficients Hr << H, and water
diffusivities Dr and D,, respectively. The numerical simulation conducted by the

authors are presented in the Figure 2.7.
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Figure 2.7 — Dissolution of n-C4F10-filled bubble. ¢ = 70 mN/m; p* = 4300 Pary = 2.5 pm. Left:
initial mole fractions, X = 1; Right X = 0.25. Kabalnov et al. (1998).

The authors observed three defined stages for the dissolution process of the
bubbles. The first stage was characterized by a quick swelling of the bubbles in air.
They correlated the swelling ratio to the blood pressure, level of oxygen
metabolism, surface tension, and the osmotic agent’s initial mole fraction. In stage
2, they observed a slow diffusion of the osmotic agent out of the bubble. It was
observed a decrease of the square of the bubble’s radius nearly linearly with time,
at a rate proportional to the osmotic agent’s Ostwald coefficient and diffusivity. In
the last stage, an elevation of the partial pressure of the osmotic agent led to its
condensation into liquid. They conclude that in order to prolong the life of a 5 pm
bubble in the bloodstream, the ideal osmotic gas should have a low Ostwald
coefficient and a high saturated vapor pressure at body temperature. The model
considered the effects of the Laplace pressure and systemic blood pressure, but
the bubble’s shell was assumed to be inelastic, with a constant shell resistance.

More recently a model predicting the molar flux of each gas at the bubble-
liquid interface in a multigas environment was proposed by Sarkar et al., 2009. The
gas diffusion from encapsulated microbubbles was modeled using an explicit linear
relation for gas permeation through the shell. The boundary conditions include the
shell membrane permeability, yielding that the flux at the liquid side matches the
diffusion through the shell. The model considers the diffusion through the

membrane as being proportional to the concentration difference across the
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membrane, where C,, is the gas concentration at the inner wall of the membrane

in contact with the gas inside (Figure 2.8),

ac
_@ -
9 ar

o hg[Cy — C(R)] (2-10)

where D, is the coefficient of diffusivity of the gas through the liquid. The mass flux
through the encapsulation is modeled by a coefficient h,; which can be thought of
as hy = DZ /6, where Dy is the diffusivity of the gas through the encapsulation and

4, the thickness of encapsulation.
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Figure 2.8 — Schematic for an encapsulated microbubble (Sakar et al., 2009).

These equations were coupled with a mole balance over the microbubble to
obtain a model equation for a change in microbubble size.

Sarkar et al. (2009) numerically simulated the dissolution time of
encapsulated 2.5 um diameter bubble filled by Octafluoropropane (OFP) in air-

saturated medium (Figure 2.9).
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Figure 2.9 — Dissolution of an encapsulated 2.5 um OFP bubble in an air-saturated medium (Sarkar
et al., 2009).

By comparing the dissolution time presented in the study made by Kabalnov
et al. (1998b) and Sarkar et al. (2009), it was possible to observe a lifetime 60
times longer for the encapsulated bubble, despite the OFP-filled bubble having half
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the size and a perfluorocarbon with smaller chain.

The authors found, in agreement with previous studies, that a
perfluorocarbon-filled contrast microbubble experiences a transient growth due to
air infusion before dissolving. However, the growth phase will only occur for
bubbles containing a critical value of the initial mole fraction of the osmotic gas
relative to air. They also investigated the diffusion time of bubbles filled by
perfluorocarbon (PFC) and sulfur hexafluoride (SFe). The results showed that PFC
(a gas with larger molecules), had a lower solubility and diffusivity, and therefore a
longer dissolution time in comparison with SFe. Also, an increase in the number of
carbon molecules in the PFC gases resulted in a significant increase in the
dissolution time (Figure 2.10).

Time (sec)

Figure 2.10 — Variation of R/R, with time for an encapsulated 2.5-micron-diameter bubble with
different gas content in an air-saturated medium (Sarkar et al., 2009).

The proposed model also considered an inelastic shell material, with
constant surface tension and shell resistance through the whole dissolution
process.

In the same year, Katiyar et al. (2009) modified their earlier model by
considering the shell elasticity (Es), as already mentioned in the previous chapter
(Eq. 2-7 and 2-8)

However, for the case of a multigas environment, where two gases (A — air,
and F — perfluorocarbon) were studied, the authors considered the pressure
balance across the gas-liquid interface to be:

20(R)

Pa +Dr = (C4 + Ce)RT = paem + R

(2-11)

Yielding the following equation for the bubble’s radius variation over time:
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B = ERTM _ d(R3c,) n d(R3CF)] (2-12)
R2(3 patm+?+zﬁ) dt dt
Therefore, Katiyar et al. (2009) estimated the variation of the
perfluorocarbon-filled microbubbles radius as a function of time for a saturated
liguid medium (f = 1) using the relation E; /o, equals to 1.6 and 0.4, as shown in

Figure 2.11.
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Figure 2.11 — Radius evolution of an encapsulated PFC bubble of 2.5 um diameter in an air-saturated
medium (f = 1) (Katiyar et al., 2009).

For cases where the relation E; /o, > 1, the bubbles are expected to reach a
stable size in the long-time limit. As observed before, initially the bubble will
experience a rapid swelling due to air diffusion into the bubble, until the air partial
pressure equilibrates with the medium. Afterward, the osmotic gas diffusion
controls the bubble behavior, and the bubble radius reduces. The radius reduction
below the stress-free configuration will generate an elastic stress that
counterbalances the surface tension, leading to an equilibrium radius which is 61%
of R,. It took approximately 3000 s for the bubble to reach this state for the E; /g, =
1.6 case. After reaching the stable state, the osmotic gas has dissipated
completely, making the bubble to be only air-filled.

For the Eg/o, = 0.4 configuration, the bubble behaves similarly to the
previous case, where a quick growth due to air intake occurs. However, the bubble
dissolves due to the outward diffusion of both air and the osmotic gas in
approximately 1000 s. It was also observed a sharp pressure increase of the
osmotic gas inside the bubble despite the reduction in the osmotic gas content.

As expected, the cases of low elasticity (E5/0, < 1) resulted in bubble
dissolution, and the case of high elasticity (E;/o, >1) resulted in a stable radius for
the bubble. Despite considering the shell material to be elastic, and hence, the

surface tension as variable, the model proposed by Katiyar et al. (2009) assumed
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the shell resistance to be constant throughout the whole dissolution of the
microbubbles. Also, their study was not compared to experimental data for
microbubble dissolution.

Kwan and Borden (2010a, 2010b) proposed a model for microbubble
dissolution in a multigas environment. They considered air as being a mixture of
two gases (N2 and O). The change in the microbubble radius was estimated
through a material balance over the entire bubble. By assuming the gases inside
the bubble were ideal, and considering the shell material to be inelastic, they
obtained the following equation for bubble dissolution over time:

3RT
47R3
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2
S = —4nRD Ky i (%2 = Pooifi + P11 —

= Z?Llnj),wherej # 1. (2-13)

where n; is the moles of the gas i, t is time, R is the microbubbles radius, D is the
diffusivity, Ky is molar Henry’'s constant (correlates partial pressure to gas
concentration), o is the surface tension, p, is the saturation pressure far from the
bubble, f is the saturation fraction, py is the hydrostatic pressure, R is the ideal
gas constant, and T is the temperature.

Applying the ideal gas law to the microbubbles pressure given by Laplace’s

equation, yields:

0 = 20R? + pyR> - =25 n, (2-14)

Equations (2-13) and (2-14) were used by the authors to construct the
numerical model, which can be solved by N number of gases. For the case where
only one gas is taken into consideration, the model reduces to the before-
mentioned single-gas Epstein-Plesset model, Eq. (2-5).

With a microscope, Kwan and Borden (2010a, 2010b) experimentally
investigated the dissolution process for SFe-filled microbubbles, coated by sodium
dodecyl sulfate (SDS) in an air-saturated medium. The experimental dissolution
data was compared to the predicted values obtained by the before-mentioned
model for the same conditions. The dissolution time comparison resulted in a
correction factor of 1.5, which was applied in order to consider the increase in the
solubility of gases in the aqueous solution when exposed to SDS.

In agreement with previous studies, and their model’s prediction, Kwan and
Borden (2010a, 2010b) observed an initial growth phase as a result of the inflow
of O, and N2 (Figure 2.12). They observed a higher initial influx of N. than O, due

to the higher N, concentration dissolved in water. Both gases contributed to diluting
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the SF¢, reducing the concentration gradient, and thus the bubble’s dissolution
rate. The initial bubble growth plays a role in reducing the Laplace pressure, due
to the inverse proportionality of the pressure with the bubble’s radius. The
combination of these two phenomena resulted in a reduction in the outward flux of
the SFs with time. When the bubble is completely depleted of the SFs, it becomes
an air-filled microbubble, as predicted by Sarkar et al. (2009). At this stage, the
microbubble’s diameter as a function of time curve follows the quasi-single gas
model proposed by Epstein-Plesset. The gas core of the microbubble is exchanged
within seconds after immersion, indicating that the concept of osmotic gas used as
O substitute may only be appropriate when the bubbles are initially submerged.
The author’s observed a maximum growth velocity of 1.7um/s, which is several
orders of magnitude slower than the diffusion velocity of a single SFs molecule
(approximately 560um/s assuming random walk diffusive velocity dynamics).
Therefore, the assumption of a fully developed diffusion profile (quasi-static)
surrounding the microbubbles during growth and dissolution was valid.
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Figure 2.12 — Dissolution and growth of a SFe-filled SDS-coated microbubbles after being exposed
to an air-saturated environment. (A) Microscopy images of the bubbles growth and dissolution. (B)
Experimental and theoretical diameter as function of time curves. (C) Predicted gas content inside
the microbubble. Kwan and Borden (2010).

Kwan and Borden (2010a, 2010b) proceeded to run the same experience,
but for a lipid-coated SFe-filled microbubble in the air-saturated medium. They
observed a shorter growth period in comparison to the previous case. They
attributed the resistance to expansion to a large dynamic surface tension, which
they further made as a fitting parameter of their model. Figure 2.13 shows the
effective surface tension of the lipid-coated microbubble as a function of time, as

the fitted diameter-time curve. A 7-fold larger effective surface tension in
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comparison to an air-water interface was found. This behavior was credited to the
break-up tension, which is a tension that resists the lipid monolayer expansion from
its fully condensate state. This mechanism was first proposed and studied by
Marmottant et al. (2005), where the break-up was modeled by critical shell-tension
above which gas is directly exposed to water. Despite the model proposed by Kwan
and Borden (2010) assuming a varying surface tension, the shell resistance is

considered constant.
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Figure 2.13 — Effective surface tension of lipid-coated microbubbles shown in Figure 2.3. The
schematic drawings aim to illustrate the behavior of the lipid monolayer shell (Kwan and Borden
2010).

Later, in 2015, a mathematical model for microbubble dissolution in a
multigas saturated agqueous medium, that considered the effect of shell resistance,
shell elasticity, and surface tension was proposed by Dalvi and Joshi (2015). Their
work also aimed to address the lack of accuracy and availability of shell parameter
values in the literature, which were often assumed arbitrarily for estimation of the
microbubble’s dissolution kinetics.

The authors start with simplifying assumptions for the model. First, they
considered that there is no convection in the microbubble’s storage or aqueous
medium. They assumed that the microbubble’s shell is fully hydrated, allowing the
gas solubility of the shell to be calculated through Herny’s Law/Ostwald ripening
coefficient. The gas inside the microbubble was considered an ideal gas. And,
finally, they considered that the liquid phase controls the microbubbles dissolution
process.

Figure 2.14 shows a schematic drawing of a microbubble and the
concentration profiles inside and in the close vicinity of a microbubble, dissolving
in a medium saturated by multiple gases. The tow-way mass transfer approach
considers a microbubble comprising of gas A (e.g., SFes) exposed to an aqueous

medium saturated by a gas B (e.g. air, (N> and Oy)).
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Figure 2.14 — Schematic drawing of a microbubble dissolving in a multigas environment (Dalvi and
Joshi, 2015).

Dalvi and Joshi fitted a polynomial trend line to the experimental data for
microbubble dissolution that was available in the literature. Afterward, they
differentiate the polynomial equation with respect to time to obtain the radius-time
relation. In order to estimates the values of shell elasticity (E;), shell resistance
(Qs), and surface tension, the differential equations were calculated att = 0, t = ¢,

and t = tg;., resulting in the following non-linear equations:

Att =ty R = 0, hence,
—3H,

nrszs>

R =
2Q, exp ( KT

Att =0,R = R,, hence,
B = —3(Ha{R5Patm + 2(09 — E5)RG + 2ERG} — RTRGCap c0)
a R
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Att =t,R =R, hence
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nry (og — 0) R

R =
<Qnexp (kb—T) + D_AL> (3patmRRg + 4(00 - ES)R(% + 8ESR2)

(2-15)

The above-mentioned equations were solved simultaneously and the values
of the elasticity of the shell material, E;, the mass transfer resistance to gas pre-
exponential factor, Q,,, and the surface tension in the gas-liquid interface, o, were
estimated. The Q,, originates from an estimate using energy barrier model for the

mass transfer resistance to gas A through a microbubble shell, Q; 4.

nrg(ag-a)) (2-16)

QS,A = Qn exp (T

where k;, is the Boltzmann constant, T is the absolute temperature and , is the
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radius of the transferring species, gy is the surface tension at the bare gas-liquid
interface.

They observed inconsistency between the values obtained in the literature in
comparison with their model, for shell resistance values. The disparity in the values
was attributed to the fact that the values in the literature were estimated without
including shell elasticity or shell resistance variation over time.

Through the use of the estimated values, they found a better fitting between
the theoretical and experimental calculations, yielding R? values ranging from 0.94

to 0.98 for the dissolution kinetic of the system in their study (Figure 2.15).
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Figure 2.15 — Numerical prediction of the variation R/R,for dissolution of SDS-coated SF6
microbubbles in water saturated with air, for different levels of saturation. Dalvi and Josh (2015).

For a one-way mass transfer scenario, where the aqueous medium is
saturated by the same gas inside the bubble, their model predicted a decrease
almost linear for the surface tension as a function of time, and an increase almost
linear for the shell resistance (Figure 2.16). During the microbubble dissolution, the
shell material molecules get close, becoming fully compressed, which leads to an
increase in the shell rigidity. This behavior results in a decrease in surface tension.
However, the compression also reduces the pore sizes in the bubble shell, yielding

an increase in shell resistance to mass transfer.
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Figure 2.16 — Time evolution of one-way transfer Variation in (a) surface tension and (b) shell
resistance at different saturated conditions. Dalvi and Josh (2015).
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However, for the two-way mass transfer case, where the gas inside the
bubble is different from the gas saturating the agueous medium (Figure 2.17), the
surface tension at the gas-liquid interface presents a maximum value. Contrarily,
the shell resistance to the mass transfer of SFs and air shows a minimum during
the dissolution process. During the growth stage, the molecules of the shell
material move away from each other, becoming decompressed, and therefore,
reducing the rigidity of the shell. This reduction leads to a decrease in the
interaction between the molecules of the shell, resulting in an increase in surface
tension. On the other hand, during the shrinking stage, as the bubble get dissolved,
the molecules get compressed, repeating the behavior above mentioned for one-
way mass transfer, leading to a decrease in surface tension with time. The shell
resistance presents the exactly opposite behavior than the surface tension during
the growth and shrinking stages. Growth leads to bigger gaps between shell
molecules, leading to increasing gas permeability through the shell. When
shrinking, the molecules present a tighter packing, which reduces the defect in the

shell structure, yielding a higher gas diffusion restriction through the shell.
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Figure 2.17 — Two-way mass transfer time evolution. (a)Variation of the surface tension, and (b and
c) variation in the shell resistance for SF6 and air at different saturation conditions. Dalvi and Josh
(2015).

The authors also compared the shell elasticity of lipid and SDS, finding that
the SDS shell has an elasticity at least by 2 orders of magnitude lower than the
lipids (Dil2 PC to Di22 PC). They observed that shell elasticity was the most

influential parameter in the model. Lower values resulted in negligible variations of
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both surface tension and shell resistance (observed in the SDS case), whereas
higher shell elasticity led to larger variations in surface tension and shell resistance
during bubble dissolution. The results presented by Dalvi and Joshi (2015) were in
contrast with previous studies in the literature (Farook et al., 2009; Feshitan et al.
2009; Lee et al. 2015; Stride and Edirisinghe, 2008), where they considered the
shell properties to be constant or negligible, and therefore, their contribution in the
model for microbubble dissolution/stability was neglected.

Table 2.2 from Dalvi and Upadhyay (2018), summarizes the 5 models
presented in this chapter, highlighting the difference between them.

Table 2.2: Summary microbubbles dissolution models for multigas saturated aqueous
medium. Dalvi and Upadhyay (2018)

SN Model Remarks Reference

aF 3L
&= 1. Dissolution in multigas environment such as blood  Kabalnov et al. 1995
T 2
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2.1.3.3. Model for estimation of the shelf life of microbubble

The capacity of a microbubble suspension to be stable over a long period of
time is key for medical application. The microbubble must sustain its concentration
(number of bubbles per volume of solution), and size distribution during the period
of storage. Therefore, models to predict the microbubbles’ suspension stability
storage in an agueous medium were proposed.

Lemlinch (1978) presented a model describing the change in the bubble size
distribution as a result of the diffusion of gas between bubbles of liquid foam. The
author first states that the gas diffuses to the liquid medium before entering another
bubble. From Henry’s Law, he correlates the concentration of the gas dissolved in

the liquid to the gas pressure in the liquid. Using Laplace’s equation, this equivalent
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pressure can be viewed as a fictitious spherical bubble of radius r. By combining
Laplace’s equation, with a molar balance over the bubble, the author derives the

following equation:

- ZJGERT(

1 1
R=22 = -2 (2-17)

Tp1 T
where ] is the effective permeability, and r,, is a critical radius value. Equation (2-
17) basically shows that bubbles with a radius greater r,; will grow and bubbles
with r < r,,; will shrink.

Lemlinch (1978) then estimates the size distribution of the bubble population
at various times, based on the number of bubbles present at t=0, and based on
the number of bubbles in each time (Figure 2.18). However, he did not consider
the effects of shell elasticity, the shell resistance to mass transfer, the variation in
the shell resistance, or the variation of the surface tension during the dissolution

process of the microbubbles.
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Figure 2.18 — Distribution of dimensionless radii of bubbles at various successive dimensionless
times, based on the number of bubbles presents at (a) zero time, and (b) each dimensionless time.
Lemlinch (1978).

Later on, Sridhar et al. (2015) proposed a model for the microbubble
suspension stability during storage in an aqueous medium. They based their model
on the work made by Lemlinch (1978), however, they considered the effects of
shell elasticity, shell resistance, solution viscosity, surface tension, and the initial
microbubbles size distribution. The model aimed to estimate the half-life of the
microbubble population, in other words, the time that would take for the suspension

to have half the initial number of bubbles,
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where Rc is the critical size of the bubble suspension, which was called r»; in the
Lemlinch (1978) work.

Sridhar et al. (2015) estimated the variation of the microbubble’s size
distribution as a function of time in an aqueous suspension (Figure 2.19). They
observed that the shell resistance was the parameter that most influences the
storage stability of the microbubbles. An increase of these variable values resulted
in a larger half-life of the microbubbles population. Also, as expected, low values
of surface tension were also found to enhance the bubble’s stability. The parameter
that had the least effect on the microbubble’s population was the elasticity of the
shell material. In addition, the authors estimated the effect of gas in the bubble’s
core on the microbubble’s stability. They observed, in agreement with the literature,
that gas with low liquid-phase diffusivity and low Ostwald Coefficient are prone to
enhance the stability of a microbubble suspension.
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Figure 2.19 —Variation in size distribution as function of time for O2-filled microbubbles for o, =
0.02 N/m, E; = 0.001 N/m, and Q,, = 107 s/m (Sridhar et al. 2016).

Their model could be further modified in order to include the effects of
saturating the agueous medium where the bubbles will be stored by the same gas
in the bubble core. In summary, the model proposed by Sridhar et al. (2015) can

be a useful tool to design the microbubbles suspension to obtain optimal stability.

2.1.4. Importance of modeling microbubble behavior

As already stated, the stability of microbubble’s population over time is of
major importance to the medical community. The usefulness of microbubbles for
different applications is imposed by the in vivo and shelf stabilities. Most of the
mechanisms that affect the bubble stability (coalescence, Ostwald ripening;
diffusion of core gas, etc.) are significantly affected by the core gas, the aqueous

medium, and the properties of the material that composes the shell. Thus,
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mathematically modeling the effect of the different parameters in the bubble
stability is of great importance. By simulating the different contributions, one can
better understand the physical phenomena and, therefore, can directly improve the
design of the microbubble’s formulation.

The models available in the literature, and presented here, are mainly a
variation of the Epstein-Plesset model, but they achieved a degree of complexity
that many of the important parameters for the bubble dissolution process are
considered, namely shell resistance, surface tension, and shell elasticity. Also,
more sophisticated models accounting for the variation in the surface tension and
shell resistance due to the changes in the bubble’s size, and arrangement of shell
molecules at the gas-liquid interface, were proposed with success. However, the
models presented were only validated for microbubbles comprising of lipid shells.
Hence, the importance of expanding the research to include different shell
materials such as polymers or proteins.

The models presented are also limited because they consider a single
microbubble dissolving in an infinity medium. We know that, in reality, the
microbubbles will experience dissolution in the vicinity of multiple microbubbles,
which will affect the mass transfer process.

The models presented in the previous subsection tried to access and model
this condition to a certain degree, but improvements are still necessary in order to
correctly consider the exact effect of a large number of microbubbles dissolving
together.

Finally, convection effects induced by the bubbles flow (in the bloodstream
for example), need to be considered in future models, so we could have a more

complete understanding of microbubbles dissolution when injected into the body.

2.2.Monodisperse microbubbles with microfluidics

Microfluidics can be defined as the science that studies fluids that are
geometrically constrained to small scales (sub-millimeter), where surface forces
dominate over volumetric ones. This technological field offers the possibility of
integrating multidisciplinary systems and performing separations and detections
with high resolution and sensitivity, besides favoring the use of a reduced number
of samples and reagents and allowing the reduction of experimental analysis time
(Convery and Gadegaard, 2019; Ma et al.,, 2017; Squires and Quake, 2005;
Whitesides, 2006).

Microfluidic systems are characterized by particular hydrodynamic
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properties, such as laminar flow. This feature allows greater predictability and
control over spatial-temporal fluid dynamics (Qian et al., 2019; Sackmann, Fulton
and Beebe, 2014), and molecular transport. In addition, the surface area/volume
ratio, many times higher than in other conventional systems, makes it possible to
reduce the resistances involved in mass and energy transfer in microfluidic
processes (Convery and Gadegaard, 2019; Lee et al., 2011).

This chapter aims to describe the fundamentals of flows at microscale, and
to present the physics behind monodisperse microbubble production through the

use of flow-focusing devices.

2.2.1. Fundamentals of micro-scale flows

In order to understand the microfluidics systems and their applications and
possibilities, it is important to comprehend the physics that govern these
microscale systems. One of the main effects of scaling down the geometry of the
fluidic system is that the viscous forces will dominate over the inertial forces. The
dimensionless Reynolds number (Re) is one of the most important parameters in

fluid mechanics, which is given by:
Re=pVD/u (2-19)

where p is the density of the fluid, V is the velocity, D is a characteristic dimension
of the system, and u is the dynamic viscosity. The Reynolds number is often
described as the ratio between the inertial forces and viscous forces. It is possible
to see that a decrease in the dimensions of the systems results in a smaller Re.
Usually, in systems with Re values smaller than 2000, the flow behaves in a very
orderly manner characterized by high momentum diffusion and low momentum
convection. This regime is called the laminar flow regime, and it is distinguished by
a highly predictable flow pattern and predictable kinetics of molecular transport.
Most of microfluidics systems are characterized by small Re numbers, and
therefore, they are always in the laminar flow regime. Another important parameter
that provides information of the mass transport to the system is the dimensionless

Peclet Number, which is defined as:
Pe=VD/D (2-20)

where D is the coefficient of diffusion, V is the velocity and D is a characteristic

dimension of the system. In the mass transfer context, Pe is defined as the ratio
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between advective and diffusive transport of molecules in a fluid. Therefore, the
reduction in the system dimension results in a smaller Pe number, which shows
the dominance of diffusion over advection in the microfluidic system, yielding a
more predictable mixing process.

Another very important parameter in microfluidic systems is the capillary
number (Ca), which describes the relative effect of viscous forces over surface
tension (or interfacial tension) forces acting across an interface liquid-gas or
immiscible liquid-liquid.

Ca=uV/jo (2-21)

where ¢ is the surface or interfacial tension between the two fluid phases. Surface
tension describes the tendency of a fluid to modify the surface-gas interface by
reducing the free energy, while interfacial tension is the same phenomenon, but
applied for immiscible fluids (such as water and oil, for example) (Convery and
Gadegaard, 2019; Sackmann, Fulton and Beebe, 2014). Microfluidics systems are
often characterized by low Ca, which indicates that capillary forces dominate
gravitational forces at the microscale (Tabeling, 2009). Capillarity is a surface
tension phenomenon defined as the force that promotes the movement of a fluid
through porous media or narrow capillaries, allowing fluid to rise in the direction
opposite to gravity (Convery and Gadegaard, 2019; Squires and Quake, 2005).
Thus, low values of Ca result in spherical droplets due to the greater influence of
surface or interfacial tension (Oliveira et al., 2016). These unique hydrodynamic
properties allow microfluidic platforms to be employed in different research fields
in order to streamline complex experimental protocols, significantly reduce the
volume of investigated samples, reduce the cost with reagents and offer benefits
in the development of diagnostics and new research tools (Gale et al., 2018;
Sackmann, Fulton and Beebe, 2014; Zhang, Zhu, and Shen, 2018).

Advances in microfabrication allow such systems to be produced with
different materials and specific geometries for application in several areas. For
biological applications, the materials used in microfluidics must have
characteristics such as biocompatibility, chemical, and physical stability, and low
toxicity. Among them, we highlight glass and some polymers, such as
polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA), which are
widely used for the manufacture of microdevices, besides having transparency,
which facilitates monitoring by microscopy. Microfabrication techniques include,

among others, printing and hot stamping, photolithography, laser ablation, and X-
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ray lithography, commonly applied in the fabrication of microchannels in
microdevices constructed with PDMS (Convery and Gadegaard, 2019; Gale et al.,
2018).

The flexibility to manipulate different materials for specific applications has
made microfluidic devices important tools for the areas of nanomedicine and
biotechnology, from the development of micro-bioreactors and separation
processes to obtaining particles for therapeutic purposes (Bjérnmalm, Yan and
Caruso, 2014; Zhang, Zhu, and Shen, 2018).

2.2.2. Microfluidic Monodisperse microbubble formation

This chapter aims to describe the controlled formation of microbubbles in a
microfluidic flow-focusing device having a typical dimension of channels on the
order of tens to hundreds of micrometers. The description is related to flows in
planar geometries characterized by low values of Reynolds and Capillary numbers
(Whiteside, 2005).

A schematic illustration of a typical flow-focusing system used by (Whiteside,
2005) in their studies is presented in Figure 2.20. The channels were fabricated by
soft-lithography, and they were characterized by a height h, which is smaller in
comparison with the lateral dimension of the channels (width and length). Typically,
h values are smaller than 30um, while width ranges from tens to hundreds of
micrometers, and length ranges from hundreds of micrometers to a few millimeters.
In order to sustain a stable production, the continuous phase must wet the
channel’'s walls to ensure an ordered flow pattern. Therefore, the walls of the

microfluidic device must be hydrophilic.
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Figure 2.20 — Schematic drawing of the flow-focusing device used by (Whiteside, 2005). (a) The
dimensions in the plane of the device; (b) Shows the aspect ratio of the height of the device to the
widths of the various channels; (c) The walls of the device have to be preferentially wetted by the
continuous. The gas-liquid interface is always separated from the walls by thin, wetting films of the
carrier fluid.
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The operation of the flow-focusing device can be described as follows. The
gas (or disperse) phase flows through the central channel, while the liquid (or
continuous) phase flows through the two outer channels. The three flows meet at
the junction of these channels upstream of the orifice (or nozzle). Due to a pressure
drop along the axis of the system, the fluid is forced through the nozzle. The gas
stream tip enters the orifice, where it expands downstream of the orifice generating
a gas cavity. The gas cavity is a growing bubble that displaces the liquid phase in
the outlet channel downstream of the nozzle. The growing bubble is connected to
the inlet gas by a thin thread, which eventually breaks, releasing the bubble in the
outlet channel. It was observed by the authors that the system repeats this process
in a periodic state for a wide range of pressures (p) applied to the gas stream, and
volumetric flow rates (Q) for the liquid. Hence, the bubbles formed are uniform in
size, with a coefficient of variation (CV) smaller than 5%, the CV being defined as
the ratio of the measured standard deviation of the bubbles diameters to the
diameter mean value of the bubble population.

By experimentally exploring the size of the microbubble’s dependence on p,
Q, u (dynamic viscosity of the liquid), and o (interfacial tension between the two
phases) the following relation was obtained from Figure 2.21a:

v 4
s 5@3 (2-22)
L
where Vis the volume of the bubble, V,, is the volume of the orifice, h, w, and L
are the height, width, and length of the outlet channel, respectively.

From the relation exposed above, it is possible to tailor the size of the
microbubbles being produced. For a constant p, an increase in Q will result in a
decrease in the bubble size. Contrarily, by fixing Q, and increasing p, a larger
bubble size can be obtained.

Further, from Figure 2.21, it was found an approximate empirical relation for

the bubbles production frequency, f, as a function of p and Q:

fxpQ (2-23)

Therefore, for a given viscosity of the liquid, the size of the bubble is a function of
the ratio of p to Q, while the frequency of bubble production is a function of the
product of p and Q. By making a transformation of variables from (p, Q) —> (v, f)

it is possible to control the volume of the microbubble and the generation frequency
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simultaneously and independently. Hence, for any fixed size of bubble, and by
keeping p/Q as constant, one can control the volume fraction (4) of the disperse

phase, which can be expressed as follows:

A=fv/(f¥+Q) (2-24)
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Figure 2.21 —The volume of bubbles created in a planar microfluidic device was plotted against the
product of the rate of flow Q and liquid viscosity i, and was scaled to pressure units by multiplying by
L/h*, where L is the length of the outlet channel and h is its height. Adapted from Garstecki et al.,
2004, and Garstecki et al., 2005).

Itis interesting to note that the work by Whiteside et al. (2005) was conducted
at low Ca values, ranging from 10~ to 10, indicating that interfacial forces should
be dominant over the shear stress. However, both Egs. (2-.21) and (2-22) do not
include interface tension values, showing that both v and f are independent of this
parameter.

Garstecki et al. (2005) proceed to study experimentally the dynamics of the
break-up of the gas stream into bubbles. Figure 2.22 shows a schematic drawing
of the tip of a stream of gas in a flow-focusing device. As described by the authors,
the breakup dynamics start with the tip of the gas stream entering the orifice. The
gas fills almost completely the nozzle, and the gas-liquid interface lays on the walls
of the orifice, only separated by a thin liquid film wetting the surface. This stage is
characterized by a minimum width of the thread of gas (w,,,) of a similar size as the
width of the orifice, wy,.. The flow of the continuous phase in the thin film is
associated with high-pressure gradients, that can be approximated by the
lubrication theory by (Stone, 2005):

Ap o V1 (2-25)
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a
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Figure 2.22 — Schematics of the orifice region and the gas-liquid interface (Garstecki et al., 2005).

The liquid is pumped into the orifice region at a constant flow rate, which
leads to an increase in the pressure of the liquid upstream, resulting in a
displacement of the gas at a rate proportional to its volumetric flow rate. The thread
of gas connecting the inlet channel gas to the growing bubble in the outlet starts to
get thinner, and w,,, decreases approximately linearly with time. At the last stage,
the growing bubble becomes unstable due to a Rayleigh-Plateau type of instability,
and the thread breaks rapidly. The tip of the stream of gas retracts upstream, and
the bubble is pushed away downstream. The whole process then repeats
periodically as before mentioned. The rate at which the w,, decreases in the

second stage is used to define the “speed of collapse” ucyjiqpse Of the gas stream
that forms the microbubble. It was found that the rate does not vary either with p,

u or o, only linearly with Q:
Ucollapse & dWm/dt x Q (2-26)

The speed of collapse measured in their experiments was compared to the
“natural” speed of collapse from a classic capillary instability of gas thread. The
estimates of the natural speed of collapse were one to three orders of magnitude
larger than the u e qpse Measured. They conclude that the gas thread is stable
against interfacial instabilities throughout almost the entirety of the collapse, which
is not driven by surface tension.

The time that the thin thread takes to collapse, t;yapse, IS ON the order of
ratio Q/V,,. This mechanism of break-up is characterized an ucjapse Much

smaller than the typical rates of relaxation of the interface’s curvature. All the
fluctuations in the system’s parameters such as flow rate, pressure, temperature

is equilibrated at a much shorter timescale in comparison to the t.yapse. This
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difference between time scales of break-up and the time-scale of equilibration of
pressure fields in the liquid and the curvature of the interface yields a very
reproducible break-up, hence, the highly uniform size distribution of bubbles
population.

It is important to state that this mechanism of a reproducible breakup, is
specific for microfluidics systems, where the before-explained interfacial dynamics
are highly affected by the presence of the device’s wall. This condition is only
observed for low capillary number, and in large ratios of the capillary lengths (Lc =
m ) in comparison with typical length scales of the device, such as orifice
width.

The production of monodisperse microbubbles, in a flow-focusing
microfluidic device, is a proven versatile tool for production of highly monodisperse
microbubble populations (Figure 2.23) (Ganan-Calvo et al., 2001; Anna et al.,
2003; Garstecki et al. 2005). However, to match the needs for medical application
of monodisperse microbubbles, we must attain a production rate in the order of 10°
to 10° bubbles/s (Segers et al., 2016), in order to obtain a clinically relevant
microbubbles count in the suspension. Moreover, it was reported before that, the
stability of monodisperse microbubbles produced by microfluidics at high

production rates was very low (Shih et al., 2013; Talu et al., 2008).

Figure 2.23 - Bubble formation at a rate of 6 x 10* bubbles/s from a flow-focusing geometry (Sergers
et al. 2016).

In more recent studies conducted by (Sergers et al. 2016; van Elburg et al.,
2021), long-term size stability of perfluorobutane C,F;, gas-filled lipid-shelled
bubbles produced in a flow-focusing device at high production rates was
characterized. The authors were able to obtain a production rate up to 10°
bubbles/s, without losing the monodispersity of the bubbles, for microbubbles with
radii of 2 to 10 um. They showed that the lipid adsorption process reaches
equilibrium prior to the pinche-off of the bubbles in the microfluidic nozzle. It was
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observed that the number of phospholipids on the bubble surface remains constant
after formation, during dissolution or expansion. These highly stable elevated
production rate opens a route to industrial and bedside production of clinical-grade

ultrasound contrast agents.

2.3.Freeze-drying Process

Different groups have studied extensively the stability of microbubbles,
verifying the importance of parameters such as the core gas type, shell
composition, saturation of the liquid medium, in the bubble’s lifetime as
demonstrated in previous chapter. Microbubbles can often be stable for a few
hours in controlled conditions. However, this lifetime is still short to meet the need
for therapeutic and contrast-enhancing applications, meaning that treatment
protocols would require bubbles to be produced directly before their use in clinics.
The need to stabilize the size distribution and concentration is further increased
when dealing with monodisperse bubble populations.

Microbubble freeze-drying has been widely used to increase the shelf life of
commercially available ultrasound contrast agents. The microbubbles are freeze-
dried at production and subsequently reconstituted at the point of use, resulting in
better control of the bubble’s population properties, with simpler protocols for
administration, and lower production costs (Abou-Saleh, et al., 2020). However,
prior to this work, the freeze-drying of monodisperse microbubbles populations,
without degrading their monodispersity was not achieved.

Despite being a relatively straightforward process, it is crucial to ensure that
the reconstituted product preserver all the properties and characteristics of the
starting one.

The freeze-drying process is usually segmented in the literature into three
stages: (1) freezing, (2) primary drying, and (3) secondary drying (Franks, 1998;
Jennings, 1999; Van Winden, 2003, Tang and Pikal, 2005). The final product
quality is determined by the formulation of the sample being lyophilized and the
parameters used in each phase. Therefore, this chapter aims to provide an

overview of the basic principles behind the freeze-drying process.

2.3.1. Freezing phase

In the freezing phase, freezing to completion requires the removal of more

than 99% water from an initially dilute solution. The cooling of the sample results
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in the formation of ice crystals, which also leads to a rapid increase in the total
solute concentration. This process called “freeze-concentration” is a function of the
temperature only, being independent of the initial solution concentration (Van
Winden, 2003, Frank; 1998). At this stage, three processes can affect the stability
of the microbubbles. First, the growth of ice crystals generates stress over the
bubbles, potentially leading to ruptures. A secondary consequence relates to the
acceleration of chemical reaction rates in the residual solution phase (Hatley et al,
1986). A phenomenon referred to in the literature as “freeze denaturation” or
“concentration denaturation” (Frank, 1998). Also, during freeze-concentration,
eutectic phase separation occurs for all solvents in a mixture, where each solvent
precipitates when its respective solubility is reached. The different precipitations
will cause major pH shifts that can be damaging for the microbubbles.

With the use of excipients called lyoprotectants or cryoprotectants
(Bhattacharya, 2018; Frank, 1998), it is possible to prevent undesirable
precipitation processes. This substance does not readily crystalize from a frozen
solution, and depending on the concentration, it will inhibit salts precipitation,
allowing for a longer freeze-concentration process, above the natural limit of
saturation solubility. In this condition, the freezing process of the solution continues
but at a slower rate, due to the increase in the supersaturation degree together
with the decrease in temperature. Therefore, the viscosity of the solution rises with
increasing rates, leading to a stop in the ice crystal’'s growth. In this phase, the
solution has the mechanical properties of an amorphous solid with the molecular
structure of a liquid. The temperature at which this low molecular mobility
configuration occurs is called the glass transition temperature of the freeze-
concentrated solution, T, (Figure 2.24). As explained by (Frank, 1998 and Van
Widen, 2003) the T; is a key parameter for the drying process, and the product
should be frozen usually at 5°C below the T, in order to avoid collapse of the
structures. The solution containing the lyoprotectant and some minimal amount of
buffer components will determine the glass transition temperature.

Another essential factor in the freezing phase is the cooling rate of the
samples. For the cases where the samples to be freeze-dried are placed in a vial,
quick cooling (on a prechilled shelf or in boiling nitrogen) can be detrimental (Frank,
1998 and Van Widen, 2003, Van Widen et al., 1997). The high cooling rate can
result in the formation of dendritic ice crystals that grow from the bottom to the top
of the vial. This pushes up the freeze-concentrate, forming an amorphous layer at

the top of the samples, where almost any ice crystals have been formed. Thus, a
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crust, with a limited number of pores, is formed on top of the cake, reducing the

escape rate of water vapor from the sample.
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Figure 2.24 - Phase diagram for a binary system of sucrose—-water showing T, (Abdelwahed et al.,
2006).

A slow cooling (e.g. — 0.5°C/min) technique is preferred in this situation,
because it allows undercooling the sample. In other words, the sample can reach
values below 0°C without immediate ice formation. When freezing occurs, the
sample is nearly instantaneously frozen as a whole, yielding crystals of similar size
throughout the product. The pores that will be created, reduce the resistance for

the scaping of water vapor during sublimation (Searles, et al. 2001).

2.3.2.  Primary Drying

At the primary drying phase, the ice crystals formed in the freezing phase are
sublimated, creating a porous cake-like structure of the freeze-concentrated
matrix. In order to preserve this newly formed structure from degradation, the
temperature at the sublimation front (Tf,.,,.) should be kept at 4°C below the Tj. In
this way, ice crystals can be removed without collapsing the porous cake structure.
On the other hand, if the T¢,,,, is kept above the T, a collapse of the cake structure
occurs, leading to an increase in the water content and in the time required for
reconstitution. In this scenario, the microbubbles may fuse, which leads to leakage
of part of their content during rehydration (Van Widen, 2003).

The local pressure in the primary drying is the key parameter to determine
the solution temperature at the sublimation front. Therefore, the pressure in the

freeze-drying chamber should be controlled following the ice vapor pressure-
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temperature curve, having a corresponding temperature of 4°C below the Tj.
However, in order to guarantee a heat transfer to the sublimation front, the shelf
temperature should be set to a value higher than the ice temperature. For that
reason, the difference in the water vapor pressure between the freeze-drier
chamber (condenser) and the sublimation front is the dominant driving force in the
drying process.

The heat transfer to the sublimation front is a limiting factor for the drying
process as shown by (Pika, 1990, and Ybema et al., 1995). In order to have more
heat being transferred, the chamber’s pressure should be increased. However,
increasing the pressure leads to a higher temperature, which is limited by the T, of
the sample.

The geometry of the sample container, as the volume of the sample being
freeze-dried, plays an important role in the drying process. For example,
depending on the vial configuration, the drying process can lead to an increase in
the thickness of the dried cake, which creates a higher resistance for water vapor,
leading to a higher local pressure at the sublimation front. In case the pressure
surpasses the chamber pressure, Tr,,,; can exceed T, which will jeopardize the
product structure. Therefore, to avoid a long drying process, a maximal filling height
of 30% of the vial is suggested (Van Widen, 2003).

In summary, the main parameters of the drying process are the chamber
pressure, the shelf temperature, and the sample’s temperature T,. These variables

should be carefully controlled in order to successfully freeze-dry the product.

2.3.3. Secondary Drying

The secondary drying phase starts after the sample temperature reach the
shelf temperature, which leads to a further decrease in the water content in the
amorphous matrix, and all the ice has been sublimated.

The reduction in the water content in the porous cake results in an increase
in the T, of the sample. In that scenario, the chamber’s pressure is reduced to a
minimal value and the temperature of the shelf is elevated slowly, to obtain a low
residual water content.

Low water content is usually correlated with a higher stability of the dried
product. However, some complex physical processes can occur during the freeze-
drying of the porous cake. Van Winden and Crommelin (1999) have shown that for

the freeze-drying of dipalmitoyl phosphatidylcholine (DPPC) liposomes, the T, of
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the intraliposomal matrix can have a different value compared to the T, of the

extraliposomal matrix. This phenomenon occurs due to the higher concentration of
the encapsulated compound. In this particular case, it was observed a chemical
degradation of the liposomes in a process at temperatures well below the T, of the
amorphous matrix.

The freeze-drying is complete after closing the vial either under vacuum or
with a chosen filling gas (nitrogen, argon, or perfluorhexane). In order to store the
final product, usually, the air is avoided as a vial filler because it can lead to
oxidation of the sample, as was shown by N. J. Zuidam for phospholipids

microbubbles.

2.3.4. Ultrasound Contrast agents freeze-drying

Freeze-drying is a common technique used in the preparation of
microbubbles for contrast-enhanced ultrasound imaging (Abou-Saleh et al., 2020).
The Bracco company produces a clinically used contrast agent, called SonoVue,
using freeze-drying or spray-drying of lipids. Before being used, the product is
mechanically agitated in the presence of a low solubility gas and aqueous carrier
to create microbubbles with size in the 0.5-10 um range (polydisperse population)
(Schneider et al., 1997). The contrast agent Sonozoid, which is produced by GE
Healthcare, uses sucrose during the lyophilization of lipid-coated perfluorobutane
microspheres (Figure 2.25) (Sontum, 2008). The product is resuspended prior to

use in a similar method as Sonovue.

Figure 2.25 — Typical images from SEM on SonazoidTM powder. Surface view (right) of lyophilized
cake. Size bars are 10 um (Sontum, 2008).

In order to preserve the microbubbles, the freeze-drying technigue was used
in the presence of cryoprotectant or lyoprotectant. The process generated cavities
in the cryoprotectant matrix, which were filled with an appropriated gas, that was
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chosen to refill the vial (Abou-Saleh et al., 2020). The bubbles are formed upon
rehydration, before being used. Wheatley et al. (2015) used this method in
surfactant-based contrast agents (e.g. SE61, composed of Span60 and water-
soluble vitamin E) to change the octa-fluoropropane gas core to O2 to increase the
02 level in hypoxic tissue upon delivery (Wheatley et al., 2015) and, by the same
group, to preserve the integrity of contrast agents with the nonionic ST68
(Wheatley et al., 2010). Polymeric bubbles also benefited from the freeze-drying
process. The study by Ojha et al. (2019) demonstrated that sucrose was better
than glucose and other cryoprotectants for rhodamine-B dye loading. They
observed that for the case of sucrose, all of the dye was retained after lyophilization
with no leakage in the aqueous suspension. In pharmaceutical preservation, non-
diffusible synthetic polymers are commonly used to provide ridge cryoprotection of
the biological cells within. For example, polyvinyl alcohol (PVA), PEG, hydroxyethyl
starch has a good tendency to decrease the size of ice crystals during the freezing
stage (Bhattacharya 2018).

Despite all the progress and knowledge regarding the freeze-drying of
microbubbles to be used as ultrasound contrast agents, sustaining the
monodispersity of a microbubble population still poses a challenge.

By combining the knowledge of microbubbles stability, microfluidics for
monodisperse microbubbles production, and freeze-drying techniques, we were
able to unlock the bottleneck of the sector, by successfully freeze-drying

monodisperse microbubble population, without degrading their properties.



3. MATERIALS AND EXPERIMENTAL DESCRIPTION

This chapter aims to describe the materials and methods used to produce
the monodisperse microbubbles, as well as the method developed to lyophilize
them without compromising their properties. The lyophilization of monodisperse
microbubbles experiments were planned and conducted for two sizes of
microbubbles population (40 um and 5 um mean diameter). Due to physical issues
that followed the 8 times reduction of the bubble’s diameter, two different designs
of microfluidic devices were used. First, we will describe the microfluidic designs
used, followed by the procedures for microfabrication and assembly of the

microfluidic device.

3.1.Microfluidic Device Design

The microfluidics devices were manufactured from polydimethylsiloxane
(PDMS) using soft lithography technology (Tabeling, 2005).

3.1.1. 40um flow-focusing microfluidic device

In order to produce the 40 um monodisperse microbubbles population, we
followed the classical design for a microfluidic flow-focusing device (Garsteck et
al., 2004, Tabeling, 2005, Whiteside et al., 2005). Three main microchannels
characterize this device: gas-phase flow inlet, continuous liquid-phase flow inlet,
and microbubbles flow outlet (Figure 3.1). The liquid channel separates into two
channels to converge with the gas flow, focusing their streams towards the
microbubble’s outlet channel. A rectangular cross-section with a 16 pum height
characterizes all the channels. The width of the liquid channel is 100 um and the
gas channel is 50 pm, while the nozzle width is 20 um. The focusing orifice expands
into the microbubble’s outlet chamber with a width of 300 um, to reduce the contact
between the microbubbles yielding a smaller coalescence probability. All the inlets
have a filtering system consisting of pillars to prevent clogging due to large particles

or agglomerates suspended in the solution.
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Figure 3.1 — Design of the flow-focusing microfluidic device for 40pum bubbles productions. A)
Shows the design made with the Clewin software. B) Typical optical image with 10x magnification
of the microbubbles production.

3.1.2. 5um Flow-Focusing Microfluidic Device

The device used to produce the 5um microbubbles, presented in Figure 3.2,
has some particularities that differentiate its design from the one exposed in the
previous chapter. First, this device contains two inlets for liquid phase injection,
two outlets for the recovery of excessive material (i.e., an anti-clogging system),
one gas inlet, and one bubble outlet for collecting the generated bubbles (Mallogi
et al. 2010). The height and width of the flow-focusing geometry are 5um. To
reduce the hydrodynamic resistance and increase the microbubble’s production
throughput, a step-emulsification geometry was used upward of the nozzle orifice
(height of 20pum). The small dimensions of the flow-focusing geometry would make
the device prone to clogging due to large aggregates or contaminants. Therefore,
an anti-clogging system (tangential filtering) was included in the design to assure
a prolonged and stable microbubbles production (Malloggi et al. 2010). The liquid
phase flow channel has a 20um height and 100 um width that bifurcates into the
5x5um flow-focusing channel and a low hydrodynamic resistance outlet where the
large aggregates are driven. The addition of the anti-clogging system resulted in
only a small fraction of the liquid phase flow being driven to the production of the
bubbles, which led to agglomeration of microbubbles and further coalescence.
Therefore, the bubble outlet design consists of a lateral tube aligned along the axis
of the collection channel (e.g., lateral collection), and a liquid phase inlet (e.g.,
pusher) that allows to increase the flow rate of the continuous phase and hence

tune the bubble concentration.
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Figure 3.2 — Design of the flow-focusing microfluidic device for 5 um bubbles productions. A)
Design made with the Clewin software. B) Typical optical image with 20x magnification of the
microbubbles production.

3.2.Microbubble Production

An 8%w/w Polyvinyl Alcohol (PVA) and 10mM Phosphate buffered saline
(PBS) solution flows through the liquid phase channel while Perfluorohexane
(PFC) is pushed through the gas phase channel. The central gas flow is pushed
into the orifice (40um or 5um) by the two lateral liquid flows that come from a
perpendicular direction. Due to the instability created by the liquid phase over the
gas phase, the microbubbles are pinched off after the focusing orifice. Since the
gas and the liquid flow are maintained constant, it is possible to obtain bubbles with
narrow size distribution (as described in chapter 2.2).

The microbubbles production rate, as well as the mean diameter size of the
bubble, can be controlled by the gas and liquid phase flow rates. The flow rate of
both phases was pressure-driven by an MFCS-100 pressure controller system
(MFCS-100, Fluigent, France). For the 5um device, the “pusher” flow rate was
controlled by a syringe pump (Standard Infusion Only Pump 11 Elite Syringe
Pumps, Harvard Apparatus, USA).

In situ microbubble generation was recorded using a high-speed camera
(Photron SA3, Japan) connected to an optical microscope (Zeiss Observer Al,
USA) at 20x and 40x magnifications. The recordings were analyzed to obtain the
size distribution and the generation rate of the bubbles in MATLAB using the
imfindcircles function, which uses a Circular Hough Transform (CHT) based
algorithm, more specifically an Atherton and Kerbyson's phase coding method
(Atherton and Kerbyson, 1999).



3. Materials and experimental description 81

3.3.Microfluidic device fabrication and assembly

The polydimethylsiloxane (PDMS)/glass chips were fabricated by applying
standard soft lithography techniques (Duffy et al., 1998, Tabeling, 2005). The
designs described in the previous chapter were made using the CleWin software.
In a clean room, the SU-8 photoresist was spin-coated onto a silicon wafer and
UV-exposed using a photomask of the microfluidic design and a mask aligner
MJB4 (SUSS Microtec, Germany). For the 40pum design, a lower resolution is
necessary; therefore, we used a standard plastic photomask. To measure the
vertical profile of the produced devices, we used Dektak Surface Profilometer
(Veeco, USA). Afterward, the mold was replicated using PDMS (Sylgard 184
elastomer kit, Dow Corning, Germany), mixed in a 1:10 cross-linker/polymer ratio.
After gently pouring the mixture into the mold, we placed it under a vacuum for 1h
to remove small air bubbles that could jeopardize the geometry of the microchip.
The mold was then cured inside an oven at 70 °C for 4 h, cut into the desired
shape, and punched to make inlet and outlet holes. The PDMS device and a
microscope glass slide were treated with an Oxygen plasma (The CUTE, Femto
Science Inc., Republic of Korea) and irreversibly bonded.

For the 5um design, we used a double layer technique to fabricate the step-
emulsification geometry where a two-step UV exposure was conducted. First, we
spin-coated the SU-8 photoresist over the molding silicon wafer and carried a UV
exposure in order to obtain the flow-focusing microchannel with 5um height and
width. Since the nozzle was smaller than 20um, a higher resolution mask was
required for this geometry; hence, for the 5um design, we printed and applied
chrome photomasks to ensure the precision of the mold. Then, the second layer of
SU-8 photoresist was spin-coated onto the silicon wafer, and a second UV
exposure was made, after a careful alignment of the second mask, which contained
the design of channels with a rectangular cross-section of 20um height. The mold
replication and the succeeding bonding to the microscope glass slide were
conducted following the same procedures prior to exposure to the 40pum microchip.
Finally, plastic tubes (PEEK Tubing 0.25mm inner diameter, Cluzeau Info Labo,
France) were connected to the inlet and outlet of the device. In order to keep the
inner wall of microchannels hydrophilic, oxygen plasma was carried out before

microbubble production.
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3.4.Microbubble composition (Why PVA?)

Microbubbles for ultrasound imaging have been created using a variety of
materials. Commercially available microbubbles are based on air-filled denatured
albumin microcapsules, phospholipids, and liposomes containing gaseous SF6 or
perfluorocarbons (Ferrara et al., 2007). Polymeric microbubbles have been used
in diagnostic imaging (Liu et al., 2006, and Gao et al., 2007) and as drug/gene
carriers for controlled delivery (Peyratout et al., 2004, Hernot and Klibanov, 2008;
Sutton et al., 2014; Kooiman et al., 2020, Tu et al., 2021). This method is
associated with transient cell membrane permeabilization (sonoporation) and the
release of encapsulated pharmaceutical agents at a specific location. Biologically
relevant molecules can also be incorporated into the membrane that stabilizes the
microbubbles; charged drugs can be electrostatically stabilized in or on the
surfaces of bubbles (Unger et al., 2001). The fusion of in vivo diagnostics and
therapeutic applications (theranostics) at the cellular level necessitated the
development of novel gas-encapsulated polymeric microbubbles with optimized
properties. Controlled size and shell thickness distribution, persistence in
circulation, gas core protection, long-term storage stability, and elasticity for
controlling ultrasound damping behavior are among the essential characteristics of
efficient theranostic microbubble materials (Wei et al., 2021). Because of its
inherent nontoxicity, non-carcinogenicity, good biocompatibility, and physical
properties such as compliance, elasticity, and resistance to mechanical stress,
poly(vinyl alcohol) (PVA) became a polymer of great interest for various
pharmaceutical and biomedical applications. PVA hydrogels are used to make
contact lenses, wound dressing, coatings for sutures and catheters, and as
synthetic articular cartilage (Paradossi et al., 2010). In 2008, Tzvetkov znd
collegues produced air-filled microbubbles from a cross-linking reaction at the
telechelic PVA solutions' air/water interface. The bubbles had an average diameter
of 4.6x0.4 ym and a shelf life of several months (Tzvetkov et al., 2008). An
investigation into the ultrasound properties of PVA-based microbubbles revealed
the value of the pressure threshold at which the bubble shells cracked upon
insonification. It was discovered that it was within the mechanical index (MI)
recommended for biomedical applications.

Furthermore, these microbubbles have been successfully decorated on the
external surface with molecules such as oligopeptides, amino acids,
oligosaccharides, and polysaccharides (Cavalieri et al., 2006), allowing ligand

attachment to the surface of the microbubbles (Klibanov 2005). Furthermore, it was
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shown that PVA-shelled microbubbles could be loaded with nitric oxide, NO, and
the gas's in vitro release was evaluated, revealing its efficacy as an anticlotting
agent (Cavalieri et al., 2008). In conclusion, PVA-shelled microbubbles as UCAs
(Paradossi et al. 2010) are more echogenic (Grishenkov et al. 2011) and stable
(Oddo et al. 2017) than lipid-based UCAs; the material is FDA (United States Food
and Drug Administration) approved, and a series of preclinical tests revealed no
toxicity (Cerroni et al. 2018). As a result, PVA-based microbubbles are an
auspicious material for theranostics and imaging.

As the gas phase, perfluorohexane (CsF14) (Alfa Aesar Perfluorohexanes,
98+ percent, Fisher Scientific, USA) or sulfur hexafluoride (SF6) (Air Liquide, 99
percent, France) were utilized, which means that the bubbles are filled with C6F14
or SF6. Such gases are more hydrophobic, less soluble, and heavier than air in
agueous solutions. That is why they were chosen for the second generation of
microbubbles (Podell et al. 1999, Schneider, 1999), since the bubble shell is
characterized by high permeability, allowing gas to escape and eventually result in
the bubbles dissolving quickly. As a result, such gases were chosen to increase
the duration of the bubbles.

The liquid phase is a 10 mM Phosphate-Buffered Saline (PBS) (Sigma-
Aldrich, Germany) solution in Milli-Q water containing an aqueous solution of PVA
(Mw 13,000-23,000, 87-89 percent hydrolyzed, Sigma-Aldrich). PVA was agitated
in an aqueous solution overnight at 80°C before being employed as the continuous
phase. PVA functions as a surfactant and a shell material due to the surfactant's
ability to produce a shell around the bubbles. To avoid the destruction of the
bubbles during the rigorous freeze-drying process, which is linked with freezing,
dehydration, and solid-liquid interfacial tensions (Abdelwahed et al. 2006, Date et
al. 2010), a cryoprotectant is necessary (Mensinket al. 2017). The cryoprotectant
and surfactant are both present in the external fluid. PVA serves as a surfactant
and a cryoprotectant in our innovative, easy-to-prepare formulation. Although PVA
is not currently employed as a cryoprotectant for freeze-drying microbubbles, it has
attracted attention as an emerging cryoprotectant for droplets and pharmaceutical
goods (Song et al. 2018, Mitchell et al. 2019).

3.5.Microbubble Size control and distribution
The geometrical characteristics of the microbubbles were evaluated by using

an inverted optical microscope (Axio Observer Z1, Zeiss, Germany). A field lens

was used to couple a 40X magnification microscope objective to a high-speed
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camera (FASTCAM SA3, Photron, USA) capable of capturing images with a
1024x1024 pixels resolution at 1000 frames per second (fps), and up to 60,000 fps
at lower resolution. In order to determine the size, the dispersity, and the
generation frequency of the microbubbles we used the MATLAB software for
image treatment. First, a standard background subtraction by threshold technique
was used followed by an image binarization by the threshold to enhance the
contrast between the bubbles and the background. Afterward, we used the
MATLAB’s imfindcircles function, which uses a Circular Hough Transform (CHT)
based algorithm, more specifically an Atherton and Kerbyson's phase coding
method (Atherton and Kerbyson, 1999) to identify and measure the microbubble’s
size. The coefficient of variation (CV) was then calculated by the ratio between the
standard deviation and the mean diameter of a population of microbubbles.

To measure the production rate of the microbubbles, pictures of the bubbles
being produced in the nozzle of the microfluidic flow-focusing device were taken
with a 20.000 fps recording speed. Differently, to characterize the produced and
resuspended microbubbles, a sample of approximately 10ul was deposited on top
of a microscope glass slide and covered with a thin glass coverslip for

immobilization and to maintain the bubbles at the same plane of view.

3.6.Monolayer bubble collection and freeze-drying protocol

Figure 3.3 depicts the procedure employed to collect and freeze-dry the
bubbles produced. Microfluidic bubbles are transported along lateral outlet tube.
Bubbles produced milky suspension droplets at the tip of the tube at the
concentrations we used. Each 2 to 10 pl drop was placed on a hydrophilic glass
slide that had been treated with O2 plasma (75 mm x 25 mm). Bubbles create
monolayers grouped into discrete places on a glass slide in this manner (see
Figure 3.3). We usually obtained one hundred spots, consisting of 5 um in diameter
and made up of 10* bubbles, in each one.

Furthermore, bubbles were pre-frozen for at least 2 hours at —25°C,
significantly below the glass transition temperature (Ty) of the cryoprotectant
employed (80°C). Finally, the frozen bubbles were transported for 4 hours to a
freeze-dryer (FreeZone Labconco, USA) with a shelf temperature of -50°C.
Subsequently, each freeze-dried spot was hydrated on the glass slide in a PFC
ambient with a gas-saturated PBS solution. In case the monodisperse bubbles
were gathered in large drops, resulting in the creation of multilayers, the bubbles

would interact before being frozen, the lyophilizate would be multilayer, and the
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resuspended microbubble population would be polydisperse.
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Figure 3.3 - An illustration of the microfluidic production showing required elements to operate the
system and a spot-based collection of bubbles in a drop on a glass slide.

3.7.Method of observation of the lyophilisates

An environmental scanning electron microscope (ESEM) was utilized to
assess the homogeneity of the freeze-dried microbubble population. The
equipment was also used to obtain an estimate of the bubble’s shell thickness. A
sample holder was used to hold the freeze-dried bubbles on a piece of a
microscope glass slide. Even though the glass slide is not conductive, the sample
was stimulated with a modest electron accelerating voltage (5kV) to prevent the
background charging effect. The photos were taken with a 20° tilt and without
metallic coating to prevent the shells' alterations, resulting in one side turning white

owing to the charging effect.

3.8.Continuous Phase Surface Tension Measurements

The surface tension of the continuous phase used to produce the bubbles
was measured by the pendant drop technique, using a Drop Shape Analyzer
DSA30 (KRUSS GmbH, Germany). First, we filled a 1mL plastic syringe coupled
with a needle adaptor (20 ga x 2" Luer stubs, PHYMEP, France) with the PVA
solution. The results are presented as triplicates with the standard deviation.

Deionized water at 25°C was measured as a reference.
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3.9.Monodisperse microbubbles stability over time

The stability of a monodisperse microbubble population with a mean
diameter of approximately 5 um of was measured over time. The freshly generated
PVA-shelled microbubbles were collected over a microscope glass slide and
pictures of the population were taken at every minute for 1 hour. The microbubbles’
size distribution was estimated using a Matlab code as described in chapter 3.5.
The mean diameter and the coefficient of variation of the bubble population were
compared for different time periods, to assess the stability of the PVA
microbubbles.



4. RESULTS AND DISCUSSION: MICROFLUIDIC

This chapter aims to investigate the synthesis of monodisperse PVA-shelled
microbubbles to be used as ultrasound contrast agents. Two different sizes of
microbubbles population (40 um and 5 um mean diameter) were characterized
optically in five stages of the lyophilization process: production, collection, freeze-

thawing, lyophilizate, and resuspension.

4.1.Microfluidic flow-focusing 40um microbubbles production

The flow-focusing microfluidic device with a nozzle size of 20pum was capable
of producing monodisperse microbubbles. The production of microbubbles could
be divided into five different regimes (Dhanaliwala, 2014), four of which are
illustrated in Figure 4.1. First, the Overpressure regime is characterized by a gas
pressure that overwhelms the liquid flow rate, resulting in a continuous gas stream,
without bubble formation. The second regime, called Cylindrical, results in the
production of non-spherical microbubbles that are larger than the microfluidic
channel's height. The following regime, named Stable (or bubbling regime -
Gafan-Calvo et al., 2006, and Garstecki et al., 2006) is characterized by a steady
and stable production of microbubbles with a diameter smaller than the height of
the channel, but bigger than the nozzle’s width. The fourth regime, named
Unstable, is distinguished by an unstable microbubble production, in which doublet
formation can occur. The bubbles are produced in quick succession, generating
pairs of bubbles of different sizes (one big and one satellite), followed by a delay
in microbubbles production. In this configuration, the bubbles are found to have a
size smaller than the nozzle’s width. At last, the Underpressure regime is
characterized by a liquid flow that overwhelms the gas pressure, yielding no bubble
production. The gas pressure of the systems dictates the flow rate limits that define
this regime. Generally, a gas pressure increase results in an increase in the
minimum liquid flow rate in which the regime begins. Also, it broadens the range of
liquid flow rates over which the regimes happen. For a given liquid flow rate, the
variation of the gas pressure allows one to pass through all the regimes, as shown

in the figure below from Dhanaliwala, 2014.
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Figure 4.1 — Microbubble production regimes with a flow-focusing microfluidic device from the work
of Dhanaliwala (2014). Scale bar 10 um for all figures. (a)l: Overpressure (<34 uL/min), the gas
pressure overwhelms the liquid flow rate and no microbubbles are produced. (b) II: Cylindrical (34-
60 pL/min), microbubbles are larger than the height of the microfluidic channel resulting in the
production of non-spherical microbubbles. (c) Ill: Stable (60-80 pL/min), microbubbles with diameters
less than the height of the channel but greater than the nozzle width are stably produced. (d) IV:
Unstable (80-92 pL/min), microbubbles production becomes unstable and can result in doublet
formation (i.e. two microbubbles in quick succession followed by a delay in microbubbles production,
black box) and microbubbles with a diameter less than the nozzle width.

The production of the microbubbles in the Unstable regime mentioned before
was possible, yielding bubbles with a diameter smaller than the nozzle’'s width.
However, the production couldn’t be sustained, resulting in a rapid decrease in the
microbubble production rate. In addition, the multiplet formation of the bubbles
resulted in an increase in the polydispersity of the microbubbles population. For
that reason, the only regime that will be characterized in the present work is the
before mentioned Stable regime.

As presented in chapter 3.1, we developed a microfluidic flow-focusing
device with a nozzle with a width of 20um and a height of 16um, and an expanded
reservoir configuration, to reduce the hydrodynamic resistance downstream,
ensuring continuous production of the microbubbles (Figure 4.2). In order to
guarantee an optimized, reproducible, and stable production, we simultaneously
controlled the liquid and gas flow rates with a syringe pump (Standard Infusion
Only Pump 11 Elite Syringe Pumps, Harvard Apparatus, USA), and a MFCS-100
pressure controller system (MFCS-100, Fluigent, France, respectively. Figure 4.2A
shows the bubbles production downstream of the nozzle, while Figure 4.2C shows
the microbubbles closer to the outlet of the microfluidic device. The stable
production regime was sustained for a PFC pressure of 1445 mbar and 20pl/min
flow rater for the continuous phase (8% PVA + 10mM PBS). Figure 4.2B and D
shows the size distribution of microbubbles in the different regions of the
microfluidic chip. For Figure 4.2C, we selected the area of analysis marked by the
red rectangle, to guarantee that all the bubbles analyzed are in the same focal

plane.
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Figure 4.2 — Typical production of microbubbles in a flow-focusing microfluidic device with a nozzle
of 20pm width and 16um height. (A) image of the production of monodisperse microbubble population
at the nozzle of the flow-focusing device. (B) The size distribution of the microbubbles downstream
of the nozzle. Bubbles presented a mean diameter of 36.0+0.1 pm, a standard deviation of 1.0um,
and a CV of 2.9%. (C) Images of the monodisperse microbubble close to the outlet of the microfluidic
device. The red rectangle is the selected area of analysis where the bubbles are in the same plane,
and (D) shows the size distribution of the microbubbles close to the outlet. They presented a mean
diameter of 44.7+0.2 um, a standard deviation of 1.4 pm, and a CV of 3.2%.

As shown in Figure 4.2 A, and B, the bubbles produced with the flow-focusing
device were monodisperse with high reproducibility. The recently formed bubbles
presented a mean diameter of 36.0£0.1 um, a standard deviation of 1.0um, and a
CV of 2.9%, demonstrating the monodispersity of the bubbles. The same bubble
production measured at the outlet of the microchip presented a mean diameter of
44.7+0.2 um, a standard deviation of 1.4 pum, and a CV of 3.2%. The 24% increase
in the diameter can be explained by the decrease in the ambient pressure
surrounding the bubbles while approaching the outlet of the chip (closer to
atmospheric pressure).

Figure 4.3 shows qualitatively how the pressure inside of the microfluidic
flow-focusing device behaves as a function of the position. The mean size
distribution for positions A, B, and C in the schematic drawing are 39.0+0.1 (CV of
2.7%), 36.0£0.1 um (CV of 2.9%), and 44.7+0.2 um (CV of 3.2%), respectively.
Due to the low solubility of the gas core, and high molecular weight of the PFC,
together with the reduction of the surface tension, and the lower gas permeability

provided by the PVA-shell, the diffusion of the gas core time scale is of the order
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of minutes. We can estimate the average speed of the bubble based on the known
dimensions of the channel, and the recording speed of the bubble’s production
(1000 fps). The time of residency of the bubble can be derived as the length of the
outlet channel (3.2 mm) divided by the estimated velocity of the bubbles (26 mm/s),
yielding 0.12s. Therefore, we could assume that after formation, the mass of PFC
inside the bubble is constant during its journey inside the channel. Based on this
assumption, the size variation is mainly controlled by the ambient pressure inside
the channel, hence the variation observed in Figure 4.3 while sustaining a similar
Cv.

|/

Figure 4.3 — Schematic illustration of the pressure variation in the microchip. Regions A, B, and C
presented in the image have a mean size distribution of 39.0+0.1 (CV of 2.7%), 36.0+0.1 um (CV of
2.9%), and 44.7+0.2 um (CV of 3.2%), respectively.
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Figure 4.4 shows a typical collection of microbubbles over a glass slide. The
figure shows the size distribution for the population with a mean diameter of
52.7+0.2 um, a standard deviation of 1.6 um, and a CV of 3.1%, demonstrating
once again the monodispersity of the population, and a further increase in the
mean diameter due to the reduction of the ambient pressure to 1 atm.
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Figure 4.4 — The image on the left shows a typical collection of the produced microbubbles over a
microscope glass slide. The image on the right shows the size distribution of the collected
microbubbles.
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4.2.Freeze-dried monodisperse 40 um bubble population

This chapter aims to present the geometrical characterization of the freeze-
dried microbubbles population, providing a comparison between bulk collection

(multilayer configuration), and the monolayer method (described in chapter 3.6).

4.2.1. Bulk and multilayer freeze-drying

A population of monodisperse microbubbles was produced according to the
procedure exposed in chapter 3.2. For the bulk freeze-drying, a glass vial was
connected with the outlet tubing of the microfluidic device. The produced bubbles,
that were pushed out of the chip by the continuous phase, were collected during 4
min with a production rate of 10* bubbles/s. The glass vial was then sealed with
parafilm to avoid possible contaminations. The vial was placed in the freezer at -
25°C, below the glass transition temperature of the PVA (80 °C) for 2h. Before
introducing the vial into the freeze-drier, holes in the parafilm cover were pierced
to allow water vapor to exit the vial during sublimation. The frozen microbubble
population was submitted to the freeze-drying process overnight, at a constant
temperature of -45°C and ambient pressure of 0.1 mbar.

Figure 4.5 shows the bulk lyophilizate cake formed during the above-
mentioned process. The Figure 4.5E shows the size distribution of the
resuspended population with a mean diameter of 56.9 +1.2 um, a standard
deviation of 17 um, and a CV of 29%. Qualitative access of the lyophilizate cake
before resuspension (Figure 4.5C), shows that bubbles were already polydisperse
in this configuration, suggesting that the degradation process happened before the
rehydration of the bubbles.

By taking as a reference the mean diameter of the population collected
(Figure 4.4) of approximately 52 um, one can estimate the maximum rising time of
a bubble in the bulk, through the use of the Stoke law for drag force. The
assumption of no interference between particles on which Stokes’ law relies is not
perfectly verified for the microbubbles configuration that we have, but it can still
provide an order of magnitude that we need for this analysis. A simple force
balance can be made over the bubbles, accounting for buoyancy (F;), weight (F,),

and drag (F,) as follows:

Fy=pVpg ; Ey =pgVp 9 ; Fg=3mpuDu (4-1)
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d d
NF=m=—=pV, —=(p—pg)¥pg—3muDu (4-2)

where pg(~1%) is the PFC density, Vv, is the bubble volume, u is the bubble

speed, p; (~1000%) is the continuous phase density, g(9.81sm2) is the

gravitational acceleration, u (~0.01 Pa.s) is the liquid viscosity, and D (~52 pm) is
the bubble’s diameter. By integrating the second-order differential equation we

obtained:

= U LI : = (PL_1)P99 p2 ,
x=Ut+ (;852) [exp( pgD? t) 1] ; U = (pg 1) 58 D (4-3)
g

where U, is the terminal velocity of the bubbles. Therefore, the maximum time that

a bubble would take to rise to the top of the liquid volume inside the vial (h = 5 mm)
is approximately 34 ms.
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Figure 4.5 — Typical image of the freeze-dried cake collected in bulk before resuspension with a buffer
saline solution (10mM PBS). A) Shows the cake inside of the glass vial, B) shows the freeze-dried
cake over a microscope glass slide, and C) shows an optical image of the cake powder, with the
presence of microbubbles. D) Shows an image of the freeze-dried population after resuspension, and
E) show its size distribution with a mean diameter of 56.9 +1.2 um, a standard deviation of 17 um,
and a CV of 29%. Qualitative access of the lyophilizate cake before resuspension, shows that bubbles
were already polydisperse in this configuration, suggesting that the degradation process happened
before the rehydration of the bubbles.

The next step is to make a comparison with the time required for the whole
volume of bubbles suspension inside the vial to freeze. First, we calculated the
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dimensionless Biot number for the suspension, to obtain the ratio of the thermal

resistance inside of the body and at its surface

heL
k

Bi =

(4-4)

The thermal conductivity, k, for water at 25°C is approximately 0.6 W/(mK),
and the characteristic length L of the vial is 0.005 m (ratio between the body
volume, Vv, and its surface area, A). The convective heat transfer, h., for air in free
convection can vary from 2.5 to 25 W/(m?K). For the case in which h, takes its
maximum value, the Biot number is 0.2 (Bi < 1), meaning that the diffusion inside
the body is much higher than the convective heat exchange. Thus, we can consider
the temperature gradients inside the body to be negligible, yielding the simplifying
assumption that the temperature inside the body is spatially uniform. By making a
global energy balance over the suspension volume we obtain the following

equation:

72_—22 = eXp [‘ (%) t] (4-5)

where T is the temperature of the solution at time t, T,, is the temperature in the
freezer, T, is the initial temperature of the solution, and c is the thermal capacity of
the liquid. We proceed to estimate that the time that would take for the volume of
liquid to start to freeze (T=0°C). For the following parameters h.=25, T, =
—25°C, Ty = 25°C, Ay = 314mm?, p = 1000 kg/m3,v=1570 mm?, and c= 4179
J/(kg K), the starting freezing time of the volume is t ~ 580 s.

It is thus possible to conclude that the time taken by the bubbles to rise to
the surface is approximately four orders of magnitude smaller than the time that
the solution, where the bubbles are suspended, takes to start freezing. Thus, a
creaming effect (agglomeration of the bubbles on the surface) occurs, leading to a
degradation of the monodispersity, due to coalescence and Ostwald ripening
phenomena, which explains the polydispersity before the freeze-drying process.

For the multilayer freeze-drying, a population of monodisperse microbubbles
was produced according to the procedure exposed in chapter 3.2. The
microbubbles were collected as spots over a microscope glass slide in a manner
similar to the one described in chapter 3.6 for the monolayer. The difference lays
in the fact that the glass slide was not exposed to the O, plasma treatment, making
the glass less hydrophilic, therefore reducing the capacity of the bubbles to spread
on the surface. Also, the collection time for each spot was bigger, yielding bigger

droplets, thus resulting in a multilayer configuration. The glass slide was placed in
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the freezer at -25°C, below the glass transition temperature of the PVA (80 °C) for
2h. The frozen microbubble population was submitted to the freeze-drying process
overnight, at a constant temperature of -45°C and ambient pressure of 0.1 mbar.
Figure 4.6 shows a typical multilayer collection of microbubbles over a glass
slide, and its size distribution after resuspension. The insert shows the size

distribution for the population with a mean diameter of 41.5+2.2 um, a standard

deviation of 23.8 um, and a CV of 57%.
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Figure 4.6 — This set of images shows the effect of a double layer collection of monodisperse
microbubbles population over their polydispersity during freeze-drying. (A) The typical image of
freeze-dried spots over a glass slide, (B) A freeze-dried powder of microbubbles in a double-layer
configuration, (C) Freeze-dried population after resuspension, and (D) shows the size distribution of
the resuspended microbubbles. The population presented a mean diameter of 41.5+2.2 um, a
standard deviation of 23.8 um, and a CV of 57%

Even though the reduction in the liquid volume reduces the freezing time, the
interactions between the microbubbles in the multilayer configuration is still
detrimental to the stability of bubbles during the freeze-drying process. The origin
of the in-plane interactions resulting from the close-packed state is not fully
understood. However, it reinforces the idea that reducing the interaction between
the bubbles is key to preserving its monodispersity during freezing and freeze-

drying.
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4.2.2. Monolayer collection of monodisperse bubbles

The lyophilisates we obtained, in the process described in Material and
Methods (Chapter 3), were uniform in size as shown in Figure 4.7. Figure 4.7A and
Figure 4.7C show bubble populations before and after rehydration and
resuspension in PBS solutions, respectively. The detachment from the glass slide
and, thus, resuspension of the bubbles took only a few seconds. After this time,
bubbles started to freely float in PBS. The initial size distribution was measured
when they were still located on the glass. It remains unchanged during the floating.

The inserts show the size distribution for the lyophilizate with a mean
diameter of 42 um, a standard deviation of 4 um, and a CV of 9%, and the size
distribution for the resuspended bubbles with a mean diameter of 44 pym, a

standard deviation of 3 um, and a CV of 6%.
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Figure 4.7 — The images and size distribution (bars represent the size distribution and dots represent
Gaussian fits) of lyophilisates and resuspended bubbles. (A) Optical images of one spot of the
lyophilizate, consisting of freeze-dried bubbles deposited onto glass slides. (B) Size distribution of
the lyophilisates 42 ym, with a standard deviation of 4 um, and a CV of 9%, in average diameters of
the lyophilisates. (C) Resuspended bubbles and (D) their size distributions (insets): the average
diameter of the bubbles is 44 pm, with a standard deviation of 3 ym and a CV of 6%.
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The bubbles shown in Figure 4.7A form a closed-packed structure. This is
because, with the concentrations at hand, the system stands above the jamming
transition (Furuta et al. 2016). Increasing the volume fraction of the bubbles leads
to close-packed states, as shown in Figure 4.7A, whereas increasing the volume
fraction of the liquid by decreasing the size of the bubbles for the same population
unjams the system (as shown will be presented in chapter 4.3). The size
distribution measured for the resuspended bubbles shows a monodispersity larger
than the 3% dispersion of the initial fresh bubble population, but still low. The
reason originates from the fact that freeze-dried bubbles interact and undergo
deformation due to the close packing. This behavior also indicates that, by forcing
bubbles to be collected as a single monolayer and freeze-dried in such a
configuration, even though in-plane interactions exist, they slightly degrade the
size uniformity but do not destroy the monodispersity.

It is possible to see that there is a reduction of 16% in the mean size
distribution from the collected bubbles, and the bubbles that were resuspended
after freeze-drying.

We can conclude that in the process presented for freeze-drying the
monodisperse bubbles population was successfully achieved, yielding a CV of 3%

and 6% before and after the freeze-drying process, respectively.

4.3.Microfluidic flow-focusing 5 um microbubbles production

As presented in chapter 3.1.2, we developed a microfluidic flow-focusing
device with a nozzle of 5um width and 5um height, and an expanded reservoir
configuration, to reduce the hydrodynamic resistance downstream, ensuring
continuous production of the microbubbles (Figure 3.2). Due to the reduction in the
nozzle’s size, clogging of the system by PVA aggregates made it impossible to
sustain a stable production of monodisperse microbubbles. Thus, we introduced
some modifications to the classical flow-focusing device used in the chapter
before, namely the anti-clogging system (tangential filtering), step emulsification
(reduce resistance downstream the nozzle), and a “pusher” (a system developed
to push de bubbles out of the microfluidic device in a controlled concentration). The
anti-clogging system is designed to deflect the majority of the continuous phase
flow from the flow-focusing channel, to deviate large aggregates through inertia.
On the other hand, the amount of continuous phase that is displaced for the bubble
production becomes very small; leading to the aggregation of the microbubbles in

the channel’s outlet, yielding coalescence of the population. Therefore, the
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implementation of a tubing inlet close to the outlet of the device, to push the
bubbles out of the system, became mandatory. Thus, the addition of a “lateral
collection” system, comprising the positioning of a tube axially aligned with the
production channel of the microfluidic device. The incorporation of all these
features, which are described in details in chapter 3.1.2, made it possible to sustain
a stable monodisperse microbubble’s production for at least 16 continuous hours.

Figure 4.8A shows the bubbles production in the 5um microfluidic device, in
which we were able to obtain a 10-15kHz bubbles production. The stable
production regime was sustained for a PFC pressure of 2300 mbar, continuous
phase (8% PVA + 10mM PBS) pressure of 4200 mbar, and 2pl/min flow rater for
the pusher (8% PVA + 10mM PBS). Figure 4.8B shows a typical microbubble
collection with a mean diameter of 5.70+0.01 um, a standard deviation of 0.2 um,

and a CV of 3.8%, demonstrating the monodispersity of the bubbles’ population.
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Figure 4.8 — Microfluidic generation of 5 um in diameter poly(vinyl alcohol) (PVA) ‘fresh’ microbubbles
(i.e., directly coming out of the microfluidic device and thereby not resuspended from a lyophilisate).
(A) Monodisperse bubbles were generated in the central channel located between the “river”
channels (i.e., anti-clogging system or tangential filtering) and after the gas channel. Bubbles exited
the device without any coalescence. (B) Optical images with 20x magnification of freshly generated
bubbles were collected in a monolayer manner on a glass slide, (C) is the optical image with 40x
magnification of the same microbubble population. (D) Shows the size distribution of the collected
bubbles showing average sizes, standard deviation, and coefficient of variation (CV) respectively
equal to 5.70£0.01 pm, 0.2 pm, and 3.8%.

The reduction of one other magnitude of the bubbles size increased the rising
time for the bubble. Using the same parameters described before, for a 5um

diameter bubble we obtain a maximum rising time of approximately 3.1 seconds,
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which is 100 times larger than the rising time of the 50 um bubbles. However, it is
still 2 orders of magnitude smaller than the time that it takes for the bulk volume to
start freezing. Thus, the assumption of coalescence and Ostwald ripening prior to
freezing is still valid for the 5um bubbles case. In addition, the size reduction
contributes to a more unstable bubbles’ population, as it possible to verify, as an
approximation, by using the Epstein-Plesset equation for free gas bubbles
dissolution over time. The 50 um bubble takes approximately 20 seconds to get
dissolved while the 5um bubble dissolves in approximately 100 ms, leading to 2
orders of magnitude faster dissolution. These factors reinforce the need for the
monolayer collection, in which faster freezing occurs, and a reduced bubble to
bubble interaction is obtained.

Figure 4.9 shows typical optical imaging of the central part of a lyophilizate
spot, comprising freeze-dried bubbles deposited in a glass slide. The measured
average diameter of the population was 5.80+0.03, with a standard deviation of
0.3um and CV of 5%. During the freeze-drying process, water is removed from the
samples, together with the gas content inside the microbubble, which puts the
microbubbles in a surface tension-free configuration. Therefore, it is possible to
see that the surface of the bubbles in the lyophilisate are not uniform circles. The
digital imaging process technique used to evaluate the microbubbles’ size
distribution is based on the Circle Hough Transform (CHT) extraction. The
algorithm basically works by finding circle candidates by “voting” in the Hough
parameter space and then selecting local maxima in an accumulator matrix. The
limitation is that non-circular objects are interpreted as circles, leading to a bigger
estimation of the size of the bubbles, which would explain the increase in the mean

diameter for the lyophilisate population.
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Figure 4.9 — The images and size distribution of lyophilisates and resuspended bubbles. (Left) The
optical images of the central part of a lyophilisate spot consist of freeze-dried bubbles deposited on
a glass slide. (Right) Shows the size distribution of the lyophilisate as 5.8+0.03 (standard deviation
of 0.3 and CV of 5%) um in average diameter.
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Figure 4.10 shows typical environmental scanning electron microscopy
(ESEM) images of the 5 um freeze-dried microbubbles population. As mentioned
above, itis possible to see that in these stress-free configurations the microbubbles
do not present a uniform spherical shape. However, the shells look uniform, which
suggests acceptable homogeneity of the lyophilization conditions across the
population. Figure 4.10B shows a broken bubble in an ESEM image. Its shell
thickness was estimated as ~70 nm as shown in the inset and the illustration of
Figure 4.10B. This is smaller, but still consistent with (Poehlmann et al. 2013), who
reported PVA shell thicknesses ranging between 120 nm and 230 nm. That
difference can be explained by the fact that Poehimann used a PVA with longer
chains in their formulation, with a molecular weight of 70 kg/mol, which is almost 3
times larger than the one used in this study (13-23 kg/mol).

Figure 4.10 — A) Environmental scanning electron microscopy (ESEM) of the 5 um lyophilisate. (B)
Scanning electron microscopy (SEM) image shows a broken bubble and the magnified image, shown
as an inset and an illustration (right-hand side), measuring the thickness of the shell as ~70 nm.

Figure 4.11 shows a typical optical image of the freeze-dried microbubbles
after resuspension with a PBS solution. The measured mean diameter was
5.48+0.01 ym, a standard deviation of 0.3 um, and a CV of 5.7%. Despite an
increase in the CV of the resuspended bubbles in comparison with freshly
generated, the population remains monodisperse. We may conclude that the
monodispersity of the size is accurately conserved by the collection and freeze-
drying process.

It is interesting to observe that the mean diameter of the microbubbles’
population was reduced by approximately 4%, which is a much smaller variation
compared to the 40 pm microbubbles population (20% reduction in size).
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Figure 4.11 — The images and size distribution of resuspended bubbles. The insert shows the average
diameter of the bubbles as 5.48+0.01 um, a standard deviation of 0.3 pm, and a CV of 5.7%.

4.4.Microbubbles Stability

4.4.1. Surface tension measurement

The presence of surfactants in the encapsulating shell aims to stabilize the
bubbles against coalescence, diminishing the surface tension and, therefore,
reducing the gas dissolution from the core into the surrounding medium (Ferrara
et al., 2007). Thus, we measured the surface tension (y) at the liquid-air interface
of the PVA solution, comprising of 8wt% PVA and 10mM PBS. The results were
compared with the measurements made by Pessoa et al. (2020), for the lipid
composition of DSPC: DSPE-PEG2000 (9:1 molar), with different liquid phases.
The lipid composition was chosen due to its proven stabilization of microbubbles
(Gnyawali et al., 2017; Talu et al., 2007).

Figure 4.12 shows that the PVA reduces the surface tension by 30 mN/m, to
the value of 42.70+£0.59 mN/m. When comparing the PVA solution with the lipid
formulations, it is possible to see that the SoyPC:DSPE-PEG: PCDA presented a
lower surface tension (37.1+ 0.6 mN/m). The author (Pessoa et al., 2020)
concludes that the small surface tension value is correlated with the addition of
PCDA. However, the stability of the shell comes at the expense of a UV-
polymerization post-treatment process that polymerizes the lipid shell around the
microbubble. Thus, when thinking about an industrialization process, this
technique would not be the most efficient. These results emphasize the improved
surface tension of the PVA-shelled microbubbles in comparison with typical lipid
bubbles, which are reported to be similar to the FDA-approved commercial
products DEFINITY® (Lantheus Medical Imaging, USA) (Gnyawali et al., 2017)
and SonoVue® (Bracco Diagnostics, USA) (Kooiman et al., 2014).
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Figure 4.12 — Surface tension measurements using the pendant drop technique. The results
extracted from Pessoa et al., (2020) were combined with the measured surface tension for the 8%
PVA + 10mM PBS continuous phase.

4.4.2. Microbubble stability

For the 5um bubbles population, we measured their stability over time after
production. The bubbles were collected on top of a microscope glass slide, and
images of the suspension were taken over time. The size distribution of the
microbubbles was measured for each time frame and the monodispersity of the
population was verified as a function of time. Figure 4.13 shows the microscopic
images and size distribution histograms at different time periods.

The microbubble’s mean diameter at the start of the experiment (t=0 min)
was 5.20+0.02 pm, with a standard deviation of 0.1 um, and a CV of 2.0%. The CV
was sustained below 5% during the first 10 minutes, reaching 7.8% at the 15
minutes mark. Some groups have established the term ‘quasi-monodisperse’ for
particles that have CV values below 16% (Izumida et al., 2005, De La Veja et al.,
2013). After 30 minutes, the microbubbles reached a CV of 17%, exiting the quasi-
monodisperse configuration, becoming polydisperse. It is possible to see that
Ostwald ripening was the main mechanism contributing to making the population
polydisperse, through the growth of bigger bubbles at expense of the smaller ones.

The study of Paradossi et al. (2005) for PVA-shelled microbubbles reports a
shelf life of a few months, and much higher stability compared to the bubbles
produced in this study. This major difference is due to multiple factors. First, the

authors use in their formulation a higher molecular weight PVA (70kg/mol),
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followed by a cross-linking process. This approach results in a microbubble of
approximately 3um, with a shell thickness of 0.7um, a value 10 times bigger than
the one obtained for our polymeric bubbles. The increase in stability comes at the
expense of the echogenicity of the microbubble when exposed to an ultrasound
field. The bubble becomes stiffer, increasing the damping of the emitted ultrasound
pulse (mechanism will be described in detail in chapter 5.2.2), which works against
the main purpose of the microbubbles in this study, of being an ultrasound contrast
agent. Lastly, the authors are not tracking the monaodispersity of the microbubble’s
population, since their original sample was already polydisperse.

t=0 min t=5 min

t=15 min

| t=60 min

8 10 12 14
Diameter (um) Diameter (um)

Figure 4.13 — A stability test of typical PVA-shelled monodisperse microbubbles. The size distribution
of the collected population was evaluated as a function of time. (A) Optical image of the bubbles at
t=0, and (B° its size distribution with a mean diameter of 5.2 um (CV of 2%). (C) Shows the size
distribution of the microbubbles after 5 minutes of collection, with a mean diameter of 4.89 um (CV
of 2.3%). (D) An optical image of the microbubbles after 15 minutes of collection, and (E) shows its
size distribution of 5.10 um (CV of 7.8%). (F) shows the size distribution of the population after 30
minutes, with a mean diameter of 5.9 um (CV of 17%). (G) Optical image of the microbubble after 45
minutes of collection, (H) with a mean diameter of 6.83um (CV of 24.7%). (1) Show the size distribution
of the microbubbles population after 1 hour from the collection, having a mean diameter of 8.23um
(CV of 25.5 %).

4.5 Final remarks

In the present work, for the first time, we freeze-dried monodisperse
microbubbles without degrading their monodispersity. This strategy unlocks the



4. Results and discussion: microfluidic 103

bottleneck of transportation and storage of monodisperse microbubbles in the form
of a lyophilisate, i.e., a powder. We solved this problem by developing two different
aspects. The first is the optimization of bubble formulation along with a
cryoprotectant. The second is maintaining the bubbles, during collection, pre-
freezing, and freeze-drying steps, in the form of monolayer spots deposited on a
glass surface.

Although we developed this method on a polymer-shelled microbubble, in
principle, our method can be applied to obtaining freeze-dried monodisperse lipid
or protein-shelled microbubbles.



5. ACOUSTIC CHARACTERIZATION OF FREEZE-DRIED
MONODISPERSE MICROBUBBLES

This chapter provides, at first, a literature review of the basic principles of
ultrasound imaging, and the elementary aspects of its physics. Secondly, we
describe the dynamics of free bubbles and review the models developed
throughout the years. Then, the dynamics of coated microbubbles and the models
used to characterize them will be addressed. Finally, important concepts for
ultrasound contrast agent characterization will be presented and discussed:
scattering, absorption, attenuation.

By taking into account the parameters that influence microbubbles’ dynamics
and acoustic response, we were finally able to characterize a new generation of

lyophilized monodisperse contrast agents.

5.1. Fundamentals of Ultrasound

In order to accurately interpret ultrasound images, and the acoustic response
of ultrasound contrast agents, a basic understanding of the physical principles
involved in ultrasound imaging techniques is crucial. Therefore, this chapter aims
to provide an overview for the readers that do not have a background in ultrasound
imaging and ultrasound contrast agents.

This sub-section will present a basic description of elementary aspects of the
ultrasounds’ physics. The goal is to provide the reader with a brief introduction to
the ultrasound field. Those interested in a more complete description of the
acoustics of waves can refer to the books of Achenbach (1973), and Kinsler et al.,
(2000), or other dedicated books.

5.1.1. Period, Frequency, and Wavelength

The characteristic variables describing the propagation of a monochromatic wave
in time and space are period, T, frequency, f, and wavelength A. These variables

are related to each other as follows:
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A===cT (5-1)

o

where c is the speed of sound or wave velocity in the medium of propagation.

For clinically used ultrasound, we can find typical values of frequency ranging
from 2 to 15 MHz. In soft tissues, the typical sound velocity is ¢ =1540 m/s, implying
that the frequencies utilized in medical ultrasound imaging produce wavelengths
ranging from 200 um to 1 mm (f=1MHz to f=7.5MHz).

5.1.2. Phase and Group Velocity

There are two types of sound velocities in a medium that are fundamentally
different. The first is the phase velocity, which corresponds to the propagation
velocity of a given phase belonging to a single frequency in the periodic wave. If
the phase velocity is a function of the frequency or wavelength, the propagating
medium is considered to be dispersive, which is the case for all attenuating media:
in other words, the different frequencies in a finite signal do not propagate at a
constant velocity, which derives from the linearity and causality principles (O
Donnell Miller 1980). The second type of velocity is called the group velocity which
physically corresponds to the velocity at which a wave packet is carried along the
propagation direction (which can be often assimilated to the energy velocity — see
e.g., wave propagation and group velocity, Brillouin, 2013).

The phase and group velocity can have different values, depending on the
medium in which the wave is propagating. This might occur in a dispersive medium,
which can potentially affect the accuracy of the speed of sound measurements
(Laugier and Haiat 2011). Thus, being aware of the velocity dispersion is very
important to assure accurate measurements. To determine the velocity dispersion
(or acoustic dispersion) a broadband transmission method, where the rate of
change in phase velocities as the radiated waves pass through a given medium is
measured. The phases as a function of the frequencies of the broadband pulse
can be accessed by simple Fourier transforming the signal. By knowing the
distance that the signal traveled, it is possible to infer the phase velocity for each
frequency It is relevant to note that the attenuation coefficient, an important
parameter for characterizing ultrasound contrast agents, is related to the velocity
of dispersion through the Kramers—Kronig relationship which reflects causality.
More specifically, in the dispersion relation for acoustic propagation, the real part
of the compressibility is related to the phase velocity, and the imaginary part is

related to the attenuation coefficient. By combining this relation with the Kamers-
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Kronig relation, it is possible to derive, theoretically, an expression linking the
phase velocity and the attenuation coefficient (O Donnell Miller et al., 1980).
However, it is worth noting that in practical terms this method can be dangerous
since it assumes that the acoustic response is known for an infinite frequency

range.

5.1.3. Acoustic pressure

The definition of stress is a force applied by a unit area in a given medium.
All stresses can be expressed as a combination of pure shear stress and pure
compression (Achenbach, 1973). The combination of compression and shear
stress can be expressed in terms of the stress tensor in an anisotropic solid. This
is not the case for fluids, which can only support pure compression, called
pressure. A compressional wave propagating in fluids results in pressure changes
due to the succession of compression and expansion. The difference between the
total instantaneous pressure and the ambient pressure is called acoustic pressure
or sound pressure. It is important to note that, in fluids, we can only observe

longitudinal waves.

5.1.4. Acoustic Impedance

In fluids, the particles of the medium are subjected to displacements around
their original position, when exposed to an acoustic wave. The velocity associated
with these displacements is called acoustic particle velocity. The sound velocity
defined previously must be differentiated from the speed of motion of the particles
due to a sound wave. It is possible to derive a relation between both velocities for

a plane wave propagating in a lossless infinite medium as follows:
p=pcv=~2v (5-2)

where p is the acoustic pressure, p is the mass density of the medium at rest, ¢

is the speed of sound, and v is the particle velocity. Z defines the characteristic

acoustic impedance of the medium, i.e., the product of the density of the medium
times the speed of the sound in that medium. In electrical engineering, electrical
impedance measures the opposition that a system presents to an electrical current
resulting from a voltage applied to the system. In acoustics, a close analogy is

made, in which the acoustic impedance represents the opposition that the systems
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present to an acoustic flow resulting from an acoustic pressure applied to the
system.

Acoustic impedance is a very powerful concept in ultrasound imaging, and
its effects become noticeable at interfaces between two different tissues, driving
the rate of transmission and reflection of a sound wave. This concept will be

expanded in the upcoming chapter 5.1.7.

5.1.5. Acoustic Intensity

Acoustic intensity characterizes the energy transported in an ultrasound
wave. This intensity is defined as the energy transmitted per unit time and unit area
in the direction normal to the considered area. Usually in medical ultrasound,
acoustic intensity is measured in W-cm-2, and its value can be related to the sound

pressure as follows:

== (5-3)

This relationship for the intensity of a monochromatic wave is only valid at
the focus of a focused transducer or in the far-field of an unfocused transducer

where the wavefront can be considered as a planar wave (Laugier and Haiat 2011).

5.1.6. The Speed of Sound

The speed of sound is a characteristic of the medium for linear propagation
regimes, which are defined by small perturbation or wave amplitude. In this regime,
the speed of sound is independent of the wave amplitude, being only a function of
the properties and geometrical characteristics of the medium. In such conditions,
we can approximate the medium as being a homogeneous effective medium) with
and effective elastic modulus, Me, and effective mass density pe. (Shutilov, 1988).
The elastic and geometrical characteristics of the medium govern the effective
elastic modulus, which controls the stiffness of the medium concerning a given
type of wave. The effective mass density is related to the inertia of the propagating

medium. Thus, the speed of the sound c can be expressed as follows:

Mo
Pe

c= (5-4)

In more realistic systems, the speed of the sound can also depend on the
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amplitude of the wave, as mentioned before, leading to nonlinear wave
propagation, creating the necessity to apply a correction to the value of c.

In fluids, the effective mass density is the mass density of the fluid, and the
effective elastic modulus is defined by the adiabatic bulk modulus of elasticity, K,
which is the inverse of the compressibility. Compressibility is defined as the relative
change in volume as a function of pressure change. Therefore, K corresponds to
the force opposing compression of the fluid.

As soft tissues are largely composed of water, a fluid model is often used to
describe the waves at ultrasonic frequencies, where the speed of the sound’s
dependency on the temperature is a relevant feature. For example, the speed of
sound in water at 20 °C is 1482 m/s, and between the ranges of 20°C and 37°C, it
can increase at a rate of 2.5 m/s per 1°C (N. Bilaniuk and G. Wong, 1993).
However, this is not the case for all the tissues. The increase in temperature in fat
tissues results in a decrease in the speed of sound as presented by (Dunn et al.,
1978).

5.1.6.1. Speed of the sound in a bubbly medium

The speed of the sound in the liquid can be drastically affected by a small
volume fraction of bubbles. In the very low frequency regime (below the Minnaert
resonance), the Wood’s effective medium model allows predicting c =
1/\[XairPwater» Which physically means that a bubbly liquid has the density of water
and the compressibility of air. For an air volume fraction as tiny as 1073, the
effective sound velocity is as small as 200 m/s, i.e., not only less than its value in
water but also less than that in air. For larger frequencies, velocity dispersion can
be generated by the presence of bubbles, which makes the sound speed of a
bubbly liquid frequency-dependent. In general, the driving acoustic pressure is not
in phase with the radial displacement of the surface of the bubble, yielding complex
and frequency-dependent compressibility of the bubbly fluid, in the frequency
domain.

Leighton (1994) provides a calculation of the speed of the sound in bubbly
liquids. Reviews of the experimental and theoretical speed of sound are given by
Anderson and Hampton (1998) and by Commander and Prosperetti (1989), and
rigorous mathematical descriptions can be found in Caflisch et al. (1985), Lu et al.,
(1990), and Hoff (2001).
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5.1.7. Specular Reflection and Refraction

As briefly exposed in previous chapters, reflection, refraction, and
transmission of sound waves occur at the boundary of two different media having
different acoustic impedances.

A specular reflection is characterized by a mirror-like reflection, where the
wave bounces back from the surface at the same angles it encountered the
surface. For surfaces with irregularities smaller than the wavelength of the sound
wave, specular reflection occurs, whereas for surfaces with bigger irregularities the
reflection of the sound is diffuse (Ishimaru, 1999). The basis of echography or
pulse-echo ultrasound imaging (described in chapter 5.1.11) is formed by
exploiting the specular reflection between two organs, typically, and a single
scattering of the heterogeneities in the medium. For diagnostic clinical ultrasounds
differentiation of fluid-fluid and solid-fluid interfaces is crucial to provide distinctions
of soft tissues in the images. The scattering phenomenon is also important for the
medical ultrasound field, and it will be discussed in chapter 5.2.5 and 5.2.6. For the
simplicity of the following derivations, we will assume that the incident wave is a

plane wave in the fluid.

5.1.7.1. Fluid-Fluid Interface

Under the assumption of specular reflection, an incident plane wave will be
reflected and transmitted (see Figure 5.1 adapted from Laugier and Haiat 2011).
Both reflected and transmitted waves in a fluid must be longitudinal, because it is
the only type of wave that exists in inviscid fluids, as mentioned previously.
Following Snell’s law, the reflection angle 61 is equal to the angle of the incident
wave and the transmitted wave is refracted away from the direction of the incident
wave 0: at a refraction angle 6, given by:

sin 6, sin 64

= (5-5)

C2 C1

where c; and c; are the sound velocities of the first and second media. For the
case where the incident wave is normal to the surface, the reflected and
transmitted wave will also be normal to the interface. The amplitude reflection
coefficient (r) is given by the ratio between the reflected and incident acoustic
pressure amplitudes. Similarly, the amplitude transmission coefficient (t) is given

by the ratio between the transmitted and incident acoustic amplitudes. Both
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coefficients are expressed as a function of the acoustic impedances of the two

media as follows:

 Ii—Z,, 27,
T Zy+Zy  Zi+Z,

(5-6)

where Z; and Z, are the characteristic acoustic impedances of the first and second
medium for longitudinal waves, respectively

In the same manner, we can define the intensity reflection (R) and
transmission coefficients (T) as the ratio of the reflected and transmitted acoustic
intensity to the incident acoustic intensity, respectively:

2 |ncident Reflected b incident
longitudinal longitudinal longitudinal
wave wave wave

Reflected
longitudinal
wave
Fluid 3 Fluid |
Z1=p1c1 5 Z1=p,c1 '
: N 6y 1 Transmitted
Z;7p,C; 162 Z,=psCy : longitudinal
; Zy1=PsCor t Oy
. i Transmitted Transmitt:
Flud i longitudinal Solid transverse

wave wave

Figure 5.1 — Schematic drawing of reflection and refraction of a sound wave at the boundary (a)
between two fluid media and (b) between a fluid and a solid medium (Laugier and Haiat 2011).

- (ﬂ)z T = 2af (5-7)

Z1+Z, T (Z4+Z,)?

In a lossless medium, energy should be conserved, thus, the sum of
transmitted and reflected intensities is equal to 1. The impedance discontinuity, or
impedance miss-match, thus defines the amount of energy that will be reflected by
the interface. The larger the difference between the acoustic impedances the
greater the reflected energy will be. Table 5.1 shows different values of sound
velocity, acoustic impedance, and slope of the attenuation coefficient as a function
of frequency for selected tissues.

For small discontinuities, such as between two soft tissues, the Z value
differs very little from the water value. This means that the majority of the energy
is transmitted. Usually, we observe that less than 1% of incident energy is reflected
and 99% of incident energy is transmitted in two soft tissues. For this scenario, it

is very difficult to differentiate visually between media. Thus, the necessity for
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ultrasound contrast agents, that create differentiation between blood vessels and

tissues with similar acoustic impedance.

Table 5.1: Typical values of sound velocity, acoustic impedance, and attenuation in
different tissues for temperatures between 20°C and 37°C (Laugier and Haiat 2011)

Ultrasound Characteristic Slope of the
propagation acoustic impedance attenuation coefficient
Tissue velocity ¢ (m-s~!) Z(kg-s7'-m™2) (dB-em~'-MHz™!)
Water (20°C) 1480 1.48 % 10° *
Cancellous bone 1450-1800 1.54 5 106 -2.2 % 108 1040
Cortical bone 3000—4000 43 10° -8 % 105 1-10
Fat 1450 1.38 % 10° 0.8
Muscle 1550-1630 1.65 = 10°-1.74 < 10° 0.5-1.5
Skin 1600 1.7 % 100 24

4 The attenuation in water exhibits a quadratic variation with frequency f. Its attenuation coeffi-
ant N R, s
cient indB-cm™" is a(f) = 0.002f

5.1.8. Attenuation

The energy content of an ultrasonic wave propagating through a tissue
reduces progressively. This loss in energy is driven by several different
mechanisms, which together account for the term attenuation. One of the
mechanisms is called, in the literature, absorption, and it considers the
transformation of mechanical energy into heat. Another important mechanism is
called scattering, which accounts for the dispersion of energy from its main
propagation direction.

In a first approximation, liquids can be considered as non-attenuating media,
because it does not significantly absorb (the absorption length in water is about
35m at 1 MHz) nor scatter ultrasound energy (G. Kossoff, 2000). However, for
higher frequencies (i.e., 15 MHz) attenuation can become significant, since it grows
as the square of the frequency.

Different materials attenuate ultrasound at different levels and through
different mechanisms. Kossoff (2000) provides some examples of attenuation in
the context of clinical ultrasound imaging. Soft tissue absorbs a substantial amount
of ultrasonic energy but scatters it only slightly. Soft tissue attenuation is measured
in dB/cm/MHz units. The liver, for example, attenuates ultrasound at a rate of 0.45
dB/cm/MHz. Thus, a one-way propagation through 5 cm of the liver at 5 MHz
reduces the energy content by 11.25 dB, but the energy content is lowered by 22.5
dB in imaging's "back and forth" mode. Bone is also an excellent absorber but also
a scatterer of ultrasound. In the particular case of bones, since they are solid with
an acoustic impedance very high compared to soft tissues, some of the acoustic

energy is converted into a shear wave, which is rapidly absorbed by the bone. Both
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absorption and scattering of ultrasonic energy are very high for tissues containing
air. The attenuation is very significant, and therefore, this type of material, such as
lungs, cannot be examined by ultrasound.

Microbubbles are very good scatterers that even in low concentrations can
increase the attenuation of sound in water. For ultrasound contrast agents,
acoustic attenuation is the basic method used to characterize them, giving
information about their resonance frequency and damping, or Q-value.
Microbubble attenuation will be described in more detail in the section chapter
5.2.7.

5.1.9. Transducer

The ultrasonic energy is produced by a transducer commonly made of a
piezoelectric ceramic, which transforms an applied voltage into an ultrasonic wave.
The Curie brothers first characterized the piezoelectric effect in 1880 when they
subjected a cut piece of quartz to mechanical stress, resulting in an electric charge
on the surface (Kossoff, 2000). Later, they proved the reverse piezoelectric
phenomenon: electricity is given to quartz and causes it to vibrate. When these
vibrating mechanical sound waves pass through biological tissues, they generate
alternating zones of compression and rarefaction.

The acoustic beam pattern produced by the transducer is determined by its
size, how it is powered, its characteristic frequency, and how it was built. The
thickness of the piezoelectric crystal controls the operating frequency of a
transducer. The crystal should work at its natural or resonant frequency for optimal
efficiency. This happens when the crystal thickness corresponds to half a
wavelength (1/2).

As previously stated, wavelength and frequency are inversely connected,
which means that a thinner piezoelectric material has a larger resonance
frequency. Ultrasound elements are typically between 0.2mm and 1mm thick.

A transducer with a resonance frequency of 2MHz has a thickness of around
1 mm. A transducer operating at a considerably higher frequency (e.g., 7.5MHz)

typically has a thickness of 0.3mm.

5.1.9.1. Single Element Circular Transducer

The single element circular transducer is the most basic transducer and is

still used in laboratories to characterize medium and microbubble populations. The
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disc's thickness determines the frequency at which the transducer works. For
example, a transducer with a central frequency of 5 MHz is typically roughly 0.4
mm thick. The acoustic wave first propagates in a cylindrical beam with a diameter
equal to the transducers over a short distance known as the near-field. The
distance between the near-field and far-field areas is related to the square of the
transducer's radius and inversely proportional to frequency. Focus transducers can
be employed to increase lateral resolution, or a spherical lens can be positioned in
front of the transducer (Figure 5.2). Diffraction issues necessitate that focusing can
only be accomplished in the transducer's near-field. Another constraint is that the
beam cannot be narrowed throughout the near field. The beam width may be
reduced only at the focus zone of the transducer (Aldrich, 2007, Abu-Zidan et al.,
2011, Kossoff, 2000, Laugier and Haiat, 2011).

Near field Far field

Focal
Zone

Figure 5.2 — The ultrasonic beam emitted by a transducer can be unfocused (on the left) or focussed
using an acoustic lens (on the right) (bottom). Focusing produces a narrower beam but does not
affect the length of the near field. The dispersion rate in the far-field is increased due to
concentration(illustration from the website Thoracic Key.com).

Using the preceding example of a 5 MHz transducer and setting the focus at
half the near-field distance, the beam at the focus point is narrowed by a factor of
around 5. The beam width at focus in this design is one-fifth the diameter of the
transducer, and the focal zone centered around the focus is around one-fifth the
near-field distance. It is feasible to get a greater focus by moving the focus closer
to the transducer (limited by the diffraction limit A/2), but the focusing zone would

be proportionally diminished.
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5.1.9.2. Phase-Array Transducer

Phase-array transducers were created to overcome the beam pattern
constraints of single disc transducers. An array of piezoelectric crystals is put side
by side in one piezoelectric ceramic in these transducers. Typically, these
transducers have 128-256 components across the face that are separately linked
via one of the ultrasound machine connections. The beam is focused electronically
by activating the external components and then progressively energizing the
following outer elements until the core disc one is activated. The time delay
between the energizing pulses determines the position of the focus. Like a lens,
this time delay is often spherical in shape, and the beam comes to focus in the
center of this sphere. The focus point is electronically controlled, and various
alternative energizing sequences may be utilized to provide a narrow beam over
the desired inspection distance. Figure 5.3 depicts the beam pattern of a single
disc and a phase-array transducer. The focus zone of a single disc transducer is
somewhat shallow, but an annular array transducer produces a significantly
superior beam pattern.

Single Crystal

o e
© 2
—

=<
2
©
- 2

<

(Z-axis)

Phased Array

Figure 5.3 — The ultrasonic beam can be shown in three dimensions. A cylindrically formed beam will
be emitted by a single-crystal transducer (top). If the transducer face is rectangular (bottom), the
beam will also be rectangular. The two illustrations mark the various beam axes (illustration from the
website Thoracic Key.com)
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5.1.9.3. Linear, curved and Matrix Transducer

Another type of transducer uses a linear array of elements. Such transducers
feature a rectangular face with crystals positioned parallel throughout its length.
Because the elements are stimulated concurrently, unlike phased-array
transducers, the individual scan lines are oriented perpendicular to the face and
stay parallel to each other. This produces an unfocused rectangle-shaped beam.
Linear-array imaging is frequently employed in abdominal, vascular, and obstetric
applications. A sector scan can also be created by curving the face of a linear
transducer. This novel concept is currently being implemented in specific portable
ultrasound equipment.

A more complicated transducer design is required to accomplish real-time
three-dimensional echocardiography. This needs the piezoelectric components to
be arranged in a two-dimensional matrix. Each piece represents a scan line
needed to build the three-dimensional data collection. If the matrix has 64 by 64
elements, for example, 4,096 scan lines can be formed. A pyramidal-shaped
volume (rather than a tomographic slice) of ultrasonic data can be obtained by
carefully manipulating the stimulation time. Real-time imaging in three dimensions

is feasible by probing the volumetric form multiple times (>20) per second.

5.1.10. Resolution

The resolution, or the capacity to reliably identify two closely located
structures or events, is a vital issue for all imaging approaches. When imaging tiny
objects like rat and mouse organs, resolution becomes even more crucial. Both
spatial and temporal resolution must be addressed in ultrasonic imaging. Axial and
lateral resolution are two types of spatial resolution.

Axial resolution is the capacity to differentiate two distinct but closely spaced
structures located parallel to the ultrasound beam's propagation axis. The duration
and frequency of sound wave pulses affect axial resolution (wavelength). Two
distinct structures will be seen as independent structures if the pulse duration is
less than the distance between the structures. If the pulse duration exceeds the
distance between the structures, only one reflection will be caught, and the picture
will only display one structure. Sound waves with higher frequencies have shorter
pulse durations and, in general, greater axial resolution.

Lateral resolution is the ability to differentiate between two nearby but distinct

objects aligned perpendicular to the axis of the sound wave beam. Beam width and
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sound wave frequency influence lateral resolution (Coatney, 2001). Greater lateral
resolution is provided by narrower beam width. By focusing on the sound waves
produced by the transducer, beam width may be reduced. The frequency of the
sound wave also influences lateral resolution, with higher frequencies typically
boosting resolution. Higher frequency transducers are often recommended for rat
and mouse imaging because axial and lateral resolution increases with increasing
frequency. One disadvantage of employing higher frequencies is that sound wave
penetration reduces as frequency increases. A 5-MHz transducer, for example,
may typically image to a depth of 12 to 15 cm, but a 10-MHz transducer may image
to a depth of just 3 to 4 cm. As a result, increased frequency restricts penetration
depth by increasing axial and lateral resolution.

The capacity to discern two events in time depends on the number of image
frames captured every second, which is often stated in Hertz (Hz) or cycles per
second. In general, the more frames per unit of time there are, the smoother and
more visually pleasant the real-time image. Reduced frame rate factors, such as
greater depth of focus, will affect temporal resolution (Coatney, 2001). This is
highly critical for structures with high velocities, such as valves. Several widely
accessible ultrasound devices have frame rates ranging from 120 to 600 Hz. When
imaging target organs that are generally immobile, such as the kidney, temporal

resolution is less important.

5.1.11. Ultrasound Imaging

Ultrasound is the most widely used medical imaging technique. It provides
low-risk and portable imaging, creates real-time pictures that may be acquired at
the bedside, and is less costly than computed tomography (CT) and magnetic
resonance imaging (MRI). The operating idea is based on the scattering and
reflection of transmitted ultrasonic waves at surfaces and tissue inhomogeneities
with variable acoustic impedances.

Diagnostic US exams are often conducted in four modes: A-mode, B-mode
or gray scale imaging, M-mode, and Doppler mode (Xu, 2017). Although it is
possible to purchase equipment that can only conduct one of these examination
modes, modern equipment is often capable of executing all four modes. It is
common to gather information from all four modes concurrently and show it in the
same image.

The first ultrasonic technology, A-mode, was created in 1930. The transducer

emits a single ultrasonic pulse into the medium. As a result, a one-dimensional
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basic ultrasound image is formed, with a succession of vertical peaks (or
amplitudes (A)) generated once the ultrasound beams contact the border of the
distinct tissue. The distance between echoed spikes can be determined by dividing
the ultrasonic speed in the tissue (1540 m/s) by half the elapsed time. However, it
offers little information about the spatial connection of imaged structures. A-mode
is used in therapeutic ultrasound to pinpoint the exact targeting of the destructive
wave energy on a specific tumor or calculus.

The B-mode is a two-dimensional (2D) image of the region that is scanned
simultaneously by a linear array of 100-300 piezoelectric components rather than
a single one as in the A-mode. In B-mode imaging, the amplitude of the echo from
a sequence of A-scans is transformed into dots of varying brightness. The
horizontal and vertical axes show actual tissue distances, whereas the grayscale
intensity represents echo strength. The principal mode now employed in
ultrasound imaging is B-mode, which can produce an image of a cross-section of
the region of interest.

The M-mode is the time-motion display of an ultrasonic wave along a
specified ultrasound line. It depicts the heart in a single value. The time axis is used
to illustrate all of the reflectors along this line. The M-mode has the benefit of having
a very high sample rate, which results in a high temporal resolution, allowing even
very fast motions to be captured, displayed, and quantified. The downside is that
the ultrasound line is permanently attached to the ultrasound sector's tip. As a
result, it may be challenging to align the M-mode perpendicular to the structures
presented (e.g., the septum), resulting in inaccurate readings.

This limitation is addressed by reconstructing the M-mode from the 2D image
in anatomical M-mode (post-processing). The cursor line can be freely positioned
in the anatomical M-mode. However, the temporal resolution is substantially worse
than in traditional M-mode.

The Doppler mode derives from the Doppler effect, discovered by Austrian
physicist Johann Christian Doppler. The word refers to a shift in the frequency or
wavelength of a sound wave caused by relative motion between the source and
the receiver. In other words, the sound frequency is constant in a stationary
position. If the sound source travels toward the sound receiver, the sound waves
must be compressed, resulting in a higher-pitch sound (positive Doppler shift); if
the sound source moves away from the receiver, the sound waves must be
stretched, resulting in a lower-pitch sound (negative Doppler shift). The magnitude
of Doppler shift is determined by the incidence angle between the emitted

ultrasonic beam and moving reflectors. There is no Doppler shift at a 90° angle.
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The maximum Doppler shift can be noticed when the angle is 0° or 180°. In medical
cases, the Doppler changes are generally audible. Color Doppler generates a
color-coded mapping of Doppler shifts on a B-mode ultrasound image. The
direction of blood flow is determined by whether the motion is toward or away from
the transducer. Color Doppler mode is utilized in ultrasound-guided peripheral
nerve blocks to determine the existence and character of blood vessels (artery vs.
vein) in the area of interest. When the ultrasound beam's direction changes, the
arterial flow's color switches from blue to red or vice versa, depending on the
convention used. Power Doppler is up to five times more sensitive than color
Doppler in measuring blood flow and is less affected by scanning angle. As a result,
power Doppler may be utilized to locate tiny blood arteries more consistently. The
disadvantage of power Doppler is that it does not offer information on the direction
and speed of blood flow.

As previously stated, medical ultrasound imaging relies on echoes, or the
scatter and reflection of sound generated by inhomogeneities in the tissue.
Ultrasound scatter from blood, on the other hand, is substantially less than scatter
from other tissues, often 30 to 60 dB weaker (Hoff, 2001). Although the Doppler
mode can differentiate these weak signals from tissue echoes, crucial information
for ultrasound imaging and diagnostics is lost. For example, the volume, shape,
and movement of blood-filled cavities, particularly the heart's ventricles, blood flow
in small, difficult-to-investigate veins, blood perfusion (blood flow through tissue),
and more.

To meet these objectives, the scatter of sound from blood should be
enhanced by around 30 dB (Hoff, 2001), which can be accomplished using
ultrasonic contrast agents. UCA are made up of a suspension of stable
microbubbles ranging in size from 0.5 to 10 pm in diameter, allowing them to travel
through even the tiniest vascular beds safely. Because of the acoustic impedance
mismatch with their liquid surroundings and the resonance characteristic of the
bubble vibrations, bubbles are highly echogenic. The interaction of bubbles and
ultrasound, as well as the impact of the stabilizing shell, has been extensively

researched and will be explained in-depth in the following subsections.
5.2. Fundamentals of Contrast agents for ultrasound imaging
This chapter aims to provide a basic description of the acoustics of

ultrasound contrast agents. We aim at introducing the fundamental phenomena

involved in the ultrasonic characterization of ultrasound contrast agents. Readers
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interested in deeper and more complete descriptions of the bubble’s dynamics,
and ultrasound contrast agents’ characterization can refer to the works of Leighton
(1994), Hoff (2001), Nanda and Schlief, (1997), and Paradossi et al., (2010).

5.2.1. Dynamic of free gas bubble

Lord Rayleigh (1917) initially characterized the dynamics of an uncoated
bubble in free space, which was further modified by Plesset (1949), Noltingk &
Neppiras (1950 and 1951), and Poritsky (1952) to account for surface tension and
viscosity of the liquid.

The liquid's equations of motion are derived from the conservation equations
for mass and momentum and the liquid's equations of state. These equations
describe the relationships between changes in pressure, density, and enthalpy in
a liquid and are used to develop equations of motion for the bubble surface. For
completeness, the set of equations is summarized as:

Equation of state for sound speed c and enthalpy h:

The equations of state establish a link between changes in pressure p,
density p, and enthalpy h per unit mass of the liquid. The equations are formulated
as partial derivatives under constant entropy, following the common assumption in

acoustics that the processes are adiabatic.
(ap) 1 (ah) 1 (5-8)
op/g 2 ' ap/s p

where the index S means that the partial derivatives are to be evaluated at constant

entropy, p is the pressure in the liquid, p is the density and h is the specific enthalpy.

Continuity equation for the liquid (written in spherical coordinates):

ap ap 10 2N
(5+u5)+r—za—r(pur )=0, (5-9)

where u(r,t) is the velocity, r is the radial distance from the bubble center.

Conservation of momentum (Euler equation)

Conservation of momentum is given by the Navier-Stokes equation for the liquid.
The flow is purely radial and irrotational, V X u = 0. Bulk viscosity is ignored. Under

these conditions, the Navier-Stokes equation is:

d 4
p (a—:f + (uV)u) =—-Vp+ gnvzu (5-10)
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where 7 is the viscosity of the liquid.
Using the continuity equation (Eq. 5-9), and equation of state (Eq. 5-8), the
Navier-Stoke equation can be written as:

For liquids of interest, wn < pc, where w is the highest frequency involved.
The viscosity term on the right side is small to the second order in 1/c, compared
to the Vp term on the left side. This implies that the contribution from viscosity can
be neglected in the bulk of the liquid, and the Navier-Stokes equation is replaced

by the Euler equation:
p (3—1; + (uV)u) +Vp=0 (5-12)

So far, the sole assumption employed has been to ignore the viscosity and
the thermal conduction in most of the liquid. However, because viscosity
contributes to the bubble's surface, it is included in the boundary conditions at the
bubble surface.

The fundamental equations are then coupled, with some approximations, to
get an equation of motion for the liquid around the bubble. The equations are
written as partial derivatives with constant entropy, assuming that the processes
are adiabatic, a typical assumption in acoustics. This adiabatic approximation is
utilized for the acoustic wave in the liquid surrounding the bubble. The adiabatic
model is insufficient for the gas dynamics inside the bubble. The gas acts
isothermally rather than adiabatically in most scenarios involving um-sized bubbles
and MHz-frequency ultrasonography. The partial differential equations that
describe the liquid's motion can be then combined to produce an ordinary
differential equation that describes the bubble radius as a function of time. A review

by Prosperetti from 1984 and Hoff (2001) gives the derivations in depth.

5.2.1.1. The Rayleigh-Plesset Equation

Lord Rayleigh (1917) is credited with the earliest research on bubble
oscillations. The Rayleigh-Plesset equation is the name given to the following
nonlinear differential equation for the bubble surface. This is the most fundamental
nonlinear equation of motion for a gas bubble in a liquid. Treating the liquid as

incompressible is similar to keeping terms on the zeroth order in the acoustic Mach-
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number M = R/c for the bubble surface. This requires that the bubble wall velocity
R(t) be minimal in comparison to the liquid's speed of sound c. This assumption is
met for modest oscillation amplitudes. The Rayleigh-Plesset model does not
account for energy loss due to sound radiation. In an incompressible liquid, sound
energy does not propagate. This may appear to be a severe limitation. However,
damping from liquid viscosity is included, which is often greater than radiation
damping. At low frequencies, radiation damping is modest for tiny bubbles.
Acoustic radiation becomes a significant source of damping when ka > 0.1,
indicating that acoustic radiation damping becomes essential for frequencies over
5 MHz for bubble diameters greater than around 10 pm.

5.2.1.2. Boundary conditions

As previously stated, the liquid in this model is considered to be

incompressible, giving rise to the following equations of state:

p = constant, (Z—’;) =0 (5-13)
S

Pe
pu(t)

Liquid
p = constant

Figure 5.4 — illustration of a bubble in liquid. R(t) is the bubble radius, p,(t) is the pressure in the
liquid at the bubble surface, p., is the pressure in the liquid far from the bubble, and p is the density
of the liquid (adapted from Hoff (2001)).

Because p is constant, the equations for continuity can be reduced as follows:
9 (ur?) =0 (5-14)
ar

Assuming that the bubble remains spherical at all times and pulsates in an

infinite body of liquid, the particle velocity in the liquid is always radial and of
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magnitude u,.(r,t), due to spherical symmetry. Thus, Euler equation (Eq. 5-12)

becomes:
ou,(r,t) ouy(rt) . la_p
" + u,.(r,t) o = oo (5-15)

5.2.1.3. Solution at bubble’s surface

Equations (5-14) and (5-15) are solved to obtain a solution for the bubble

surface motion at;

r(t) = R + £(0)

(5-16)

where &(t) is a small displacement of the bubbles surface. At the surface of the

bubble the following boundary conditions are proposed:

u(r=R) = Z—‘f = R (5-17)
p(r=R) =p, (5-18)

Combining Eq. (5-17) with Eqg. (5-14) yields:

ur(r,t) = BR (5-19)

r2

Introducing Eq. (5-19) into the Eulers equations (Eq. 5-14) one obtains:

.. R2 'ZR '2R4—_la_p
R +2R 5 —2R 5= —-22 (5-20)

By integrating Eq. (5-20) from r = R to o, the equation of motion for the bubble

surface, also known as the Rayleigh equation, is obtained:
.e 3 . 2 1
RR +ZR" =2 (P = Peo) (5-21)

The pressure difference at the bubble's surface and the bulk liquid is related

to the acceleration, velocity, and radius of the bubble surface by the Eq. (5-21).
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Lord Rayleigh's work was supplemented by Plesset in 1949, who added a
driving acoustic field to the model. As a result, the pressure p., became p,, = po +

p;(t), yielding the Rayleigh-Plesset (RP) equation for oscillating bubbles:
. 3 .
PRR + > pR* = p, — po — pi(t) (5-22)

where R, R, and R indicate the bubble's radius, the velocity of the bubble wall, and
the acceleration of the bubble wall, respectively, and p, is the pressure at the
bubble surface. p, denotes external pressure, and p;(t) is the driving acoustic
pressure. Equation (5-22) is an ordinary differential equation, and its solution is the
radius of the bubble as a function of time, R(t), given any driving pressure pulse
p;(t). The nonlinear properties of the bubble response, or echo, are caused by the
nonlinearities in the preceding equation. Once the radial dynamics is known, the
pressure emitted by the bubble, p(t) (also known as the scattered pressure in
medical ultrasound literature), can be computed using the conservation of mass
and momentum (K. Vokurka, 1985):

pe = % (2R? + RR) (5-23)

where r denotes the distance from the bubble, thus, for every given driving
pressure pulse p;(t), the nonlinear echo p¢(t) for an oscillating spherical bubble
may be determined.

Noltingk and Neppiras (1950 and 1951) and Poritsky (1952) extended the
RP-equation by including the influence of gas within the bubble, constant vapor
pressure, surface tension, and liquid viscosity, providing a more complete version:

20y, 41R

PL = Pgas(t) =% —— (5-24)

where g, is the surface tension of the gas-liquid system, and p4,,(t) is the internal

3
pressure of the bubble, that can be expressed as pgqs(t) = po (%) ‘ through the
adiabatic assumption. By combining Egs. (5-22) and (5-24), one can derive the
equation of motion describing the bubble dynamics (often referred to as the

Rayleigh-Plesset equation):
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iR+ 3a2) = (R4 ) ()" (1-2) -

Py — Py(t) — 4n~ — =¥ (5-25)
where p is the liquid density, v is the liquid's kinematic viscosity, ¢ is the liquid's
speed of sound, o, is the surface tension of the gas-liquid system, and k is the
polytropic exponent of the gas inside the bubble. R, indicates the starting bubble
radius, R the time-dependent radius of the bubble, and R and R the velocity and
acceleration of the bubble wall, respectively. During oscillations, the bubble is
supposed to be surrounded by an endless medium and stay spherical. The radius
of the bubble is small in comparison to the acoustic wavelength. The bubble's gas
content remains constant. The damping of bubble dynamics is dictated by viscous
damping of the surrounding liquid, and acoustic radiation damping, which is caused
by sound radiated away from the bubble (Flynn, 1975a and 1975b), Gilmore
(1952), Prosperetti et al.,, (1988). Thermal damping is not included here for
simplicity. Finally, the liquid density is greater than the density of the gas.

5.2.1.4. Linearized equations.

The RP equation that models the behavior of the bubble can be linearized

for low driving acoustic pressures. By introducing the dimensionless variable

x(t) = % in the Eq. (5- 25), and neglecting surface tension, it is possible to obtain:
0

TVS%  —poy(t)
- [1— (1 +x)%] + = (5-26)

(14 0% +222 +— .
2 PR§ 1+x PR§

where is TV = % .By considering that the bubble’s surface is experience small
0

displacements, x<<1, Eq. (5-26) can be reduced to:

3Kp0x + poo(t) — 0

X+ V8% + — -
PRg PRy

(5-27)

Because of the low excitation level, the bubble wall displacement may be
represented as a simple one-dimensional mass-spring oscillator. Minnaert gave
the first description of bubble motion as an oscillator in 1933. From energy

calculations, he derived the equation for the bubble resonance frequency. Later,
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Medwin (1977) employed force balance equations, making it easier to account for
frictional forces and the reaction to an external pressure field.

The oscillator equation is determined by the mass (m), stiffness (s), damping
(B), and applied force (Farive). As a result, the bubble wall's equation of motion can

be expressed as:

d?x(t)
dt?

dx(t)
dt

tB—+sx(t) = Farin(t) (5-28)
The resonance frequency of the system (undamped) is provided by

approximating the bubble's motion to a simple harmonic oscillator:

1 S

ﬂ—_

_271 m

(5-29)

The mass of the oscillator is derived from the displacement of the
surrounding liquid caused by the surface movement of the bubble, which adds
inertia to the system. From a parallel with Eq. (5-27), in dimensioned format, it is

possible to obtain the mass value:
m = 4nR3p (5-30)

where Ro is the equilibrium radius and p is the density of the surrounding liquid.
The mechanical oscillator's spring, or stiffness, is derived from the force that resists
the volume change of the bubbles caused by the gas core pressure during

compression and expansion:

where k denotes the heat capacity ratio (C,/C,) and Py the atmospheric pressure.
The damping is caused by energy loss owing to viscosity, sound radiation, and

heat exchange between gas and liquid:
B = btorom (5-32)

where §,,; represents total damping and w represents angular frequency.
Combining Egs. (5-29), (5-30), and (5-31) for a bubble motion with no loss
(B = 0) yields the expression for the resonance frequency for a bubble, commonly

known as the Minnaert-frequency:
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1 [3kP,

fr = Py (5-33)

with k the polytropic exponent of the gas. The liquid around the bubble behaves as
a mass, while the gas works like a spring in a mass-spring system. As a result, the
bubble resonates to the driving pressure field, and it has a resonance frequency f,
at which a maximum amplitude is seen, as shown in Figure 5.5. The system
undergoes damping, as indicated by the width of the resonance curve. The energy
loss mechanisms associated with damping can be attributed to acoustic reradiation
and viscous damping due to liquid viscosity and thermal damping due to the
formation of a thermal boundary layer surrounding the bubble (Prosperetti, 1976).
For microbubbles of a typical size of 5 um, the total dimensionless damping
constant, i.e., the sum of all damping contributions, is 0.1. Hence the resonance
frequency is extremely close to the bubble's eigenfrequency (Leighton, 1994), £, =
fo- Through Eg. (5-33), the eigenfrequency is inversely proportional to the bubble's
radius. Minnaert previously calculated the relation f,- R, = 3 umMHz for an air
bubble in water (Minnaert, 1933). As a result, a 3 um diameter bubble will have an

eigenfrequency close to 2 MHz at the center of clinical medical ultrasound imaging.

= uncoated ||
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Figure 5.5 — The resonance curves of an uncoated 3.8 um bubble and a phospholipid-coated bubble
of the same size. The coating stiffens the system, resulting in a higher resonance frequency. The
coating's viscosity causes higher energy dissipation, or damping, resulting in a broader resonance
curve (T. Segers, 2015).

5.2.2. Damping

At low pulsation amplitudes, we demonstrated that a spherical vibrating
bubble in an infinite liquid acts as a harmonic oscillator, producing spherical

pressure waves as a simple monopole source.
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The entire damping of the system in the free gas bubble example is the sum
of the individual damping coefficients: reradiation damping, viscosity damping, and

thermal damping.

Radiation damping is caused by the bubble behaving as a secondary source,
scattering ultrasound, and lowering the system's energy. The reradiation damping
coefficient is calculated as follows by Hoff et al. (2000):

3K 20w
_pcR(0+R )_szo
Orad = — == (5-34)

Orad = % , at resonance (5-35)
where w is the driving frequency, w, is the resonance frequency, R, is the bubble

radius, and c is the speed of sound in the surrounding liquid.

Viscous damping due to the viscosity of the embedding liquid is significant for
bubbles diameters in the pm-range.
The mechanical resistance to viscous forces in the liquid is determined only

by the bubble's diameter and the viscosity of the surrounding fluid.

4any

"~ wopRE (5-36)

Thermal damping is obtained by investigating heat transfer inside the gas during
oscillations. The liquid is seen as a reservoir of constant temperature.

Thermal damping is affected by the velocity of the bubble surface and the
gas properties. Devin (1959) and Eller (1970) provided the model for thermal
damping. They investigated temperature changes in the gas by simulating the
liquid as a constant-temperature heat reservoir. When using this model for a
shelled bubble, the shell is assumed to have the same constant temperature as
the surrounding liquid. During the oscillations, heat production in the shell is
ignored. This appears to be an acceptable assumption, given that the heat capacity
of the shell material is of the same order of magnitude as that of water, which is
three orders of magnitude more than that of air (Hoff, 2001; Osterman and
Nordling, 1987). As a result, it is anticipated that Devin and Eller's findings for the

free bubble can also be applied when a shell is present.
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— _3Pe (1 ]
Srp = YT Im (d)) (5-37)

where @ is a function of the thermal properties of the gas, defined as:

1 3(r—-1)
P (Ry, w) = ;(1 +=7 FPeothw — 1)> (5-38)
where y is the adiabatic constant of the gas, and ¥ is a function defined as:
1 .~ Ro
(R lp(w)) =51+ 1) (5-39)

where [, is the thermal diffusion length:

Kg
2wpgCy

lp(w) = (5-40)

which is a function of the thermodynamic properties of the gas: K is the thermal
conductivity of the gas, P, is the gas density, ), is the heat capacity of gas at

constant pressure.

The thermal diffusion length [, (w) expresses the usual thermal diffusion
distance during one oscillation cycle. Heat transfer is fast enough to maintain the
temperature constant during the oscillation cycle when the bubble is significantly
smaller than the thermal diffusion length. Heat transfer is insignificant over the
bubble radius when the bubble radius is substantially bigger than the thermal
diffusion length.

The bubble oscillation occurs mainly in the transition area between
isothermal and adiabatic oscillations for bubble sizes and frequencies utilized in
ultrasonic contrast agents. As a result, heat conduction damping must be
addressed for common contrast agent bubbles used in medical ultrasound
imaging.

At low frequencies, liquid viscosity damping dominates the smallest bubbles,
whereas thermal damping dominates the larger bubbles. Radiation damping takes
control at high frequencies and becomes the dominant damping mechanism for all
bubble sizes. There are several somewhat different definitions of the damping

constant § in the literature. The definition employed here is identical to that used
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by Church (1995) but differs by w/w, from those used by Medwin (1977) and
Leighton (1994).

Figure 5.6 shows the different damping coefficients that De Jong et al. (2002)
determined for different bubble sizes at their resonance frequency. The curves
differ from previously published data because they account for the change in
thermal diffusivity length for tiny bubbles (Leighton, 1994)). As seen in the image,
thermal damping dominates for bubbles greater than 10 um in diameter, whereas
damping owing to fluid viscosity, dominates for bubbles less than 5 um in diameter.
If the surface tension is neglected, the reradiation damping at resonance is
constant with the diameter and negligible compared to the thermal and viscous
damping for bubbles in this size range. The slight increase for small diameter
values is due to the more significant impact of surface tension. The sum of these
damping coefficients is roughly 0.15 for bigger bubbles, with minimal change for
resonating bubbles with sizes ranging from 4 um to 50 um. For small bubbles, total
damping increases to 0.5 or higher, with viscous damping accounting for most of
the contribution. Because blood's viscosity is three times that of water, the vibration
(for example, of a 1 um bubble) in water will be considerably different from that in
the blood.

01

Damping coefficient

0.01l — R
0.1 1 10
Diameter (pum)

Figure 5.6 — Damping coefficients for an air bubble in water as a function of the diameter calculated
at their resonance frequency. dpor is the total damping; &, is the viscous damping; &, is the
reradiation damping; &, is thermal damping (De Jong et al. (2002))

When damping effects are considered, the expected resonance frequency
for both free and encapsulated bubbles is lowered, especially for small bubbles
(Khismatullin 2004; Doinikov, Haac, et al. 2009). The damped resonance

frequency can be calculated using (Doinikov, Haac, et al. 2009)
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52
fres = fo, / 1-= (5-41)

It should be noted that surface tension cannot be ignored for bubbles with a
radius of 10 um. When compared to a free bubble, surface tension increases

. .. 2 . L
stiffness. The pressure is increased by ?0 due to surface tension at the gas-liquid

contact, making the bubble's equilibrium pressure pe to be:
20
Pe =Po + (5-42)

The surface tension at an air-water interface is approximately 72 mN/m,
yielding a one-atmosphere rise in gas pressure for bubbles with diameters in the
pm-range. However, the surface tension is significantly lowered if the water is
contaminated or includes surface-active chemicals. Because blood includes
surface-active protein molecules, its surface tension is substantially lower than that

of water.

5.2.3. Oscillation amplitude

By assuming a steady-state response (t — «), Eq. (5-28) can be used to get

the absolute relative amplitude of oscillation:

Fo

| x| = 5
J(w%—aﬂ) +(8wwo)?

(5-43)

For the case of free gas bubbles, where small damping is observed, the
amplitude of oscillations of a bubble driven at a frequency well below its
resonance frequency is inversely proportional to the effective mass and the
eigenfrequency squared of the system (stiffness-driven). For the case in which
the driving frequency is well above the resonance frequency, the oscillation
amplitude is inversely proportional to the system's effective mass (inertia-driven).
The amplitude of oscillation close to resonance is inversely related to the
damping coefficient, the eigenfrequency squared, and the effective mass of the
system (T. Leighton 1994).
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5.2.4. Dynamic of Coated Bubbles

The majority of ultrasonic contrast agents are made of gas bubbles encased
in a shell. The shell keeps the microbubbles stable and prevents the gas from
dissolving into the liquid. The gas provides the bubbles with exceptional
compressibility, making them effective acoustic scatterers. The shell will make the
bubble less compressible, modifying its acoustic characteristics by raising the
resonance frequency and providing more viscous damping to the oscillation.

Ultrasound contrast agents are usually encapsulated with a phospholipid,
protein, or polymer coating. The coating protects the water from the gas, lowering
surface tension and preventing the bubbles from dissolving. For coated bubbles,
several Rayleigh-Plesset models have been developed. Church (1995) developed
a theoretical model for a covered bubble based on the assumption that the gas
core is separated from the liquid by an incompressible, solid elastic layer.
Commercial 1% generation Albunex microbubbles feature an albumin shell and are
stable at atmospheric pressure for an extended period. According to Overvelde et
al., (2010) the shell has a limited thickness, and the elasticity of the shell and the
shell viscosity are affected by the stiffness and thickness of the shell.

As a result, in Church's model, the elastic shell is assumed to resist capillary
pressure (P4 = Py), stabilizing the bubble against dissolution. The phospholipid
shell of second-generation contrast agents is more flexible. The commercially
available contrast agents Sonovue® (Bracco), Definity (Lantheus Medical
Imaging), and Sonazoid (GE) are made out of a thin monolayer of phospholipids.
Several models account for a (phospholipid) coating by assuming a thin
viscoelastic shell, such as De Jong et al. (1994), Hoff et al. (2000), and, more
recently, Sarkar et al. (2005). The Rayleigh-Plesset type models account for the
shell through an effective surface tension, a(R), and the inclusion of a friction term,

Stric » owing to shell elasticity and viscosity.

(i 4387) = () (122 -

Cc

R
— 4Spric— (5-44)

Hoff et al. (2001) adapted Church's model to account for the thin shell by
reducing Church's equation to a form similar to Eq. (5-44). Table 5.2 shows the
effective surface tension and shell viscosity for the various models. The effective

surface tension varies with the bubble's radius (see Figure 5.7 taken from
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Overvelde et al., (2010) for a visualization of the various shell types). The shell
elasticity parameters (S, = 2E5 = 6Gsdgpo = 1.1 N/m) and shell viscosity
parameters (S, = 16mks = 48musdgpg = 2.7-1077 kg/s) are selected to be
equivalent in the models, as described by Gorce et al. (2000). The slope of the
effective surface tension as a function of the bubble radius is similar to the models
by De Jong et al. (1994) and Sarkar et al. (2005), in this particular regime. The key
difference between the models is the effective surface tension at the initial bubble
radius (a(Ry)). It equals g, in the De Jong’s model and varies in the Sarkar’s
model. The value chosen was (6(R,) = 0.036 N/m for the Sarkar et al. (2005)

model in this example.

Table 5.2: Models for the dynamics of coated bubble with elastic shell. The values for the
initial gas pressure in the bubble (P,,), the effective surface tension (a(R)) and the shell
viscosity (S¢,) for the models. Uncoated bubbles values are also provided for
comparison (Overvelde et al., 2010)

Model Pgo [I\'/mz] o (R) [N/m] Stric [kg/s]
Rayleigh-Plesset Py + % T -
0 2 2
Church [6], Py SGsdsh[)% (1 - %) Sllsdshll%
Hoff et al. [18] ' ' ’
5 2’3—1:.' R Sf
De .]U[].g et al. [7] 0+ H_[) O + S'p (H_“ — 1) E
R?
Sarkar et al. [36] Py o(Ro)+ Es|— —1 Ks
0.15 ——
0.1 '
——————————————————— C!'W
S 0.05
o
= 0
o] P
“ . _\‘
—005 "‘ - --De Jong
¢ o Sarkar
-0.1 L ;
0.8 0.9 1 1.1 1.2

RAR, (-)

Figure 5.7 — The effective surface tension as a function of the bubble radius (Ro=2 um) for the models
of Church (1995), De Jong (1994), and Sarkar (2005) accounting for the purely elastic shell. Image
adpted from Overvelde et al., 2010.

The Church (1995) model, as modified by Hoff et al. (2000), has a lower

starting effective surface tension, a(R,) = 0 N/m, and a different slope. It should
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be noted that the effective surface tension in these models is not restricted, and it
can become negative and greater than o,. Marmottant et al. (2005) proposed a
model that is more appropriate for large amplitude oscillations. The model
considers an elastic shell as well as buckling and shell rupture. Compression of
the bubble raises the phospholipid concentration when the shell is elastic.
Consequently, in the elastic regime, the drop in effective surface tension is a linear
function of the area under compression. Further compression causes such high
phospholipid concentrations that the shell buckles and the effective surface tension
disappears. On the other hand, expansion reduces the phospholipid content and

causes rupture. The effective surface tension is expected to relax to oy,. The

effective surface tension for the three regimes is determined by applying Eq. (5-
44).

{ 0 if R < Rbuckling
R? )
o(R) = 4)( ( REooing - 1) if Rpuckiing = R < Rpreakups (5-45)
Ow if ruptured and R = Rpreakyp

with x the shell elasticity and Rpucking and Rureakup the buckling and breakup radius,
respectively. Figure 5.8 depicts the effective surface tension as a function of
relative radius for the Marmottant model. A phospholipid monolayer forms the shell
of a UCA microbubble. As in the Sarkar model example, the starting surface

tension is setto 6 (R,) = 0.036 N/m. The combination of the initial surface tension
with a shell elasticity of )(=S7”= 0.55 N/m, yields a Rpyckiing = 0.97 R, and

Rpreakup = 1.03 Ry. In this scenario, the bubble is considered to break when the

surface tension exceeds g,,. In Eq. (5-44), the shell viscosity is given by S¢;c = k.
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Figure 5.8 — The effective surface tension as a function of the bubble radius (R0O=2 pm) including an
elastic, buckling, and rupture of the shell regimes for the Marmottant et al. (2005) model. Image from
Overvelde et al., 2010.

The elasticity of the shell raises the eigenfrequency of the bubble, while the
viscosity of the shell increases the overall damping of the system, as will be

presented in the next chapter.

5.2.4.1. Linearized equations

The bubble resonance frequency and damping coefficient are calculated similarly
as in chapter 5.21. The eigenfrequency and total damping (8o = 6, + Opis + O +
ds) for the De Jong et al. (1994) model are provided by:

_1 [T T )
fo =5 |72 (3P + (3= 1) ] (5-46)
3K 20w
3K _(py+22w
_ PCRO( %" Ro ) v 3Pe (l) _S5r
5tot - wo + woR3 wwopa? Im o) 4npR§w0 (5-47)

The eigenfrequency of a coated bubble contains two contributions: one
identical to the eigenfrequency of an uncoated bubble and one from the elastic
shell. The damping of a shelled bubble is increased by the shell viscosity Si. The
eigenfrequency and the resonance frequency of an uncoated and coated bubble
are shown in Figure 5.9. Within the graphical resolution, the uncoated bubble's
resonance frequency and eigenfrequency agree. Because of the shell elasticity,
the eigenfrequency of a covered bubble is greater than that of an uncoated

microbubble. Damping does not affect the resonance frequency for an uncoated
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bubble and coated bubbles with R, > 1 um. The resonance curve of an uncoated
and coated microbubble with a resting radius of 2 pm is shown in Figure 5.10.

15
I —(___uncoated
I res
" --- _coated
— 10} !+ res
T K ®,, uncoated
= I
— A . coated
- 5 LI 0
: b’ Q' .
0 : — — bl Y LT SR T S —
0 2 4 6 8
R, (um)

Figure 5.9 — The resonance frequency and the eigenfrequency of uncoated and coated bubbles as a
function of the initial radius. The resonance frequency and the natural frequency of the uncoated
bubble agree within graphical resolution (Overvelde et al., 2010).

The oscillation amplitude and resonance frequency are normalized to the
uncoated bubble's maximum amplitude and resonance frequency, respectively.
The damping and eigenfrequency of a coated microbubble increase while the
effective mass remains constant. The amplitude of oscillation at resonance is thus
reduced when the bubble has a shell (Figure 5.10). The system is stiffness-driven
below resonance, neglecting the impact of damping. Because the shell stiffens the
system, the oscillation amplitude below resonance is reduced for a coated
microbubble. The oscillation amplitude is inversely related to the effective mass of
the system much above resonance. As a result, the oscillation amplitude is

independent of the shell properties above resonance.
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Figure 5.10 — The oscillation amplitude for an uncoated and coated bubble with Ro =2 um normalized
with the uncoated microbubble's maximum oscillation amplitude. The driving frequency is normalized
to the uncoated microbubble resonance frequency (Overvelde et al., 2010).
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5.2.5. Scattering and absorption

The acoustical scattering cross-section, which is defined as the ratio between
the scattered power Pg(R,, w) and the incident sound intensity I;(w), is commonly
used to measure the scattering capabilities of bubbles.

Ps(Ro,w)
o.(Ry,w) = ——— 5-48
s(Ro, ) ==~ (5-48)
When expressed by the amplitudes of the incident and scattered sound, p,(R, w)

and p;(R,, w), the scattering cross-section becomes:

Ps(Ro,w) |

_ 2
0s(Ry, w) = 4mR 51 (Ro.00)

(5-49)

The scattering cross-section can be described as a harmonic oscillator
model.
n* w

05(Ry, w) = 4TRG o T o (5-50)

where § is the damping term, w is the incident frequency, and w, is the resonance

frequency. The extinction cross-section is defined by:

Pe(R U )
0. (Ry, ) = —,i(z);” (5-51)

where P,(R,, w) represents the sum of scattered and absorbed power, i.e., the
total power loss from the incident sound field, thus, the extinction cross-section can
be represented as the sum of scattering and absorbed cross-sections.

6, =—0 (5-52)
e S

Inserting Eqg. (5-50) into Eq. (5-52) yields

5 2 n*
0, = — 05 = 4mR;

)
5y (1-02)2+(06)2 8, (5-53)

Variation with frequency: The scattering cross-section changes with frequency,
as seen in the left figure in Figure 5.11. For frequencies well below resonance, the

scattering cross-section increases by 4 orders. For frequencies above resonance,
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the scattering cross-section is frequency independent. Around and above the
resonance frequency, the scatter from a bubble deviates significantly from
Rayleigh scattering (Hoff, 2001).

Variation with diameter: Figure 5.11’s right diagram shows how the scattering
cross-section varies with bubble diameter. The scattering cross-section grows with
the sixth power of the diameter for diameters lower than the resonance diameter,
(o, < d®). For diameters greater than the resonance diameter, the scattering cross-
section increases in proportion to the geometric cross-section of the bubble, (g,
d?).
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Figure 5.11 — Scattering cross-section as a function of frequency and bubble diameter (Hoff, 2001).
5.2.6. Scattering by bubbles populations

The last section detailed a single bubble's scattering (acoustic response).
However, ultrasonic imaging is usually done on collections of particles or complex
structures, and interference affects the scattered wave. The echo of specific
contrast agents will be no different. The geometry of a set of particles, such as their
number density, randomness, or positioning in space or on a plane, modifies the
scattered intensity profoundly. The echo from a population of particles within a
restricted region is explored in most studies. In this case, the scattered wave can
be divided into two components: a term resulting from reflection from the overall
structure of the "cloud" of scatterers, known as the coherent scattering contribution,
and a term resulting from random fluctuations in acoustical properties within the
population of scatterers, known as the incoherent scattering contribution (Mo and
Cobbold 1992; Shung and Thieme 1993; Ishimaru 1997). The phase of the
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scattered wave is arbitrarily distributed for random populations of microbubbles
away from the cloud's edge, resulting in incoherent scattering. Because of this
statistical independence, the total scattered intensity equals the sum of each
scatterer's scattering intensity. It is important to note that this assumption is only
valid for diluted media, which is usually referred to as the independent scattering
approximation. As a result, the scattered power grows linearly with particle density
and depends on the particle's acoustical and geometric features, as explained in
the preceding section. This regime also proves that increasing the variation of the
scatterer's volume increases backscattering (Cobbold, 2007).

When patrticle locations are correlated, or multiple scattering occurs, the
linear relation between the scattering coefficient, which is the scattering cross-
section per unit volume (in m*Sr?), and particle concentration is lost. In this
situation, the backscattering coefficient increases linearly with red blood cell
density up to a maximum of around 16% hematocrit (Cobbold 2007) before falling,
owing to the loss of randomness in particle location due to geometric restrictions
imposed by their limited sizes.

For powerful scatterers, loss of linearity in the backscattering coefficient can
be seen at considerably lower concentrations. In this example, scattering from one
particle can influence the incident wave on another particle several diameters
away. Foldy’s (1945) and Twersky’s (1964) theoretical work on multiple scattering
of waves has been discussed in Ishimaru (1997). Chin (2001) briefly examined the
problem where multiple scattering becomes important in particle populations in his
thesis. The contribution increases with scattering strength (o;,) rather than total
scattering cross-section) and is inversely proportional to the square of the distance
between each scatterer. The authors uses the concept of backscattering cross-
section, g, which is the scattered power per unit solid angle in the opposite
direction to the incident beam (1 radians). He proposed that the secondary
scattering ratio (SSr) for particles scattered in space is given by Eq.(5- 54), where
ny is the particle density in a volume. It is feasible to derive the same secondary
scattering ratio in 2-dimensions as stated in Eq. (5-55) by adapting his formula for

scatterers on a plane.

4Tt Op nlz,/ 3

SST:;D - —0.55402 (5-54)

SSTZD = 167T0bns (5-55)
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Chin (2001) considers a secondary scattering ratio of 10% to be substantial.
The maximum surface densities of particles, before multiple scattering becomes
significant, can be estimated using the scattering cross-section obtained in the
preceding section. Multiple scattering might be relevant, in the case of
microbubbles, even when they are positioned many diameters apart from one
other, and are off their resonance frequency. Indeed, repeated scattering can be
significant for secondary bubbles tens of microns distant at resonance. It should
be noted that scattering mixed with absorption will result in attenuation. Therefore,
multiple scattering will affect signal loss via a population of particles.

The phases of scattered waves are not canceled by randomly distributed
neighboring particles at the surface of a cloud of scatterers, resulting in a coherent
wavefront. This applies to all "continuous" materials, even though they are
composed of large concentrations of scatterers far smaller than the wavelength of
the ultrasound. The scattering characteristics of individual particles are rarely used
to calculate the ultrasonic echo from a continuous material. It is defined more by

bulk qualities such as the differential in acoustic impedance at an interface.

5.2.7. Attenuation Coefficient

Microbubbles are very good scatterers that even in low concentrations can
increase the attenuation of sound in water. For ultrasound contrast agents,
acoustic attenuation is the basic method used to characterize them, giving
information about their resonance frequency and damping, or Q-value.

The incoming sound intensity is lowered when passing through the
microbubble suspension due to the bubbles' absorption and dispersion. At low
bubble concentrations (volume fractions <102 (Druzhinin and Elghobashi 1998)),
the interactions between bubbles are neglected, hence the power attenuated by
the bubble suspension is the sum of the power attenuated by the individual
bubbles. The unit dB per unit length attenuation coefficient for bubble suspension

is given as (Gong, 2013):
a(w) = 10In [* 6, (Ry, w)n(Ro)dR, (5-56)

where n(R,) is the number of bubbles with a radius of R,,.
However, the attenuation measurements do not provide a relationship

between attenuation level and the performance of contrast agents. For efficiency
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assessment of the UCA, acoustic backscatter should be measured. This physical

phenomenon and measuring technigue will be discussed further in chapter 5.2.9.

5.2.8. Influence of Bubble Size Distribution on Attenuation
Coefficient and Resonance Frequency

The resonance frequency of UCA microbubbles is critical. As previously
proven, the scattered signal from the microbubble is expected to be maximized
when operated at the resonance frequency. Thus, understanding resonance
frequency is critical for optimizing ultrasonic contrast imaging and treatment. The
resonance frequency of a single microbubble is determined by its starting radius,
shell viscoelastic characteristics, surrounding medium material parameters (e.g.,
density, surface tension, static pressure), and excitation acoustic pressure
(Doinikov, Haac, et al. 2009).

Most UCA procedures generate microbubble populations with a broad size
distribution. Because the dynamic response of a microbubble depends on its size,
it is challenging to detect the resonance frequency of these UCA populations
appropriately experimentally. Historically, the acoustic attenuation spectrum of
UCA microbubble clouds was measured using ultrasonic spectroscopy (Hoff,
Sontum, et al., 2000; He and Zheng, 2001; Yu, Zhang, et al., 2005). The resonance
frequency was determined from the frequency-dependent attenuation curve as the
frequency at which the observed attenuation achieved a local maximum. However,
because the attenuation spectrum for polydisperse microbubbles is relatively
broad, the maximum attenuation spans a wide frequency range. As a result, the
resonance frequency cannot be determined precisely. If monodisperse
microbubbles are used, the link between microbubble size and resonance
frequency can be precisely quantified.

Talu et al. (2008) showed that monodispersed microbubbles outperformed
polydispersed microbubbles in terms of echo-response, indicating that altering size
distribution is an efficient strategy to increase sensitivity in molecular imaging.
Based on these findings, Kaya et al. (2009) studied the echo responses of
monodisperse lipid microbubbles produced by flow-focusing devices to establish a
link between scattered echo, microbubble diameter, and excitation frequency. Both
calculations and experimental acoustic data show that the monodisperse
microbubble acoustic response increases with microbubble diameter. They

suggested that narrowing contrast agent distribution, exciting microbubbles near



5. Acoustic characterization of freeze-dried monodisperse microbubbles 141

resonance, or utilizing microbubbles with a larger diameter could boost the
sensitivity of US imaging systems.

As demonstrated in chapters 5.2.1 and 5.2.4, the linear resonance
frequencies for a single microbubble are determined in theory using Eq. (5-25)
(free bubble) and (Eq. 5-44). (encapsulated bubble). Equation (5-56) is also used
to get the frequency-dependent attenuation coefficient for a bubble population with
a given size distribution. Thus, Gong et al. (2013) calculated the attenuation
coefficient for monodisperse lipid-coated microbubbles to identify their resonance
frequency. Because the theoretical simulation for lipid-coated microbubbles
required unknown shell parameter values (e.g., viscosity and elasticity), the author
only does a qualitative study.

Figure 5.12 depicts two Gaussian size distribution examples utilized by the
author, with a total of 10* suspended microbubbles, a mean radius RO of 3 um, and
standard deviations of 0.3 and 0.6. The expected attenuation as a function of
incident frequency was determined for both free microbubbles and lipid-coated
microbubbles with these size distributions and is shown in Figure 5.13.

Figure 5.13 displays the simulation results, where the frequency is
normalized by a microbubble's projected linear resonance frequency with a mean
radius of Ro. The author presents several conclusions. First, compared to
encapsulated microbubbles, free microbubbles are more attenuative and have
lower resonance frequencies. This is due to the shell dampening the bubble
oscillations, reducing echogenicity, as demonstrated in the previous chapter.
Second, increasing the polydispersity of the size distribution reduces the peak
magnitude while broadening the attenuation spectrum. Third, the polydispersity of
microbubbles causes a drop in the resonance frequency, which increases with
polydispersity. Fourth, the polydispersity-induced resonance frequency changes

are more significant in encapsulated microbubbles than in free ones.
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Figure 5.12 — Simulated microbubbles Gaussian size distributions with total number 104, mean radius
RO = 3 ym and standard deviation & = 0.3 and 0.6 (Y. Gong 2013).
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Figure 5.13 — Simulated attenuations as a function of incident frequency for (a) free bubbles, and (b)
lipid-coated microbubbles with uniform size distribution and Gaussian size distributions (Figure 5.12),
respective (Y. Gong 2013).

As aresult, it is proposed that the resonance frequency of UCA microbubbles
with Gaussian size distributions does not match the resonance frequency of
microbubbles with uniform size distributions. Additional computations were
performed to evaluate the effect of polydispersity on resonance frequency for
microbubbles of varying sizes. The resonance frequency shift as a function of
mean radius for lipid-coated microbubbles with Gaussian size distributions is
shown in Figure 5.14 (& = 0.17). It diminishes as the mean radius increases,
implying that smaller microbubbles are more influenced by polydispersity in terms
of the resonance frequency. The monodisperse microbubbles in his studies had a
mean radius ranging from 1.5-6 ym with a mean & of 0.17, and the predicted
resonance frequency shift is 9%. It demonstrates that monodisperse microbubbles
are more precise and suited for studying experimentally the influence of size on

the resonance frequency and attenuation coefficient.
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Figure 5.14 — Resonance frequency shift as a function of mean radius for lipid-coated microbubbles
with Gaussian size distributions (& = 0.17) with respect to linear resonance frequency of microbubbles
with the uniform sizes (Y. Gong 2013).

Using a similar microfluidic chip structure to Hettiarachchi et al., (2007), the
author investigates experimentally two batches of lipid-coated microbubble US
contrast agent. The mean diameter of these microbubbles was 4.2 + 1 ym and 8 +
1um, respectively. Next, the frequency-dependent acoustic attenuation coefficient
of the two-microbubble batches and a suspension of polydisperse UCA were
tested. They discovered that smaller-sized microbubble attenuation happened
more frequently. Polydisperse microbubble attenuation occurred over a wider
frequency range compared to uniform microbubbles. Furthermore, at low acoustic
pressures, the resonance frequency of lipid-shelled microbubbles was studied and
decreased with increasing acoustic pressure (Gong et al. 2010). Furthermore,
compared to free microbubbles of the same dimension, coated microbubbles
exhibited a lower resonance frequency. They also proved that bigger microbubbles
had stronger relative resonance frequency changes than smaller ones (Macdonald
et al. 2004).

5.2.9. Acoustic backscatter coefficient

Diagnostic ultrasound imaging is based on acoustic backscatter. An
ultrasonic pulse is sent into the body, and the echoes it receives are utilized to
create a picture of the inside structures. As a result, backscattered power
measurement is required to characterize ultrasonic contrast agents.

The theoretical predictions of scattering and attenuation are obtained from
the previously described linear scattering model for homogeneously and randomly

distributed scatterers. Assuming no multiple scattering, Nag(r, f) gives the overall
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scattering cross-section for a large number N of randomly distributed identical
scatterers (Merzbacher et al., 1977). Similarly, Y, n(r)os(r,f) gives the total
scattering cross-section per unit volume for a cloud of various-sized scatterers,
where n(r) is the number of scatterers of radius r per unit volume. The theoretical
differential scattering cross-section per unit volume or differential volumetric
scattering cross-section is then derived for scatterers such as tiny microbubbles

compared to a wavelength whose scattering behavior is mainly isotropic.

n(r)o5(r.f)

nf) = 2 py (5-57)

where n(f) is measured in units of (cm.srt). This is often referred to as the
backscatter coefficient (Insana and Brown, 1993). Similarly, attenuation across a
layer of scatterers is calculated. The intensity of a plane wave of initial intensity lo
after passing through a layer of thickness x and assuming no multiple scattering is

given by:
I =lhexp [—( 2, n() o.(r, f))x] = Lyexp [~ax] (5-58)

where «; is the theoretical attenuation coefficient for intensity and o, is the
extinction cross-section of a scatterer of radius r, which is defined as the total
power extinguished by the scatterer per unit incident intensity at frequency f. The
total extinction cross-section, Zrn(r) o.(r, f), in units of Np/cm, then yields the
value a;. It should be noted that the intensity attenuation coefficient provided here
differs by a factor of two from the predicted linear amplitude attenuation coefficient

a,. The amplitude attenuation coefficient is commonly included in the complex

wavenumber equation for a propagating plane wave: k = k + ia,. A plane wave's

complex pressure amplitude is given by:

A(x, t) = Ag expli(kx — wt)] =

Agexp [—ayxlexp [i(kx — wt)] (5-59)

Because the intensity of such a wave is proportional to the square of the

pressure amplitude, the intensity after propagating x distances is as follows:
I =lyexp [—2a,x] (5-60)

Thus, from Eg. (5-58) and (5-60)
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a; = 2ay (5-61)

To clarify the notation, the attenuation coefficient, a;p, expressed in dB/cm,
is provided by:
[201og(A4o/A)] _ {20loglexp(aax)]}
agp(f) = ~ ° = = =

a,(20log e) = 8.69a, (5-62)

When expressed in terms of the intensity attenuation coefficient, the above

expression becomes:

[101og(o/D] __ {10log[exp(a;x)]}
rap(f) = LB/ _ (0ot

a;(10log e) = 4.34q; (5-63)

From Eqg. (5-63) and Eq. (5-58), we note that

a; = Y n(r)oe(r (5-64)
ay = 0.5),n(r)o.(r) (5-65)
agp = 4.34),,n(r)o.(r) (5-66)

The theoretical dependences of backscatter and attenuation on scatterer
concentration are shown in Eq. (5-57) and Egs. (5-64) to (5-66), respectively (in
the single scattering approximation) (Marsh et al., 1998). Although the formulas
are similar, it is crucial to highlight that the expected backscattered power
increases linearly with concentration, but the relative amount of power lost from
the incident wave owing to the scatterers rises exponentially. This fundamental
distinction is reflected in the units used to describe these quantities: The
backscatter coefficient n(f) is usually reported linear, whereas the attenuation
coefficient a5 is recorded in logarithmic terms in decibels per centimeter.

Thus, twice the concentration of microspheres in a given volume should
double the linear value of the backscatter coefficient, i.e., a 3 dB gain. However, the
signal power traveling through this same volume will diminish exponentially. These
effects compete: the backscattered signal strength increases linearly with increasing
dose until the attenuation, which grows much more rapidly, becomes the dominant

factor (Marsh et al., 1998). The intensity of the backscattered signal gradually
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declines beyond this point. This effect has been anticipated in simulations (Hoff et
al., 1994, De Jong et al., 1991) and can be one of the primary causes of contrast-
induced acoustic shadowing in clinical imaging. It should also be noted that, due to
bubble resonances, the attenuation and backscatter of bubble-based contrast
agents can be highly frequency-dependent. Therefore, the shadowing effect will be

more evident in frequency ranges where the attenuation is highest.

5.2.9.1. Experimental data reduction

Adjusting the returned ultrasonic signal for the electromechanical response
of the measuring system, beam diffraction, and the effects of attenuation and
interfaces is required to reduce experimentally obtained backscatter data to
absolute backscatter coefficient. Some of the approaches presented for
determining the backscatter coefficient are briefly reviewed below. The
computation of the beam diffraction correction is where these approaches often
diverge the most. Siegelman and Reid (1973) presented a method for insonifying
a sample using narrow-band sine wave bursts from a planar transducer in the far-
field. The effective beam volume is governed laterally by the 3-dB beamwidth and
axially by time gating. In this approximation, the field is assumed to be constant
everywhere within the cylindrical volume imposed by the time gates and 3-dB
beamwidth. O'Donnell and Miller (1981) extended this technique for focused
transducers and broadband insonifying pulses. They applied it to samples in the
focal area of focused transducers and the far-field of planar transducers. Campbell
and Waag (1983) presented a more comprehensive and broad strategy for dealing
with a two-transducer scattering system. They rigorously account for the impacts
of time-domain gating convolution and beam diffraction in the case of transducers
with Gaussian beam sensitivity patterns.

After, Madsen et al. (1984) proposed a method for calculating backscatter
coefficients. The diffraction pattern is calculated precisely from knowledge of the
transducer face shape to account for variations in beam sensitivity both laterally
and axially concerning the insonified volume. Wear et al. (1989) combined several
of the earlier methods' simplifications with the more demanding calculations of the
Madsen et al. (1984). In this case, the variation in lateral pressure amplitude in the
scattering volume due to diffraction was accounted for, whereas both the axial
variation in beam intensity and the convolution of the sinc function introduced by

time gating were neglected.
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To compensate for diffraction effects, treatments that attempt to model the
transducer's beam function accurately typically require the evaluation of integrals
of the pressure field across the face of the transducer or over the volume occupied
by the scatterers; the time required for numerical computation of these quantities
may be significant. O'Donnell and Miller's (1981) solution compromise by
incorporating several approximations that lower the amount of computation
required by many orders of magnitude (Hall, 1996) but at the expense of accurate
beam function determination. However, one advantage of this more straightforward
approach is that the formulation for reducing the data to backscatter coefficients
can be written intuitively as a product of separate terms individually describing the
compensation for electromechanical effects and diffraction effects attenuation, and
interface losses. This feature is provided in the Wear et al. (1989) formulation,
incorporating more precise diffraction modeling. However, it necessitates the
computation of several integrals involving the complex pressure field.

Marsh et al., (1998) used in their work a technique first reported by Chen et
al., (1997) for measuring the backscatter coefficient. They extend the technique to
the specific instance of a spherically focused transducer insonifying an ensemble
of scatterers located at the transducer's geometrical focus with a reference
measurement obtained from a flat reflector located in the transducer's focal plane.
In this case, the authors can reduce complicated integrals of diffraction coefficients
over the surface of the transmitting transducer and the volume that the scatterers
occupy to simple function evaluations, reducing the amount of computation
required while accurately calculating terms associated with beam diffraction
effects. We noticed that the approach employs two important approximations
similar to those used by Wear et al. (1989). The diffraction correction is generally
constant over the length of the gated region, and the influence of the time gate
convolution with the backscattered signal is insignificant. The experimentally

measured , 1S then calculated as follows:

1) = LS |0, (0} X i) R

Vrer (F)]) ma2iEw Ag(aa(F)Lxo)

(5-67)

The first contribution in the equation comes from the backscatter
measurement and electromechanical compensation, where (|V;(f)|?) is the

average measured power spectrum of the backscatter from the sample, and

|Vref(f)|2 is the power spectrum returned from the reflector placed in the focal
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plane of the transducer. The ratio between these two values is called the average
apparent backscatter transfer function of a sample, {IS(f)|*)apparent-
The second term is the diffraction compensation, where r, is the transducer

focal length, a is the transducer’s radius, E,, is a constant with a value of 0.46

(Chen et al. (1997) for details on the determination of this dimensionless constant),

[ is the length of the insonified volume, given by [ = ct/2 (c is the speed of sound
and 7 is the gate duration). The remaining factor D,..;(f) is the acoustic coupling

function given as:

Drer(f) = —{1 — exp (=iGp)[Jo(Gp) + 112(G) ]} (5-68)
G, = ka*/2r, (5-69)

where J,, is the Bessel function of the first kind of order n, and k is the wavenumber.
The third term of the equation is the attenuation compensation, where A; shown

by the experimentally obtained attenuation coefficient a, (f) is:

AS(“A(f)r l, xO) = exp [_4aA(f)x0] X

exp [2aa(f)l—exp [-2a4(f)!]
exp [~2a,(f)1] —

(5-70)

which is equivalent to the attenuation correction factor given by Sigelmann and
Reid (1973) for insonifying pulses much shorter than the time gate selecting the
scattering volume. In this analysis, water attenuation was considered to be zero.
The fourth term is the interface loss compensation, where R denotes the
intensity reflection coefficient for the reference reflector; this component was
introduced into the n(f) calculation to compensate that the reference
measurement was done with a surface that was not a perfect reflector. The term

Trzef in the calculation to account for the fact that the reference measurement was

collected from a reflector positioned beyond the front wall of the specimen
chamber.

Estimating the backscatter coefficient is less computationally intensive than
other ways that need integral evaluations. Physically, Eq.(5-67) gives a valuable
framework for understanding the backscatter coefficient's behavior by dividing it
into terms that describe apparent scattering intensity, diffraction correction for the

effective beam volume, attenuation correction, and interface losses.
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Marsh et al. (1998) demonstrated experimentally that it is possible to
compensate for attenuation, region of interest length and position, and
measurement system response under carefully controlled conditions, proving a
linear relationship of backscatter coefficient to contrast agent concentration. Also,
even when no adjustment for beam diffraction is used, a linear relationship exists
between backscattered power and concentration. This association appears to hold
true (within the available bandwidth) for all of the Albunex® concentrations utilized
in their investigation. This linear connection may help with quantitative
assessments of cardiac perfusion via RF analysis. The fact that the microsphere
size distribution might well be significantly altered in vivo (due to pulmonary
filtering, gas diffusion into or out of the microspheres, bolus dilution in the blood,
etc.) would change the frequency dependence of the attenuation and backscatter
from the agent (De Jong and Hoff, 1993, De Jong et al. 1992, Hoff et al. 1994), but
would presumably not affect the linear backscatter-concentration relationship.



6. MATERIALS AND EXPERIMENTAL DESCRIPTION

Acoustic backscatter is the main mechanism used for diagnostic ultrasound
imaging. Therefore, the measurement of the backscatter power of the ultrasound
contrast agent’s population is crucial for their characterization.

This chapter aims to describe the methods used to characterize the
backscatter acoustic response of the freeze-dried monodisperse PVA-shelled
microbubbles, in comparison with freshly produced microbubbles, and
commercially available polydisperse microbubbles Sonovue™. We describe the
backscattering acoustic characterization setup, in which two different geometries
for the bubbles’ confinement system were used: the ‘centimetric cell’ and the ‘milli-
channel’. The method used for measuring the backscatter signal of the bubbles,
as well as the deconvolution process are also presented in this chapter. Finally,
we present the backscatter acoustic measurements using an universal imaging
approach developed at Institut Langevin. This approach is inspired by the advent
of multielement technology in acoustics and by the insight that a matrix formalism
is a natural way to describe ultrasonic wave propagation between arrays of

transducers.

6.1. Acoustic Backscatter Characterization of the Microbubbles

The backscattering measurements were performed with a single focused
ultrasound transducer (Imasonics, Voray-sur-'Ognon, France) with a center
frequency of 2.25 MHz, a relative bandwidth of ~50% (i.e., a quality factor of ~2),
a focal distance of 38 mm, and a 38 mm aperture. The transducer was used in a
pulse-echo mode to be an emitter and a receiver of the signals. The negative
acoustic pressure, measured and calibrated using a needle hydrophone
(HNR-0500 S/N: 2054, Onda Corporation, USA), was of 150 kPa in a large water
container. The pulses consisted of a sinusoidal 5-cycle burst signal with a 1-ms
pulse repetition period, generated with a function generator (Tektronix AFG 2021,
USA). The measurement covered a frequency range of 0.75 MHz to 3.5 MHz in
steps of 0.15MHz, yielding 18 different central frequencies. The sweeping of 5-

cycle emitted narrowband pulses at different central frequencies enables to fully
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exploit the bandwidth of the transducer. A PicoScope (5242D, Pico Technology,
UK) was used for data acquisition, with its dedicated software (PicoScope 6, Pico
Technology, UK), to monitor and record the detected signal (Figure 6.1A) The
acquisition frequency was 20Hz (~1 waveform/45ms), where each waveform (i.e.,
echo) consisted of 3125 data points with a sampling frequency of 62.5 MSamples/s
(16ns sample interval). The bubbles were insonified by a series of 50 narrowband
5-cycles pulses per transmitted frequency, to obtain a statistically relevant
scattering signal. A MATLAB computer program was written to fully automate the
measurements by transferring the 50 waveforms to a PC and by uploading the new
waveform at 0.15MHz higher center frequency and compensated amplitude
(explained in detail in chapter 6.1.1), to the arbitrary function generator. A complete
measurement over the full range of frequencies took, typically, 2 minutes and in
total 900 waveforms.

Function
generator

Figure 6.1 — Acoustic characterization setups with different geometries and typical acoustic
responses of fresh bubbles and SonoVue. (A) The instrumentation for the data acquisition,
monitoring, and recording of the detected signal consist of an arbitrary wave function generator
(Tektronix AFG 2021, USA), and a PicoScope (5242D, Pico Technology, UK). (B) Schematic drawing
of the centimetric cell used for the backscatter acoustic characterization of the bubbles. The bubbles
were injected in a MilliQ water-filled container (45mmX10mmX30mm) which was placed in a
degassed DI waterfilled large container. (C) Schematic drawing of the milli-channel for the
backscatter acoustic characterization of the bubbles. The focal transducer was coupled with an
acoustic gel-filled 3D-printed waveguide.

Each analyzed echo was time-gated at the focal point of the transducer, here
referred to as the region of interest (ROI). The ROI was taken between the echoes
of the walls in the measurement system (presented below) and typically consisted
of 800 points, yielding a frequency resolution in the frequency domain of
approximately 78 kHz. (Figure 6.2). Their power spectrum was then calculated (via

a Fast Fourier Transform (FFT) algorithm) and averaged with a custom-written
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MATLAB code. Figure 6.3 shows an example of the FFT of the emitted pulses (i.e.,
excitation) across the sweeping frequencies, reflected by the metallic plate, as will

be explained in the following sub-section.
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Figure 6.2 — The backscattered echoes show a comparison of 10° freshly generated polyvinyl alcohol
(PVA) monodisperse microbubbles with a reference measurement (where there are no bubbles) at
1.35 MHz central sweep frequency. (A) The weak front and back wall echoes originated from the
mylar windows, while the echoes from the bubbles appeared between these walls, in this 10 mm
height cell. (B) The front and back wall echoes originated from the PDMS structure, while the echoes
from the confined bubbles merged with the front and back walls of the chamber whose height was 1
mm.
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Figure 6.3 — FFT of the emitted pulses (i.e., excitation) across the sweeping frequencies, reflected
by the metallic plate. A) The spectrum of the center frequencies emitted through each experiment
from 0.75 to 3.5MHz. The maximum amplitude (orange) in each frequency is highlighted. B) The
normalized emitted pulse, in which the orange bars illustrate the maximum excitation amplitude in
each frequency from 0.75 to 3.5MHz

6.1.1. Method of Measurement and Deconvolution of the
Backscattering Signal from the Bubbles

The following method was used to determine the back-scattered signal
produced by the bubble. Firstly, measurements are taken without bubbles. Then,

a metallic plate is placed in a large water container, positioned orthogonally to the
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transducer axis in the focal plane. The transducer emits a 5-cycles sinusoidal

pulse-wave, whose amplitude, received by the plate, is given by the relation:

E(f)= a(f)Vo(f), (6-1)

in which a(f) is the emission transfer function of the transducer and Vo(f) is the
applied voltage measured in open circuit. E(f) is the resulting acoustic pressure
‘seen’ by the plate in the degassed deionized water. The metallic plate assumed
as a perfect reflector will reflect a wave of the same amplitude, captured by the

transducer. The resulting signal R(f), measured by the transducer, will be given

by:
R(f)= BUHE(f)= B(f)a(f) Vo(f), (6-2)

in which B(f) is the reception transfer function of the transducer. In the procedure
we use, we adjust the voltage Vo(f), to obtain a flat response that we normalize to
R(f)=1; this implies B(f)a(f) Vo(f)= 1. This quasi-flat response is shown in Figure
6.3A and B. Secondly, we add the bubbles to the measurement systems (described
hereinafter), assuming that bubbles are located at the same place as the metallic
plate. Thus, the bubbles will also ‘see’ a wave of amplitude a(f)Vo(f). In turn, they

scatter a wave of amplitude

B(f)=K(H)a(f)Vo(f), (6-3)

where K(f) is the acoustic frequency spectrum of the bubbles. This wave is
captured by the transducer and gives rise to a signal R(f)=B(f)B(f)= B(f)a(f)
Vo(f)K(f). Since we work with B(f)a(f) Vo(f)=1, this signal will be K(f). Thus, we

directly determine the acoustic bubble spectrum with this two-step method.

6.2. Acoustic characterization of the fresh bubbles in two geometries:

the ‘centimetric cell’ and the ‘milli-channel’

With the method just described, we investigated the backscatter response of
bubbles of different types (mono and polydisperse) in two geometries: a ‘large’ cell
which is referred to as the ‘centimetric cell’, shown in Figure 6.1B, and a milli-
channel geometry, which is referred to as the ‘confined system’ - in which the fluid
is left at rest -, shown in Figure 6.1C. In the centimetric cell, which corresponds to
the type of geometry traditionally used in the literature (Hoff 2001), the bubbles

were injected in a Milli-Q water-filled container (45mmx10mmx30mm), placed in a



6. Materials and experimental description 154

degassed deionized (DI) water-filled large water container. The centimetric cell
was 3D-printed and Mylar thin films, with approximately 25um thickness, were
glued on both sides of the cell to ensure acoustic transparency. A magnetic stirrer
ensured a homogenous bubble distribution. As shown in Figure 6.2A, in the
absence of the bubbles, only a weak echo, shown in orange, appears in the
temporal signal. It originates from the echo of the Mylar windows (i.e., the walls).
In the presence of bubbles, the signal coming from them can easily be identified
(Figure 6.2A). These features allow working with excellent signal-to-noise ratios,
as currently found in the literature in this type of geometry. In order to avoid
discontinuities in the edges of ROI analyzed, the backscattered signals were
windowed by a Hanning window before being Fourier-Transformed.

The confined system, or ‘milli-channel’ (in which the liquid is at rest), was
replicated with PDMS from a mold. The thickness of the PDMS channel is 10 mm,
the channel width is 35 mm and its height is 1 mm (Figure 6.1C). In the absence
of bubbles, the temporal signal exhibits acoustic reflections of the different
interfaces present in the system (see the orange line in Figure 6.2B). In the
presence of the bubbles, a strong signal appears. The signal contains two
contributions: the one from the milli-channel walls (that can be estimated from the
orange line of Figure 6.2B), and the bubbles. In the analysis of the data, we will

subtract the wall echo from the response.

6.3. Acoustic Backscatter Characterization: Ultrasound Matrix Imaging

In collaboration with Flavien Bureau (a Ph.D. student of Alexandre Aubry at
Institut Langevin), we investigated the backscatter acoustic response of the freeze-
dried monodisperse PVA-shelled microbubbles flowing through a Peripheral
Vascular Doppler Flow Phantom (Models ATS 524, CIRS, USA), a tissue-
mimicking phantom composed of sub-resolution scatterers which generate
ultrasonic speckle characteristic of human tissue. The phantom contains a flow
channel simulating superficial vasculature located 15 mm below the scan surface.
The microbubbles were resuspended and introduced into the phantom flow
channel for the measurements.

In order to efficiently isolate and characterize the bubble response, our idea
was to use a quite universal imaging approach developed at Institut Langevin. This
approach is inspired by the advent of multielement technology in acoustics and by
the insight that a matrix formalism is a natural way to describe ultrasonic wave

propagation between arrays of transducers.
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The matrix approach begins with the experimental acquisition of the
reflection matrix R associated with the medium to be imaged. This matrix contains
the response of the medium recorded by each transducer of the probe, for a set of
illuminations. Depending on the problem one is facing, this matrix can be
investigated on different bases. The simplest acquisition sequence consists in
emitting with one element at a time and for, each emission, recording with all
elements the time-dependent field reflected back from the medium (Figure 6.4A).
This “canonical basis” was first used to define and exploit the so-called time-
reversal operator (Prada and Fink, 2002). It is now commonly used in
nondestructive testing, referred to as the full matrix capture sequence (Lambert et
al, 2020). A matrix acquired in this way can be written mathematically as R, (t) =
R(uyys, Uin, t), Where u is the position of elements along the array, “in” denoting

transmission, and “out” denoting reception.
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Figure 6.4 — A) lllustration of the recording of the reflection matrix R, (t) = R(Uous Uin, t). One
element at a given position u;,sends a short pulse and the corresponding echoes are received at
each transducer positioned at u,,,; B) lllustration of the time delays applied at the input and output to
create the B-mode image confocal image.

Conventional ultrasound imaging relies on confocal beamforming, using the
process of delay-and-sum (DAS) beamforming, which is based on a coherent

summation of all the measured back-scattered echoes generated by any point of
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the medium. Each echo is selected by computing the time-of-flight associated with
the forward and return travel paths of the ultrasonic wave between the probe and
the image voxel. From a physical point of view, time delays in transmission are
used to concentrate the ultrasound wave on a focal area whose size is ideally only
limited by diffraction. Time delays at reception select echoes coming from this
excited area. Thus, the confocal imaging techniques, imply that, for each point of
the image, a double-focusing operation is performed. Thus, from the reflection
matrix, the classical B-mode image can be formed by applying appropriate time
delays to each element in emission and reception (Figure 6.4B) and summing
coherently the resulting echoes (delay and sum algorithm):

I[T'] = z:uin Zuout: R[uin' Uout tuin_’r + tr"uout] (6_4)

where t,,, _, is the time that the emitted pulse from transducer u;, takes to reach
the focus point r, and b sttgyy is the time that the reflected wave takes to reach the
transducer u,,,; from the focal point r.

However, the confocal image approach rests on the assumption of a
homogeneous medium between the probe and target. Large-scale fluctuations of
the wave velocity in the medium can result in wave-front distortion (aberration) and
a loss of resolution in the subsequent reflectivity image. Smaller-scale
inhomogeneities with a high concentration and/or scattering strength can induce
multiple scattering events which can strongly degrade image contrast. Therefore,
in contrast with conventional ultrasound imaging that relies on confocal
beamforming Figure 6.5A), the idea here is to apply independent focused
beamforming procedures at the input and output of the reflection matrix. This
process yields a focused reflection (Rg) matrix that contains the responses
between virtual transducers synthesized from the transmitted and received focal
spots (Figure 6.5B). The Re matrix holds much more information on the medium
than does a conventional ultrasound image. Importantly, the resolution can be
assessed locally for any pixel of the image. Mathematically this matrix can be
formed as before in the time domain by applying appropriate time delays in

emission and reception:

RF [rin' Tout Z] = Zuin Zuout R [uin: Uout, tuin—n‘in + trout%uout] (6'5)

where rin and rot are the virtual emitters and receivers inside the medium,

respectively. Thus, for each depth z, it is possible to obtain the focused reflection
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matrix Re that contains the set of impulse responses between virtual transducers

1, and 1, (Figure 6.6).

A Probe B Probe

Transmit B! ,j‘ Transmit
Receive I Receive
—————— g - r
Focal plane Focal plane
Tin Tout

Figure 6.5 — lllustration of the recording of the focused reflection matrix RF. A) shows the confocal
image in which the location of the virtual emitters (rin) and receivers (rout) inside the medium are
equal in the focal plane. B) shows the split between the virtual emitters and receivers. While each
pixel of a confocal image is associated with the same virtual transducer at emission and reception,
the focused reflection matrix also contains the cross-talks between each pixel of the image and, thus,
holds much more information than a conventional image.

X [mm]
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Figure 6.6 — Example of an RF matrix where the dotted white line represents an anti-diagonal. A)
Regime dominated by single scattering events, and B) regime dominated by multiple scattering or
aberration, due to high off-diagonal intensity values.

Re contains much more information than a single ultrasound B-mode image.
The diagonal of the Rr corresponds to the line at depth z of a confocal ultrasound
image, where r;,, = 1,,:. The off-diagonal points can be exploited for assessing the

local focusing quality of the ultrasound. The intensity profile along each anti-
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diagonal indeed provides the local image spatial resolution. In a single scattering
regime, the focused reflection matrix Rr contains energy only in the vicinity of the
diagonal. In presence of aberrations, energy will spread out off the diagonal leading
to a decrease in spatial resolution (Figure 6.6). When multiple scattering or
electronic noise dominates, energy will not be concentrated around the diagonal
anymore but distributed on all matrix elements.

From a practical point of view, in our experiments, the medium of interest
was rather probed by a set of plane waves. The experimental setup consisted of
an ultrasound matrix probe (Vermon) connected to an ultrafast scanner
(Aixplorer®, SuperSonic Imagine, Aix-en-Provence, France). This 2D array of
32x32=1024 transducers with a pitch p=0.5 mm is used to emit 25 plane waves
with an angle of incidence (0, .0,,») spanning the range from -10° to 10°. The
emitted signal is a sinusoidal burst of central frequency fc=3 MHz, with a frequency
bandwidth spanning from 2 to 5 MHz. In reception, all elements are used to record
the reflected wave field over a time length of about t=150 ys at a sampling
frequency of 6 MHz. The probe was placed in contact with the phantom's surface
to measure the acoustic response of the bubbles. The transducers u,,,; record the
time-dependent reflected wave field for each plane wave emitted with an incident
angle 6;,. The corresponding signals are then stored in a reflection matrix
R(0in, Upys, t). An ultrasound image can be formed by coherently summing the
recorded echoes from each focal point r acting as a virtual detector inside the
medium (in practice, appropriate time delays are applied to the recorded signals
before summation as explained before in order to focus in reception). For that, the
reflection matrix has to be projected into a focused basis. This step is greatly
simplified by performing beamforming operations in the frequency domain, i.e.
applying appropriate phase shifts to all frequency components of the received
signals in order to realign them at each focal point. A matrix formalism is particularly
suitable for this operation, because, in the frequency domain, the projection of data
from the plane-wave or transducer bases to any focal plane can be achieved with
a simple matrix product. Consequently, a temporal Fourier transform should be first
applied to the experimentally acquired reflection matrix to obtain R(0;,, Upys, @),
where w = 2nf is the angular frequency of the waves. The matrix R(60;,, Uyys, @)

can be expressed as follows:
RO, Uy, w) = GT(w) XTX T (6-6)

where the matrix I" defined in the focused basis, describes the scattering process
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inside the medium. In the single scattering regime, I is diagonal, and its elements
correspond to the medium reflectivity y(r). T = [T (r, 8)] is the transmission matrix
between the plane-wave and focused bases. Each column of this matrix describes
the incident wave field induced inside the sample by a plane wave of angle 6. G =
[G(u,7)] is the Green’s matrix between the transducer and focused bases. Each
line of this matrix corresponds to the wave front that would be recorded by the array
of transducers along vector u if a point source was introduced at a point r = (x, z)
inside the sample. The inversion, pseudoinversion, or, more simply, the phase
conjugation of the transmission and Green’s matrices can enable the
reconstruction of a reliable image of the scattering medium, thereby overcoming
the aberration and multiple scattering effects induced by the medium itself.
However, direct measurement of the transmission and Green’s matrices T and G,
respectively, would require the introduction of sensors inside the medium, and,
therefore, these matrices are not accessible in most imaging configurations.
Instead, sound propagation from the planewave or transducer bases to the focal
points is usually modeled assuming a homogeneous speed of sound c. The images
obtained for each incident plane wave are then summed up coherently and result
in a final compounded image with upgraded contrast. The compounded image is
thus equivalent to a confocal image that would be obtained by focusing waves on
the same point in both the transmit and receive modes. A more detailed description
of the technique can be found in Lambert et al., 2019 and 2020.
In order to study the resonance of the bubbles, we formed a time-shift

matrix in order to study not only the ballistic time (corresponding to 1 pixel of the

image) but multiple times 8t around it for each confocal point (r = 1y, = 1oyt):
Rg[r,8t] = Yo, Yu,.. R[Uins Uout: toy,or + trow,,, + 6t] (6-7)

The spectrum for each focal point can then be obtained by means of a Fourier
transform (6t — f). Thus, the resonance of bubbles at a given position can be

tracked through the following matrix Rg[r, f].



7. RESULTS AND DISCUSSIONS: ACOUSTIC

This chapter aims to study the acoustic behavior of PVA-shelled
monodisperse microbubbles. First, we compare the backscatter acoustic response
of freshly generated microbubbles to the response of the freeze-dried
microbubbles population, in order to verify the impacts of the process on the
bubbles’ echogenicity, resonance acoustic response, and bandwidth of the
resonance curves. We proceed to compare the acoustic behavior of the
monodisperse microbubbles to a commercially available polydisperse lipid-shelled
microbubble population named Sonovue™. The experiments were conducted with

the setups described in chapter 6.

7.1.Acoustic Backscatter Characterization of the Freeze-dried
Monodisperse Microbubbles

As described in chapter 6, the backscatter acoustic characterizations of the
microbubbles were performed in two different setups: the “centimetric cell” and the
“milli-channel”. The measurements were compared as a function of a number of
microbubbles semi-quantitatively determined from ~108 to ~10° with dilution ratios
of 1:1 to 1:100 for SonoVue™ in up to 1 ml saline solution provided by the
manufacturer. The number of freshly generated 5.4 um in diameter bubbles (same
bubbles as shown in Figure 4.11) was estimated based on the collection time,
namely 20 min to 30s, to obtain approximately ~107 to ~10° bubbles. Note that
obtaining a higher number of bubbles than 107 with our current device caused long
waiting times, making the generated bubbles prone to coalescence in a vial, as
demonstrated in the results from chapter 4.4.2.

Here we present the results for ~10° bubbles which are collected for 2 min
to avoid coalescence before the injection in the measurement chambers. PVA
bubbles were diluted with PFC saturated PBS solution to enhance the stability and
gently injected into the different measurement containers. Note that the same
number of bubbles were injected into both geometries, but water volume in the
centimetric cell is roughly two orders of magnitude larger than that of the milli-

channel, which makes the bubbles concentrations in the large tank at least one
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hundred times smaller than that of the confined system.
The responses of freeze-dried and fresh bubbles were evaluated with at least
six batches, for which insignificant batch-to-batch variations were observed,

regarding the populations’ size distribution.

7.1.1. Centimetric Cell: Acoustic Backscatter Characterization

Figure 7.1A shows a typical received time trace from the backscattered
response for the PVA-shelled monodisperse microbubbles suspension with a
mean diameter of approximately 5.4 um and a number of bubbles of about 10°. A
time-gated window was applied to the recorded traces with a length of 12 ps as
described in chapter 6.1. Figure 7.1B presents typical normalized resonance
spectra (black solid line) of fresh bubbles obtained (average of 50 spectra per
transmitted frequency) in the “centimetric cell”’, along with the quasi-flat excitation
(orange column), described before (see the preceding chapter). This excitation
extends from 0.75 MHz to 3.5 MHz. In all cases where the water was gently stirred
in the “centimetric cell”, the bubble response exhibits a sharp peak, with ~%5
standard deviations. The resonance frequency of the microbubble inferred from a
Gaussian fit (Figure 7.1B) is around 1.4 MHz. It is slightly higher than the Minnaert
frequency (around 1.2 MHz for 5.4 um diameter). The difference can be explained
by noting that shelled bubbles resonate at frequencies higher than unshelled
bubbles. Concerning the standard deviations of the resonance peaks (STD), the
Minnaert law (Minnaert 1933) and more elaborate models (Doinikov and Bouakaz
2011) suggest that the STD of the bubble size distributions and that of the acoustic
resonance peak should be equal. This is effectively the case for the centimetric
cell.

Figure 7.2A shows the normalized resonance spectra of fresh and freeze-
dried bubbles in solid red and black (both were an average of fifty measurements
per transmitted pulse frequency and repeated with at least six different batches) in
the centimetric cell. We observe an increase of ~5% in the resonance frequency
of the freeze-dried microbubble population, which could be related to the decrease
of approximately 4-5% in the mean diameter of the population reported in chapter
4. However, we could affirm that within +5%, the resonance frequencies and the
bandwidths of both samples are indistinguishable. More specifically, we also
observed a 5% standard deviation in the bandwidth of the signal for the centimetric

cell.
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Figure 7.1 — A) The backscattered echoes show a comparison of 10° freshly generated polyvinyl
alcohol (PVA) monodisperse microbubbles with a reference measurement (where there are no
bubbles) at 1.35 MHz central sweep frequency. The weaker front and back wall echoes originated
from the mylar windows, while the echoes from the bubbles appeared between these walls, in this 10
mm height cell, where the signal was time-gated with a Hanning window. B) The backscatter acoustic
response of 10° freshly generated monodisperse PVA-shelled microbubbles with the acoustic
excitation presented in the background.
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Figure 7.2 — A) Typically obtained normalized backscatter resonance spectra (each is an average
over fifty spectra) of the compensated emission, fresh, and freeze-dried bubbles with the same size
(5um in diameter) under the same experimental conditions, obtained in the centimetric cell. B) Shows
the backscattered power spectra comparison of ~10® SonoVue (magnified by 5), and ~10° fresh
bubbles (in solid line while the dotted line represents the gaussian fitted spectrum) in the centimetric
cell.

Figure 7.2B shows the comparison of the magnitude and bandwidth of the
backscatter spectrum from freshly generated monodisperse PVA-shelled
microbubbles and polydisperse SonoVue™, with a similar number of ~10° bubbles.
The acoustic response of the SonoVue™ population was five times multiplied so
we could better visualize the differences between the bandwidth of both samples.
The measured peak in the backscattering spectrum for the monodisperse
population was significantly higher (20 times) than the peak measured for the
polydisperse SonoVue™. Hoff (2001) noted the same behavior for narrowly

distributed microbubbles coated with a surfactant compared to broadly distributed
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microbubbles coated with either denatured albumin or a polymeric shell (Hoff,
2001). Since the shell material of the monodisperse microbubble population is
different from the polydisperse for our study and the one proposed by Hoff, one
can argue that the difference in the bandwidth is related to that parameter.
However, studies conducted by Serger et al., (2018) and Gong (2013) allowed
monodisperse and polydisperse microbubbles to be compared with the same shell
material. In both cases, the results showed that the width of the microbubble size
distribution could significantly impact the peak in the measured frequency-
dependent scattering coefficient.

Figure 7.3A shows the backscatter coefficient for ~3x10* bubbles/mL fresh
monodisperse PVA-shelled microbbubles bubbles in the centimetric cell, and
Figure 7.3B shows the scattered coefficient for 4 different acoustic pressure for a
5.4um mean diameter lipid-shelled microbubbles population (~5.8x103
bubbles/mL) from Segers et al., 2018. The backscatter coefficient was calculated
as:

_ [Vscarl” 1627

= (7-1)
|Vref|2 D?

where |V |? is the power spectrum of the recorded scattering signal, and |Vm,f|2
is the total transmitted power at the transmit frequency measured from the
reflection of the transmit pulse from a stainless-steel reflector. The
scattering/backscattering coefficient was compensated for the limited aperture

D of the receiving transducer with focal distance z. Both expriments were
conducted as described in the chapter 6 with the difference that Segers used a
second transducer positioned at 90° from the centimetric cell, recording the

scattering signal from the emitter transducer.
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Figure 7.3 — A) Backscatter coefficient for the 5.4um mean diameter PVA-shelled monodisperse
microbubbles. B) Scattering coefficients at the fundamental frequency at peak negative pressures
of 10, 25, 50 and 100 kPa for lipid-shelled monodisperse microbubbles (adapted from Segers et al.,
2018)
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It is possible to see that for similar acoustic pressures (100 kPa) the PVA
microbubbles showed a narrower bandwidth compared to results presented by
Sergers (grey line). This is due to the fact that the PVA-shelled microbubbles
presented a CV of 5% compared to a CV of 9% for the lipid-shelled bubbles. These
results reinforce the influence of the microbubbles’ size distribution over the peak

in the measured frequency-dependent scattering/backscattering coefficients.

7.1.2. Milli-Channel: Acoustic Backscatter Characterization

Figure 7.4A shows a typical received time trace corresponding to the
backscattered response for the PVA-shelled monodisperse microbubbles
suspension with a mean diameter of approximately 5.4 um and 10° bubbles. A
time-gated window was selected in the trace, with a length of 12 ps as described
in chapter 6.1. Unlike the case of the centimetric cell the front and back wall
reflection are merged with the microbubble scattering signal since the height of the
chamber is smaller than the pulse length. Therefore, the time-gated window f will
include both contributions in this case. The first wall response can be subtracted
easily in the frequency domain, however, due to interactions with the scattering
signal of the bubbles, the same procedure could not be used for the back wall.
Thus, the backscattering acoustic response will contain the contribution of the
bubbles and the wall of the chamber.

Figure 7.4B presents typical normalized resonance spectra (black solid line)
obtained with fresh bubbles (average of 50 spectra per transmitted frequency) in
the milli-channel, along with the quasi-flat excitation (orange column), described
before the chapter 6.1. This excitation extends from 0.75 MHz to 3.5 MHz. In all
cases where the water was at rest in the milli-channel, the bubble response exhibits
a sharp peak, with a ~%10 standard deviation. The resonance frequency we infer
from Figure 7.4B with the aid of the Gaussian fit is around 1.4 MHz, which was the
same obtained for the backscatter acoustic response of the bubbles in the
centimetric cell setup. However, concerning the standard deviations of the
resonance peaks (STD), the milli-channel measurement showed a value higher
than the size distribution of the population. We hypothesize that the addition of the
background signal (the wall of the channel) to the signal of the bubble, creates a
broadening of the spectrum, since a pure reflection results in the same bandwidth
of the emitted signal. From this perspective, broadening does not occur in the
centimetric cell, because wall echoes are much weaker, and excluded from the

time-gated window.
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Figure 7.4 — A) The backscattered echoes show a comparison of 10° freshly generated polyvinyl
alcohol (PVA) monodisperse microbubbles with a reference measurement (where there are no
bubbles) at 1.35 MHz central sweep frequency. The front and back wall echoes originated from the
PDMS structure, while the echoes from the confined bubbles merged with the front and back walls of
the chamber whose height was 1 mm. B) The backscatter acoustic response of 10° freshly generated
monodisperse PVA-shelled microbubbles with the acoustic excitation presented in the background.

Figure 7.5A shows the normalized resonance spectra of fresh and freeze-
dried bubbles in solid red and black. Both result from an average over fifty
measurements per transmitted pulse frequency and repeated with at least six
different batches. Similar to the centimetric geometry, we observe an increase of
~4% in the resonance frequency of the freeze-dried microbubble population, which
could be related to the decrease of approximately 4-5% in the mean diameter of
the population as reported in chapter4. However, we could affirm that within £5%,
the resonance frequencies and the bandwidths of both samples are
indistinguishable. We also observed a 10% standard deviation in the bandwidth for
the milli-channel setup.

The dimension consistency of the bubbles before and after the freeze-drying
process, combined with the consistency in their acoustic behavior, allow us to
suggest that the freeze-drying process does not alter the shell properties of the
bubbles. In any case, from a UCA perspective, we may conclude that freeze-dried
and fresh bubbles behave in the same manner.

Figure 7.5B shows the comparison of the magnitude and bandwidth of the
backscatter spectrum from freshly generated monodisperse PVA-shelled
microbubbles and polydisperse SonoVue, with a similar number of ~10° bubbles.
The measured peak in the backscattering spectrum for the monodisperse
population was approximately 5 times higher than the peak measured for the
polydisperse SonoVue. The difference from the results presented for the
centimetric cell (20 times higher signal) could be correlated to the wall signal in the
milli-channel. As can be seen, the signal from the Sonovue™ population is of the

same order of magnitude as the signal without bubbles, indicating that the majority
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of the signal from Sonovue™ comes from the wall reflection. In a simplified
assessment, if a spectral subtraction of the wall reflection signal is implemented,
we obtain a peak signal for the monodisperse microbubbles 15 times higher than
the polydisperse population. This is a value much closer to the one obtained in the
centimetric cell and observed in the literature, as previously mentioned (Serger et
al., 2018).
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Figure 7.5 — A) Typically obtained normalized backscatter resonance spectra (each is an average
over fifty spectra) of the compensated emission, fresh, and freeze-dried bubbles with the same size
(5um in diameter) under the same experimental conditions, obtained in the milli-channel setup. B)
Shows the backscattered power spectra comparison of ~10% SonoVue and ~10° fresh bubbles (in
solid line while the dotted line represents the gaussian fitted spectrum) in the centimetric cell.

We proceed to compare the magnitude and bandwidth of the backscattering
signal for freshly generated monodisperse microbubbles in a concentration of ~108
bubbles with SonoVue in different concentrations (~10°, ~107, and ~108 bubbles)
The resonance spectra shown in Figure 7.6 indicate that the backscattered power
amplitude acoustic response of ~10° fresh PVA bubbles, was roughly five times
greater than that of ~10° bubbles SonoVue, without the spectral subtraction of the
walls’ reflection. The PVA-shelled microbubbles obtained an equivalent power
amplitude with ~10® SonoVue bubbles. The typical normalized spectra for fresh
PVA bubbles and SonoVue are presented in Figure 7.6.B, which reveals the
monodispersity of the fresh bubbles in comparison with polydisperse SonoVue
bubbles, with significantly reduced bandwidth in comparison with the wide

bandwidth of the polydisperse population and the emitted signal.
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Figure 7.6 — A) Comparison of backscattered power spectra of ~10°, ~107, and ~108 SonoVue with
~106 fresh monodisperse microbubblebubbles and reference (where there is no bubble). B) Typical
resonance spectrum measured in the confined system (average of 50 spectra) of ~108 SonoVue and
~108 fresh bubbles with ~%15 % and ~10% standard deviation from the Gaussian center,
respectively.

7.2.Acoustic Backscatter Characterization: Ultrasound Matrix Imaging

The matrix approach was applied to the imaging of a freeze-dried PVA-
shelled suspension of microbubbles (about 10°), with a mean diameter of
approximately 5.4 um, inserted in a tissue-mimicking phantom as described in
chapter 6.3. Figure 7.7 shows a typical 3D confocal image of the microbubbles
flowing inside the phantom, and examples of the cross-sectional views at one point
in space. In order to enhance the contrast and better differentiate the microbubbles,
a filtering was applied to the images (Figure 7.8): the mean intensity was removed
from each frame, yielding an image with only the dynamic elements, e.g., the
microbubbles.

In order to study the resonance of the bubbles, a time-shift matrix is formed
to study not only the ballistic time (corresponding to 1 pixel of the image) but
multiple times &t around it for each confocal point (r = r;, = 1,4:). The spectrum
for each focal point can then be obtained by means of a Fourier transform (6t —
f). Figure 7.9A shows the confocal images of the freeze-dried monodisperse
microbubbles filtered by removing the mean to extract only the dynamic elements.
Figure 7.9B show an example of the signal of a single voxel containing the
microbubbles, of which spectrum was obtained through a Fourier transform. The
signal consists of the ballistic time of the voxel and +6t of 20us. Figure 7.9C shows
the mean spectrum of the bubbles inside the tube for multiple pixels in the volume
(blue) and the mean speckle spectrum at the same depth as the tube (orange).
The mean speckle spectrum is a good approximation to that of the emitted pulse

of the transducer. We will use it to deconvolve the bubble signal. Figure 7.9D
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shows the deconvolved mean signal of the freeze-dried monodisperse

microbubbles, with a resonance peak around 1.3MHz.
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Figure 7.7 — Typical 3D confocal image generated by the matrix image approach in phantom tissue-
mimicking setup in the presence of microbubbles (top left).In the bottom is an example of 3 different
B-mode planes used to construct the 3D image.
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Figure 7.8 — Typical 3D confocal image generated by the matrix imaging approach in phantom tissue-
mimicking setup in the presence of microbubbles (top left). A filtering of the mean intensity value was
applied in the image in order to highlight the dynamic elements, e.g., microbubbles. In the bottom is
an example of 3 different B-mode planes used to construct the 3D image.
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Figure 7.9 — A) 3D confocal image of the freeze-dried monodisperse microbubbles flowing inside
the tissue-mimicking phantom. B) Example of the signal of a high intense pixel in the ballistic time,
corresponding to the bubble’s response. A FFT is applied over the bubbles signal in order to obtain
their spectrum. C) Mean spectrum of the microbubbles inside the phantom (blue), and the speckle
spectrum at the level of the tube. The speckle signal is assumed to be representative of the signal
emitted by the transducer and thus used to deconvolve the microbubble mean spectrum. D)
Deconvolved mean spectrum of the freeze-dried monodisperse microbubbles population showing a
resonance peak around 1.3MHz.

Figure 7.10 shows the mean backscatter spectrum from freeze-dried
monodisperse PVA-shelled microbubbles (left) and polydisperse SonoVue (right),
with a similar number of ~10° bubbles in the same conditions. It is possible to see
that a sharp peak is evident after deconvolution for the monodisperse population
while a broad signal appears for the polydisperse population.

These preliminary results reinforce the findings from the backscatter acoustic
measurements in the centimetric cell and the milli-channel previously presented. It
is possible to see the monodispersity of the freeze-dried PVA-shelled bubble in
comparison with polydisperse SonoVue bubbles, with significantly reduced

bandwidth in comparison with the wide bandwidth of the polydisperse population.
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Figure 7.10 — The top left image shows the mean spectrum of the freeze-dried monodisperse
microbubbles inside the phantom (blue), and the speckle spectrum at the level of the tube. The
images in the bottom left shows the deconvolved mean spectrum of the freeze-dried monodisperse
microbubbles population showing a resonance peak around 1.3MHz. The top right image shows the
mean spectrum of the polydisperse SonovueTM microbubbles inside the phantom (blue), and the
speckle spectrum at the level of the tube. The images in the bottom shows the deconvolved mean
spectrum of the polydisperse SonovueTM showing a broad resonance peak with resonance
frequency around 2MHz.

7.3.Discussion

7.3.1. Single scattering

In the single scattering regime, the wave backscattered from a random
collection of bubbles is simply the sum of the waves scattered by each bubble. The
complex backscattered amplitude can then be written as the sum of random
phasors. Assuming statistically independent bubble positions, the amplitude and
phase of each phasor are independent of each other and of the amplitudes and
phases of other elementary phasors. The total intensity scattered off the bubble
population is then the sum of the intensity scattered of each individual bubble.
Therefore, the scattered power is expected to increase linearly with the density of
the bubbles and to depend on the acoustical and geometric properties of the
individual bubbles, as shown in chapter 5.2.9. Figure 7.11 confirms the linear
relation between the scattered power and the bubbles’ concentration for

monodisperse PVA-shelled microbubbles.
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Figure 7.11 — Measured backscattered echo power as a function of freshly generated monodisperse
PVA-shelled microbubble concentration in the centimetric cell setup.

7.3.2. Multiple Scattering

The linear relationship between the total backscattering intensity and the
intensity scattered by individual bubble is lost when multiple scattering occurs. In
other words, the backscattered amplitude is not any more a sum on the bubbles
but rather a sum on multiple scattering paths (each involving several bubbles).
Thus, in this regime, the signal backscattered by the bubble cloud does not reflect
any more the signature of the individual bubble response but instead the response
of a set of bubbles coupled via multiple scattering.

In order to evaluate the importance of multiple scattering in our study, we
need to evaluate both the scattering and absorption mean free paths. The
scattering mean free path is determined by the inverse value of the product of the
scattering cross-section, g, and the number density of the scatterer, n. When a
bubble is excited at its resonance frequency, the scattering cross-section is given
by 22/, where 1 is the wavelength of the emitted pulse (e.g., g, = 0.3 mm?).
Assuming a homogeneous distribution of bubbles in the PDMS chamber, the
lowest number density of bubbles is 286 bubbles/mm?=.

If we assume that all bubbles are at resonance, this leads to a scattering
mean fee path as small as 12 ym. The value is much smaller than the bubble cloud,
which indicates that we are possibly in a strongly multiple scattering regime. In
such aregime, the resonant frequency of the bubble cloud is expected to be shifted
to a higher frequency which depends on the concentration. But we also have to
consider the absorption cross-section, a,, which is driven by viscous and thermal

damping, for the simplified case of a free bubble. The total power removed from
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the incident acoustic beam is then given by the power that is scattered in addition
to the power that is dissipated, yielding to the concept of the extinction cross-
section, o,. The extinction cross-section can be written as the sum of the
absorption and scattering cross-sections, or just as a function of the scattering

cross-section, as follows:

0, =04+ 0, = gt—"tas (7-2)
rad
where the total damping coefficient is given by the sum of three coefficients
respectively associated to radiative damping, liquid viscosity, and thermal diffusion:
8tot = Oraa + Opis + St
The dimensionless damping coefficients can be obtained by linearizing the
Rayleigh-Plesset equation to find as demonstrated in the chapter 5.2.1.

3Pk
pwRy’

Spis = —by (7-3)

8rad - proz

The thermal damping is more difficult to calculate, but for the case of micro-
sized bubbles excited by frequencies in the MHz range, it is of the same order of
magnitude as the viscous damping (Figure 7.12 adapted from De Jong, 2002).
Thus, to account for the thermal damping, typically the viscosity damping in

increased by a factor of 2.

100 10 10° 10* 101
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Figure 7.12 — Damping coefficients for air bubbles in water as a function of the diameter calculated
at their resonance frequency. &;,; = total damping; §,;; = viscous damping; §,,4 = radiative
damping; é;, = thermal damping.

The efficiency of the microbubble as a sound scatterer can be defined as the ratio
between the scattered and the consumed powers, or the scattering cross-section
and the extinction cross-section (Hoff, 2001):



7. Results and discussion: acoustic 173

Ll et T ()

For our particular case of microbubbles with diameter in the 5um range,
being insonified by frequencies in the MHz range, viscous and thermal damping
dominates over radiation, yielding a scattering efficiency of 0.09. In other words,
the absorption cross-section is approximately 10 times the value of the scattering
cross-section. Thus, the absorption mean free path is 10 times smaller than the
scattering mean free path, leading to the assumption that absorption avoids
multiple scattering events and that bubbles are not coupled.

Experimentally, we have shown an almost identical acoustic behavior for the
monodisperse microbubbles in the centimetric cell and the milli-channel, which
were conducted in concentrations 100 times different from one another. This result,
corroborated the assumption made above, indicating that the concentration and
wall proximity had no significant effects on the acoustic bubble behavior. In
addition, the backscattering response of the bubbles increases linearly with
concentration (Figure 7.11). Such behavior also indicates that the measurements

were not affected by multiple scattering.

7.3.2.1. Focused Reflection Matrix

In this section we turn our attention to the points far from the confocal
elements (Rux (1, # Toue))- Because each matrix Ry is investigated at the ballistic
time (t = 2z/c), the only possible physical origin of echoes between distant virtual
transducers at points far from the diagonal would be the existence of multiple-
scattering paths occurring at depths shallower than the focal depth.

For our experimental configuration, multiple scattering can be investigated
by examining the spatial signal intensity profile of the anti-diagonals in the reflection
matrix. Each intensity profile comprises three contributions: the single scattering
component, the multiple scattering component, and the electronic noise. The single
scattering signals mainly lie along the near-confocal elements of the Ry (diagonal
of the matrix). The average multiple scattering contribution can be split into three
terms: speckle, incoherent, and coherent contributions. When a pulsed plane wave
with wavevector k, is transmitted into a multiple-scattering medium, the
backscattered intensity I(kg, k), in the direction given by k can be decomposed
into all possible pairs of paths (i,j) in the medium (Figure 7.13), i.e..I(k, k) =
2i,j Ai(ko, k)Aj (ko, k). Each pair belongs to one of the three previously mentioned

contributions. The first is the speckle contribution (Figure 7.13A). It is caused by
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the collision of paths with no 'common history in the medium,' i.e., no specific phase
relationship. As a result, after averaging over disorder, the resulting intensity
pattern vanishes. The second contribution represents the incoherent contribution.
It is related to paths that follow the same sequence of scatterers in the medium
and are, therefore, in phase irrespective of emergence direction (Figure 7.13B). It
produces an isotropic intensity distribution after averaging over disorder. This
contribution is incorporated into the 'diffusion approximation,' detailed in Tourin et
al. (2000). Finally, there is the coherent contribution in Figure 7.13C. Indeed,
regardless of the scatterer configuration, a given beam path and its reciprocal
counterpart always interfere constructively in the backscattering direction because
they are necessarily in phase under the assumption of medium reciprocity. It
explains why, after configuration averaging, a coherent backscattering peak
appears. Experimentally, the averaged intensity is twice as large in the
backscattering direction than in the other directions only if the single-scattering
contribution is subtracted since the latter is not subject to coherent interference

scattering.
A) Speckle B) Incoherent contribution C) Coherent contribution
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Figure 7.13 — The backscattered intensity can be decomposed onto all possible pairs of paths in the
medium. These path pairs can be classified into one of the three categories symbolized in the
figure. (A) Speckle contribution; (B) incoherent contribution; (C) coherent contribution (adapted from
A.Tourin et al., 2000).

Referred to as coherent backscattering (CBS), this interference phenomenon
was originally discovered on the plane-wave basis in optics (van Albada et al.,
1991; van Albada and Lagendijk, 1985), this phenomenon also occurs on a point-
to-point basis, whether the points be real sensors (Tourin et al., 1997) or created
via focused beam forming (Lambert et al., 2019). On the point-to-point basis,
contributions from multiple scattering give the backscattered intensity profile the
following shape: a narrow, steep peak (the CBS peak) in the vicinity of the source
location (diagonal of the matrix Ry), which sits on top of a wider pedestal (the
incoherent contribution). Finally, the contribution from electronic noise can

decrease the contrast of an ultrasound image in the same way as multiple
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scattering. Noise contributes to a roughly constant background level to the
backscattered intensity profiles.

Figure 7.14A shows a cross-sectional confocal image of the tissue-mimicking
phantom positioned in the center of the tube containing the freeze-dried
monodisperse PVA-shelled microbubbles. Figure 7.14B shows a focused reflection
matrix inside the tube representing the red line in the confocal image. Figure 7.14D
shows a typical reflection matrix slightly below the back wall of the tube,
represented by the blue line in the confocal image Figure 7.14C and E are the
antidiagonal intensity of the red and blue lines in the confocal image, respectively.
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Figure 7.14 — A) Transversal 2D confocal image of the tissue-mimicking phantom with the presence
of freeze-dried monodisperse PVA-shelled microbubbles. The red and blue lines represent the
regions where the focused reflection matrix from images B and D were taken. B) Focused reflection
matrix inside the tube where the monodisperse microbubbles are present. C) Is the Antidiagonal
signal intensity for the region represented by the red line in image A. D) Focused reflection matrix
inside the below the backwall of the tube without the presence of any microbubbles. E) Is the
Antidiagonal signal intensity for the region represented by the blue line in image A.

The high intensity of the signal at the diagonal of Ry, in the Figure 7.14B and
C, indicates that the measurement is dominated by single scattering events. Figure
7.14D and E corroborates these results by displaying the reflection matrix in a
position where there is no single scattering from the bubbles. It is possible to see
that in this position multiple scattering, as expected, dominates. These preliminary
results reinforce the assumptions made in the previous chapter. Despite having a
scattering mean free path extremely small, absorption dominates over scattering

for pm-sized bubbles, resulting in a single scattering regime. In other words, the
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signal backscattered by the bubble cloud would reflect the signature of the

individual bubble response.

7.3.2.2. Linear Hoff-Church Model for Polymeric-shelled
Microbubbles

In 1995, Church derived a model describing the dynamics of shelled gas
microbubbles from the classical Rayleigh—Plesset equation. The bulk Newtonian
liquid is separated from the gas core by a continuous layer of an incompressible,
solid elastic shell with damping. The Laplace pressure tends to force the dissolution
of the microbubbles, which is counteracted by the elastic surface layer that resists
the strains generated by it. The proposed model also includes viscous damping:

pL=Ps pL=ps\ [4R3-R3]R1) _ Ro1\3Y
polalty L+ (PC2) 2]+ ot (54 (252 [ 22) = P (32)
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Here R; and R, are respectively the inner and outer radii of the elastic shell, Ry,
are Ry, are corresponding ambient radii, ps is the shell density, a; is the surface
tension of the gas-shell interface, o, is the surface tension of the shell-liquid
interface, Pg.q = P, for the surface layer permeable to gas, 1, and n,, are the shell
and liquid shear viscosities, respectively, and G, is the shell shear modulus. Hoff
(2001) simplified Church’s equation for the case of a bubble whose shell thickness

is thin, and linearized the model for very small radius displacements, yielding:

fo=2= ﬁ\/ (3xpe + 126, %) (7-6)
where f, is the resonance frequency of the bubble, R is the bubble’s radius, p; is
the density of the surrounding liquid, x is the polytropic gas constant, G, is the
shear modulus, and d, is the thickness of the shell.

From Hoff and Church’s equations, combined with the resonance response
obtained from the backscattering acoustic measurement, the Youngs modulus of
the PVA-shelled microbubble is approximately 1 MPa. The value is 3.5 times
smaller than the value obtained by Paradossi et al. (2009) (3.5 MPa). The
difference can be explained by two factors. First, the PVA used by the authors had
a molecular weight 3 times larger than the one used in our study. Also, their

formulation consists of cross-liking the PVA shell, which makes the shell thicker
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and stiffer. As demonstrated by Bermejo and Ugarte (2009), the mechanical
properties of cross-linked polymer networks depend strongly on both the network
topology and cross-linking density. They studied the influence of cross-linking
degrees on-chain packing and hydrogen-bond structure for PVA. They observed
that their 90% cross-linked PVA formulation had 3 times higher Young’s modulus
compared to the pure PVA formulation.

It is worth noticing that the approximation made in this analysis is only valid

for low acoustic pressure, where the microbubbles behave linearly to the excitation.

7.4.Final Remarks

In this chapter, we tracked the resonance frequency of resuspended PVA
bubbles over a few minutes, using the acoustic setup of Figure 6.1. During this
time, billions of oscillations occur. We did not observe any significant change in the
resonance frequency. This behavior suggests an acceptable shell Physico-
chemical stability since it is known that the shell constitution substantially
contributes to the value of the resonance frequency (de Jong et al. 2002). In
collaboration with Flavien Bureau and Alexandre Aubry from the Institut Langevin,
we were able to use the ultrasound matrix image approach to assess the
microbubbles’ backscatter acoustic response. It was possible to verify that the
monodispersity and the echogenicity of the bubbles were kept after the freeze-
drying process. The focused reflection matrix used to evaluate the presence of
multiple scattering events confirmed that the bubbles were being measured in a
single scattering regime. In addition, although the lyophilisates were transported to
different laboratories to perform acoustic measurements with our collaborators, we
did not observe any degradation in the acoustic performances. Last but not least,
the lifetime of the Iyophilisate is at least one year. This was obtained by using a
lyophilisate stored at ambient conditions at room temperature for one year. In this
study, we found that neither morphologies, nor diameter distributions, nor
resonance frequencies significantly evolved during storage.

It must be pointed out that the microfluidic technology is capable of producing
monodisperse microbubbles tunable in size, e.g.,, down to 1 um in diameter
(Gnyawali et al. 2017). These small bubbles are well-suited to address in vivo
applications on small animals, where higher frequencies (e.g., 10-15 MHz) can be
used compared to experiments on humans due to the limited penetration depth.
To facilitate the use of large sizes of microbubbles in small animals, radial

modulation imaging can be used to detect large microbubbles, e.g., 5 pm in
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diameter, at high frequency by using dual ultrasonic excitations such as 1 MHz and
15 MHz (Muleki Seya et al. 2020). In radial modulation imaging bubble oscillation
is induced by low amplitude, low-frequency modulation pulse. Two broadband
high-frequency imaging pulses are also transmitted to hit the bubble at two different
times corresponding to two different bubble oscillatory states. The responses of
the bubble to the two imaging pulses do not cancel out upon subtraction, as
opposed to the responses from the tissue, which should not change under
exposure to the modulation wave.

The ultrasound image matrix approach has not only the potential to measure
multiple scattering, measure the speed of sound and correct aberrations in the
ultrasound image, but also to track individual microbubbles in a volume. By
retrieving the resonance frequency of each individual bubble in volume, it has the
possibility to correlate their eigenfrequency with the ambient pressure in the
surroundings through relations such as the Minneart law (Minneart 1933). That
way, together with the monodisperse microbubbles, this technology would provide
the complete hemodynamics of an individual in a non-invasive manner, becoming

a promising tool for the diagnostic of cardiovascular diseases.



8. CONCLUSION

Over the last decade, significant progress has been achieved in
manufacturing monodisperse microbubbles and their use as UCAs. According to
the scientific literature, bubble monodispersity increases image contrast and allows
bubbles to be used in early diagnosis, therapy, and sensing applications. The
polydispersity of existing clinical UCAs makes using bubbles in such novel
applications difficult. However, no technology has yet been developed that allows
for the storage and transportation of monodisperse microbubbles. Alternative
freeze-drying methods are unrealistic compared to clinical UCAs, which are
storable, transportable, and simple to use. Aside from economic and regulatory
considerations, this may have hampered the progress of monodisperse bubbles
through the clinics, despite their better features in some relevant aspects
compared to commercial polydisperse bubbles.

For the first time, monodisperse microbubbles has been freeze-dried without
losing their monodispersity. This technique solves the bottleneck of transporting
and storing monodisperse microbubbles as a lyophilisate or powder. We solved
this difficulty by focusing on two distinct factors. The first is microbubble
composition and buffer solution formulation optimization, which includes selecting
a shell molecule, a surfactant, and a cryoprotectant. While the shell and surfactant
increase bubble stability, cryoprotectant shields bubbles during freezing and
freeze-drying cycles. PVA works as shell material, surfactant, and cryoprotectant
in our case. Second, by the resuspension of the bubbles, monolayer and localized
freeze-drying of microbubbles ensure a monodisperse population—the latter
results in less interaction between the bubbles. Consequently, failure in step one
results in the destruction of the bubbles after freeze-drying, whereas failure in step
two results in polydisperse freeze-dried bubbles. We believe that a variety of
features of our lyophilisates and our resuspended bubbles may be important for
several applications, and it is worth to pursue further investigations. Although we
developed this approach on a polymer-shelled microbubble, it may be extended to
freeze-dried monodisperse lipid or protein-shelled microbubbles in theory.

Fresh and freeze-dried PVA bubbles with the same size and gas core were

acoustically described under the identical experimental circumstances in our
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studies. We observed the identical backscattered acoustic response under such
settings within experimental error. These results round out the optical observations
of bubble sizes and morphologies throughout the freeze-drying process and lead
to the conclusion that freeze-drying, as we go, conserves bubble attributes.
Because the shell constitution is known to have a significant role in determining
the resonance frequency, this behavior suggests acceptable shell Physico-
chemical stability (de Jong et al., 2002). Furthermore, the lyophilisates were
maintained at room temperature for a year before moving to different facilities for
acoustic measurements. We discovered that neither morphologies, diameter
distributions, nor resonance frequencies changed substantially during storage.
Furthermore, we compared the backscattered acoustic response of SonoVue and
monodisperse PVA bubbles in the confined system. We discovered that
monodisperse bubbles’ maximum acoustic backscattered response was
approximately seven times higher than SonoVue bubbles at a similar
concentration. SonoVue produced a nearly flat response compared to the
monodisperse bubbles' response, which was defined as narrow bandwidth in the
centimetric cell. Our findings might aid in the entrance of monodisperse bubbles
into the domain of UCAs, allowing for new activities and the development of
innovative non-invasive measures.

It should be noted that microfluidic technology can manufacture
monodisperse microbubbles with controllable sizes, for example, down to 1 um in
diameter (Gnyawali et al., 2017). Due to the restricted penetration depth, tiny
bubbles are suited for in vivo applications on small animals where high frequencies
(e.g., 10-15 MHz) are often favored. Radial modulation imaging may be used to
detect big microbubbles, such as 5 um in diameter, at high frequency by employing
dual ultrasonic excitations such as 1 MHz and 15 MHz to ease the use of large
sizes of microbubbles in small animals (Muleki-Seya et al., 2020).

Contrary to popular belief, employing microfluidic devices to generate
monodisperse bubbles does not compromise the ability to achieve throughputs
consistent with global research and clinical demands. The global output of contrast
agent microbubbles is estimated to be on the scale of 107 per year. A microfluidic
device constantly working at a frequency of 10 kHz (assuming efficient
maintenance conditions such as automated material refilling and cleaning)
generates 10! bubbles each year by preventing disruption in production using the
anti-clogging system. By parallelizing 1,000 times, this would result in 10'* each
year. It should be noted that parallelizing is not a simple task. Furthermore,

obtaining one million microbubbles per second from a single microfluidic device
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would demand the adoption of only a few devices (van Elburg et al., 2021). When
we consider that monodisperse bubbles require one hundred times fewer bubbles
due to their high echogenicity (Segers et al., 2018b; Sirsi et al., 2010; Helbert et
al., 2020), the production we can achieve with microfluidic devices is compatible
with the domain's needs on a global scale. Indeed, before freeze-drying, we must
spread the bubbles on surfaces that may require considerable area. Calculations
reveal that in an industrial process where bubbles are generated and then
transported to the freeze-drier, the space required to distribute the bubbles would
be pretty restricted.

This work concentrated on developing and characterizing what can become
a new generation of contrast agents that can be stored for months and transported
at any place, resuspended, and used directly in clinical applications. Hopefully, the
exciting results obtained here will be helpful in future works to improve ultrasound
contrast imaging, either by creating improved contrast agents or by creating

measurement technigues that can extract quantitative information from the agents.

8.1. FUTURE WORK

The novel technique for freeze-drying monodisperse microbubbles
developed and presented in this thesis can facilitate the penetration of
monodisperse bubbles in the domain of UCASs, to perform new tasks and develop
novel non-invasive measurements. However, much work still has to be done
regarding their characterization and possible applications.

From the characterization aspect, in vivo stability of the microbubbles should
be investigated. Preliminary studies were conducted in blood serum, where the
microbubbles remained stable and monodisperse for more than 20 minutes.
Currently, our bubbles are being studied in an egg Ex-vivo model in partnership
with Sorbonne University. Preliminary results indicate that the bubbles are stable
after injection. However, their capacity to sustain monodispersity when exposed to
a complex medium such as the circulatory system of small rodents should be
investigated.

From the acoustic characterization point of view, attenuation measurements
should be conducted for different bubbles concentration and different acoustic
pressure. That way, the backscatter coefficient for the monodisperse microbubbles
can be corrected, yielding a more accurate description of the dynamics of the
bubble and full exploitation of the linear relationship of the backscatter coefficient

to contrast agent concentration.
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Regarding the potential applications of the freeze-dried monodisperse
microbubbles, experiments concerning the monodispersity of microbubbles with
different shell materials (lipids, proteins, etc.) should be conducted. Thus,
confirming that the technique developed can be expanded through the classical
materials available for UCA production.

Ambient pressure measurements based on the resonance peak of the
microbubbles populations' backscatter signal would be a significant step toward
non-invasive pressure measurements. The static ambient pressure variation
experiments are being conducted with the milli-channel setup presented in this
work. Also, in collaboration with the Institut Langevin, experiments for pressure
measurement are in the beginning phase using the matrix approach. The
resuspended bubbles will be injected into a tissue-mimicking phantom, described
in chapter 6.3, with different flow rates, and the bubble's resonance peak will be
tracked through the matrix approach technique. This approach of wave imaging is
based on the concept of the distortion matrix, in which the operator essentially
connects any focal point inside the medium with the distortion that a wavefront
emitted from that point experiences due to heterogeneities. A time-reversal
analysis of the distortion matrix enables the estimation of the transmission matrix
that links each sensor and image voxel (Lambert et al., 2020). This way, the
bubbles can be seen in a 3-D space, where their resonance frequency can be
obtained. This could result in a pressure map of the flow, having the potential, in
the future, to provide non-invasively the whole hemodynamics of the circulatory

system.
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RESUME

Les avantages de l'utilisation d'agents de contraste ultrasonores (ACU) a
distribution de taille monodisperse ont été mis en évidence. Caractérisées par
un coefficient de variation (CV) de leur diamétre inférieur a 5%, les microbulles
monodisperses (MBM) ont le potentiel d'améliorer la qualité des images
ultrasonores (amélioration du rapport signal/bruit et réduction des effets
d'ombre). Elles facilitent également le contrdle de la fréquence de résonance
fondamentale (FRF) des microbulles, ouvrant des possibilités dans les
domaines de l'imagerie moléculaire et des mesures de pression non invasives.
En outre, les MBM peuvent optimiser I'administration de médicaments, et de
géenes

Cependant, contrairement aux bulles polydisperses (MBP), la lyophilisation de
MBM fraiches, sans détérioration de leur monodispersité, reste un défi. Ainsi,
les MBM ne peuvent étre ni stockées ni transportées. Cela représente un
goulot d'étranglement pour leur utilisation dans des applications cliniques. Les
tentatives faites pour résoudre ce probléme ont utilisé des solvants toxiques,
ce qui souléve des problémes de réglementation.

L'objectif était de développer une nouvelle technique de lyophilisation des
MBM qui ne dégrade pas leur distribution de taille, ni leurs propriétés
acoustiques, et ce sans utiliser de solvants toxiques. La premiére étape a
consisté a fabriquer des dispositifs microfluidiques de focalisation du flux pour
produire des microbulles avec une distribution de taille monodisperse
(CV<5%). L'optimisation de la formulation des microbulles et des matériaux
cryoprotecteurs a été réalisée. La caractérisation géométriqgue de deux
microbulles avec des diamétres moyens de 40um et 5um a été menée. Des
images de toutes les étapes du processus de lyophilisation des microbulles ont
été capturées et analysées, pour contréler la distribution de taille et le taux de
production. Le développement d'une nouvelle technique de récupération a
permis de réduire considérablement l'interaction entre les bulles pendant la
lyophilisation. De cette maniére, il a été possible de préserver la
monodispersité pendant le processus de lyophilisation (CV <6% ).

Une caractérisation de la réponse acoustigue des MBM lyophilisées et
enveloppées de PVA a été réalisée et comparée avec celles de microbulle
fraichement produites et de MBP disponibles dans le commerce (SonovueTM).
La réponse acoustique en rétrodiffusion a été évaluée dans deux
configurations différentes : la cellule centimétrique (grand récipient), et le "milli-
channel" (systéme confiné). En utilisant un transducteur acoustique focalisé
avec une fréquence de 2.25MHz, les FRF et amplitudes, avant et apres le
processus de lyophilisation, ont été comparées pour des bulles de 5um de
diametre. |l a été constaté que la variation de I'amplitude et de la FRF des
bulles se situait dans la plage d'incertitude expérimentale, ce qui suggére que
leurs propriétés acoustiques ont été préservées. Nous avons observé qu'il
existe une dépendance linéaire entre la concentration de la population de
microbulles et I'amplitude du coefficient de rétrodiffusion. Une comparaison de
la réponse acoustique a été effectuée pour des MBM et MBP. Nous avons
observé une amplitude du signal de réponse des MBM de 8 a 10 fois
supérieure a celle des MBP. Il a été possible d'observer une plus faible




incertitude dans le suivi du pic de résonance des bulles et une plus petite
largeur de bande pour les MBM. Enfin, en utilisant une approche « d'imagerie
matricielle par ultrasons », la réponse acoustiqgue de la MBP et MBM a été
évaluée dans un fantdme simulant les tissus. Les résultats préliminaires
renforcent les conclusions des mesures acoustiques menées dans la cellule
centimétrique et le canal millimétrique.

Nous avons proposé une nouvelle génération d'ACU se présentant sous la
forme d'une poudre lyophilisée stable qui peut étre transportée et stockée
pendant des mois et remise en suspension monodisperse pour étre utilisée
dans des cliniques.
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ABSTRACT

The advantages of using ultrasound contrast agents (UCA) with monodisperse
size distribution have been highlighted. Characterized by a coefficient of
variation (CV) lower than 5%, monodisperse microbubbles (MMB) have the
potential to improve the quality of ultrasound images. It also facilitates
microbubble resonance frequency monitoring, opening possibilities in the
areas of molecular imaging, non-invasive pressure measurements, and drug
and gene delivery.

But, contrarily to polydisperse microbubbles bubbles (PMB), freeze-drying
monodisperse populations of fresh microbubbles, without deteriorating their
monodispersity, remains a challenge. Thus, MMB can neither be stored nor
transported. This represents a bottleneck for their use in clinical applications.
Attempts made to solve the problem have used toxic solvents, raising
regulatory issues

The present work presents a new freeze-drying technique for MMB that did not
degrade their size distribution, or their acoustic properties, without the use of
toxic solvents. As the first step of the project, flow-focusing microfluidic devices
were fabricated to produce microbubbles with highly monodisperse size
distribution (CV<5%). During this step, the optimization of the microbubble
formulation and cryoprotectant materials was performed. Geometric
characterization of two microbubbles population with mean diameters of 40um
and 5um was performed. Images of all stages of the freeze-drying process of
the microbubbles were captured and analyzed, aiming the control of the size
distribution and production rate. The steps of the freeze-drying process
consisted of production, collection, freezing, lyophilization, and resuspension.
The development of a new retrieval technique, where the microbubbles were
stored in monolayers, resulted in a drastic reduction of the interaction between
the bubbles during lyophilization. In this way, it was possible to preserve the
monodispersity, resulting in a CV <6% for the resuspended microbubbles.

In the second stage of the project, a characterization of the backscatter
acoustic response (BSAR) of the freeze-dried monodisperse PVA-shelled




microbubbles (FDMD), in comparison with fresh MMB, and PMB was
conducted. Firstly, the BSAR of the microbubbles was evaluated in two
different setups: the centimetric cell (large container), and the ‘milli-channel’
(confined system in which the liquid is at rest). Using a focused acoustic
transducer with a frequency of 2.25MHz, the backscattering acoustic
responses of the microbubbles, before and after the freeze-drying process was
compared for the bubble population of 5um diameter. The variation of
amplitude and fundamental resonance frequency of the bubbles were within
the experimental uncertainty range, suggesting that their acoustic properties
were preserved. We also observed, in agreement with the literature, that there
is a linear dependence between the concentration of the microbubble
population and the amplitude of the backscatter coefficient. Also, in agreement
with the literature, we observed an amplitude in the response signal of the
monodispersed bubbles of 8 to 10 times higher than that for the polydispersed
ones, for the same in vitro concentration. It was observed a lower uncertainty
in monitoring the fundamental resonance peak of the bubbles and a smaller
bandwidth for the FDMD. Finally, using the ultrasound matrix imaging
approach, developed at Institut Langevin, the BSAR of the FDMD and PMB
was evaluated in a phantom mimicking tissue. The results reinforced the
findings obtained the centimetric cell and the milli-channel.

We successfully presented a new technique developed to freeze-dry
monodisperse microbubbles without degrading their geometrical and acoustic
properties. Thus, we proposed a new generation of ultrasound contrast agents
in the form of a stable freeze-dried powder that can be transported and stored
for months and resuspended for use in clinical applications.
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