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ABSTRACT

Engineering Lipid-stabilized Microbubbles for Magnetic Resonance Imaging
guided Focused Ultrasound Surgery

Jameel Adebayo Feshitan

Lipid-stabilized microbubbles are gas-filed microspheres endaiesl with a
phospholipid monolayer shell. Because of the high echogenicity providedsbfighly
compressible gas core, these microbubbles have been adaptedsamsintl contrast agents for a
variety of applications such as contrast-enhanced ultrasonogragblyS{C targeted drug
delivery and metabolic gas transport. Recently, these lipnliged microbubbles have
demonstrated increased potential as theranostic (therapy + diaghagents for non-invasive
surgery with focused ultrasound (FUS). For instance, their ingl&ation has reduced the
acoustic intensity threshold needed to open the blood-brain-barrid®) (B2h FUS, which
potentially allows for the localized delivery of drugs to trea@tirodegenerative diseases such as
Alzheimer’'s, Parkinson’s and Huntington’s diseases. However, thectieffieess of
microbubbles for this application is dependent on successful microbubgieeering. One
necessary improvement is the development and utilization of moncaslispecrobubbles of
varying size classes. Another design improvement is the devatbing microbubble construct
whose fragmentation state during or after FUS surgery can bedrdy magnetic resonance
imaging (MRI).

Thus, in this thesis, we describe a method to generate amd Igakbcoated gas-filled
microbubbles of specific size fractions based on their migratian dentrifugal field. We also

detail the design and characterization of size-selected dgated microbubbles with shells



containing the magnetic resonance (MR) contrast media Gadolinid(I§ for utility in both
MR and ultrasound imaging. Initial characterization of the lipiddgeaup labeled Gd(lll)-
microbubbles by MRI revealed that the Gd(lll) relaxivity m@sed after microbubble
fragmentation into non-gas-containing lipid vesicles. This behavierexplained to stem from
an increase in interaction between water protons and the Gd(ll1)bipioh fragments due to an
increase in lipid headgroup area after microbubble fragmentatioaxglore this hypothesis, an
alternative construct consisting of Gd(lll) preferentially boundhe protective poly(ethylene
glycol) (PEG) brush of the lipid shell architecture was alsigied and compared to the lipid
headgroup-labeled Gd(Ill) microbubbles. Nuclear magnetic resen@dMR) analysis revealed
that, in contrast to the headgroup labeled Gd(lll) microbubbles, thevigieof the PEG-labeled
Gd(ll)-microbubbles decreased after microbubble fragmentation. NMk#ysis also revealed
an independent concentration-dependent enhancement of the transvessgn®my virtue of
the microbubble gas core. The results of this study illustthtetbles that Gd(lll) placement on
the lipid shell and the presence of the gas core may play on Eheidwal when monitoring

Gd(ll)-microbubble cavitation during non-invasive surgery with FUS.
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Chapter 1: Introduction

Gas-filled microbubbles are 1 to 106 spheres that create a colloidal suspension consisting
of gas globules dispersed in a liquid medium. These microbubbles ocouallyain fresh or
seawater, in the fluid within our bodies, or are syntheticallpufectured. Although adaptable
in a wide range of applications, their use in the medicld fgecurrently gaining ground. For
example, microbubbles have been studied as tools for contrast-enhanesdnoljraphy
(CEUS), targeted drug/gene delivery and metabolic gas delivenpther developing medical
application with microbubbles involves their application as theran@dterapy + diagnostic)
agents for non-invasive surgery using focused ultrasound (FUS)astliind in combination
with microbubble cavitation can focus the mechanical energy to raaegvents distributed
throughout the insonified vasculature, resulting in violent or subtle chatogeke local
environment. A combination of this effect with the capability ofroticbbles to simultaneously
offer contrast enhancement for diagnostic imaging and drug lqadmgvell as delivering a
payload for targeted therapy, makes for a promising medocal (8irsi and Borden 2009).
However, there is still a need to improve the design of microbuliblesheir successful
application in FUS surgery. These improvements may include theeobiogurfactant shell type,
reducing microbubble size polydispersity, gas choice and the atalitgonitor therapy with
techniques like MRI. Although a variety of microbubble shellariats may be selected, lipid-
shelled microbubbles are preferred due to their ultrasound compliaload,(BVan et al. 2004;
Ferrara, Pollard et al. 2007). Thus, in this chapter, we digbesstructure and composition of
lipid-stabilized microbubbles, their fabrication methods, the importafcze monodispersity
and the need for a MRI-detectable microbubble design to aid kirtgaof the microbubble or

its lipid shell debris during non-invasive surgery with FUS.



1.1. Lipid-shelled Microbubble Structure and Composition
Lipid-shelled microbubbles are typically composed of two key compsntrg amphiphilic
phospholipid moiety and a poly(ethylene glycol) (PEG) labeled limdlgifier or lipopolymer

(Figure 1.1). The inclusion of the PEGylated lipid into the shell improves microbubbiléeysta

gas core
Shell: 3-15nm

environment

l y aqueous
// \
4

Microbubble
diameter: 1 - 10um

Figure 1.1. Cartoon illustrating the microbubble lipid-shelled monolaye

In a comparable engineering design to long-circulation liposomes,usle layer of PEG chains
is an important part of the lipid microbubble shell structure beci&iusems a steric barrier
against coalescence and adsorption of macromolecules to the miceolsuifaice (Klibanov,
Maruyama et al. 1990; Klibanov 1999). The protective role of PEE.GSamed to be due to the
steric hindrance effect of the polymer brush, which forms a sepeetrable barrier over part
of the microbubble surface that partly inhibits certain molecint®s diffusing into the brush
layer (Needham, Mcintosh et al. 1998).

The main phospholipid component of the shell consists of long hydrophotyica&d
tails and a hydrophilic polar headgroup. During microbubble formatimse phospholipids
spontaneously absorb from lipid vesicles in solution such as mamdldiposomes, to form a
highly oriented and densely packed monolayer at the gas-liquidasgersuch that their

hydrophobic tail faces the gas and their hydrophilic headgroups taeeaqueous medium.



Phospholipids below their main phase transition temperaty)e d€fined as the temperature at
which the membrane transforms from a crystalline state to a liquid lbnestaan achieve lateral
compression within the monolayer plane that results in very lolacitension (Ferrara, Pollard
et al. 2007). The length of the lipid chain is integral to microbubtability and affects its
mechanical properties. For instance, increasing the length dptthechain has been found to
reduce surface tension and increase shell surface viscosity, bucklititysaabi gas permeation
resistance (Borden and Longo 2002; Kim, Costello et al. 2003; Bordenoagd 2004; Duncan
and Needham 2004; Pu, Borden et al. 2006; Kwan and Borden 2010).

Research has also revealed the complex interaction of the diggl constituents
stabilizing the microbubble. Kim et al. (Kim, Costello et al. 20@ealed the lipid shell to
consist of planar microdomain phases separated by regionseatslefBorden et al. (Borden,
Martinez et al. 2006) later elucidated the nature of the phaparation on the shell. The
microdomains were composed mainly of lecithin and were segdelggtgrain boundary regions
consisting of a miscible phase rich in other monolayer constitgents as lipopolymers. Both
phases are integral in the stability of lipid-stabilize@dnostbubbles (Pu, Borden et al. 2006; Talu,

Lozano et al. 2006; Ferrara, Pollard et al. 2007).

1.2. Fabrication Techniques

The most common technique for generating high yields of lipid-daaterobubbles is by
mechanical agitation (Feinstein, Shah et al. 1984; Feinstein 200i).process can be sub-
divided into two techniques, shaking or acoustic emulsification (sonicattahg interface of a
gas and liquid. Both techniques can produce microbubble suspensions raptd§0(seconds)

with relatively high concentration (36-10"° mL") and containing a polydisperse size



distribution, ranging between 1-100 microns in diameter. For biomegpétations requiring
small quantities of microbubbles, the shaking method (Ueger. 1992), allows for on-site
generation of microbubbles by vigorously shaking a serum vial 82mL) containing lipid
solution and gas headspace. This technique has been adapted in the develdfpment
commercially available lipid microbubbles such as DefiffitLantheus Medical Imaging,
North Billerica, MA, USA). The advantage of this technique is thatpre-microbubble lipid
solution can be stored, and the microbubble suspension can be lateegnegiag equipment
such as a dental amalgamator. Alternatively, the sonication techisiqgenerally used for
laboratory applications requiring large volumes of polydisperse mibldes (figure 1.2). In
this methodology, microbubbles are generated by mechanical pexoarhatbduced by an
ultrasonic probe sonifier (at about 10 kHz), whose tip is placed ddbe tinterface of the lipid
suspension and the overhead gas space. The technique has been impenet years. For
instance, Swanson et al. (Swanson, Mohan et al. 2010) adapted tha@otechinique to semi-
continuously create lipid-coated oxygen microbubble suspensions at catioestup to 18

mL™ within a few minutes and at volumes up to 1 L.
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Figure 1.2. Representative size distribution of freshly madenicrobubbles (prepared by
sonication) measured by light obscuration.

Other more refined techniques have been developed to produce microbubbtes. The
include the adaptation of T-junctions (Xu, Nie et al. 2005), flow$org (Talu, Lozano et al.
2006; Talu, Hettiarachchi et al. 2008), ink-jet printing (Bohmer, Sxders et al. 2006) and
coaxial electrohydrodynamic atomization (Stride and Ediri#n@®08). These techniques
mainly make use of microfluidic processing methods to produce microlsubiite narrow size
distributions. However, these methodologies lack the microbubble productiocitgaphen

compared to the sonication method.

1.3. Microbubble Size-dependent behavior

Microbubble size plays a big role on its behavior under ultrasoundex@&anple, Apfel and
Holland (Apfel and Holland 1991) developed a Blake threshold, for the misgtertial
cavitation of a bubble during pulsed insonation at higher frequengiesgling mathematical
models of bubble dynamics. Their calculation demonstrated that #ke Bhechanism causes
unstable growth of smaller bubbles, while liquid inertia restticts growth of larger bubbles.

Chomas et al. (Chomas, Dayton et al. 2001) also linked the ultrasousdegbars needed to



cause bubble fragmentation with bubble size by driving optically wédemicrobubbles of

different sizes under a range of ultrasound pressures. In theisianal fragmentation threshold
was developed to delineate microbubbles that remained intact duriraggoultd-induced

cavitation from those that were destroyed.

There is also a size-dependent behavior of microbubbles for diagnioséiging
applications. In 1933, Minnaert (Minnaert 1933) developed a relationshipedm®tacoustic
resonant frequency,to bubble radiusR in an infinite medium neglecting surface tension and
Viscosity.

1
BREEAL

2R p (1.2)

wherey represents the polytropic coefficieptrepresents the density of water, &#depresents
ambient pressure. One example of an implication of this relasothat increasing the
microbubble diameter from 1 to 5 microns will change the resonairgeency of an un-
encapsulated microbubble from 4.7 to 0.72 MHz. (Wu and Nyborg 2008). latadraitudy,
Goertz et al. (Goertz, de Jong et al. 2007) showed that, as pddalycéeRayleigh-Plesset model,
the acoustic response of small (< 2 microns) lipid-coatedoimidrble led to greater acoustic
attenuation (extinction) at higher frequencies because they weretde@esonance.

Microbubble size also affects the biodistribution and pharmacodysamafter
intravenous injection, the bioeffects during ultrasound insonificatiorgdbeelease profile, and
other related behaviors. For instance, Bouakaz et al. (Bouakazpnde el al. 1998)
demonstrated that microbubbles larger than the lung mean capifargi¢rons) diameter were
filtered out. Other studies using positron emission tomography dteoxen that a large portion

of microbubbles accumulate in the spleen via a potential size dagefiittation mechanism



(Tartis, Kruse et al. 2008). Clearly, for both diagnostic imggnd therapeutic applications

microbubbles size control is necessary for their successful developsrteetanostic agents.

1.4. Attempts to Reduce Size Polydispersity

Most commercially available microbubble contrast agents areytpghlidisperse in size.
For example, the commercially available lipid-based microbubblefiniBe  contains
microbubbles ranging from 1 to 10 microns in diameter, with mosteofiticrobubbles below 2
microns (Goertz, de Jong et al. 2007). The high polydispersity dsnaequence of the
emulsificationmethods (as described in section 1.2) used to generate microbublieshi
guantity, such as sonication and shaking. In most cases, thdisizlution is broad over a
range of sub-micrometer to tens of micrometer in diam€mnsequently, a number of methods
are being developed to improve the control over microbubble size and obitseacteristics.
These techniques include flow focusing (Talu, Lozano et al. 2006; Haliiarachchi et al.
2007; Talu, Hettiarachchi et al. 2008), T-junctions (Xu, Nie et al. 2008) a
electrohydrodynamic atomization (Farook, Stride et al. 2007; Fad@ng et al. 2007). While
these techniques provide very low polydispersity, they are rather slovgenerating
microbubbles. Using flow focusing, for example, requires several how®duce microbubbles
at sufficient numbers for even a single small-animal tra0dL mL x 16 mL™). Additionally,
dust particles can plug microchannels, thus requiring fabricationaifidation of a new device.
Although engineering breakthroughs may eventually allow efficséent robust generation of
monodisperse microbubbles via microfluidic strategies, these techniqueently remain

untenable for biomedical studies.



Another strategy takes advantage of microbubble buoyancy to isolate spenseli
microbubble populations. In principle, larger microbubbles are more buapadntise faster,
thus allowing separation possible based on different migration matasgravitational field.
Kvale et al. (Kvale, Jakobsen et al. 1996) described a model ferzth&actionation of air-filled
microbubbles by simple flotation. Microbubbles were injected abttem of a stagnant water
column and allowed to rise under normal gravity. The model predictesizbelistribution of
microbubbles at certain distances from the bottom of the columifuastegon of time. The form
of the model was a second-order PDE (equation 1.3) that used Stakasy\elquation 1.4) to
account for the convective motion of the bulk dispersed phase (liquid moved down the column as
microbubbles moved up) as well as the Stokes-Einstein diffusion cor{etamdtion 1.5) to

account for Brownian (thermal) diffusive motion of the particles.

2
%:—uiaai+ D aar; (1.3)
X ° X
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u (1.4)
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whereu," represents the relative velocity between the rhigbble and the fluidh represents the
number of microbubblest represents timex represents vertical positiorR represents
microbubble radiusg represents gravityPig represents diffusion constang* represents
effective viscosityp — pi; represents the density difference between thelewbid the fluidR

represents gas constaiiitrepresents ambient fluid temperature &ndepresents Boltzmann’'s

constant.



Wheatley et al. (Wheatley, Forsberg et al. 20@@&}cribed a methodology to separate
submicron population of bubbles from larger onesubiyng predetermined centrifugal speeds.
This centrifugation technique reduced the separdtioe as compared to the gravity separation
protocol. By adapting these protocols, it is conabie to develop a technique to select different

microbubble size classes by varying centrifugaksdpe

1.5. Applications of Microbubbles in Focused Ultrasound Surgery
1.5.1. Focused Ultrasound Surgery with Microbubbles

Focused ultrasound (FUS) surgery has become a girgminedical technique since it
provides a truly non-invasive surgical method withthe unwanted side effects associated with
other treatment option like chemotherapy and raei@py (Kennedy, ter Haar et al. 2003)
When ultrasonic waves are focused using transduedis spherical geometries, or beam
steering techniques, the ultrasonic waves aligiortm a focal region a certain distance from the
plane of the transducer leading to localizatiorthef acoustic energy to a target region without
significantly perturbing the surrounding media. eTability of high intensity FUS to induce
lesion formation for non-invasive surgery is based the observation that above a certain
thermal threshold and sonication time, irreversib&l death occurs through “coagulative
necrosis” (Kennedy, ter Haar et al. 2003)Ultrasound can be used to generate non-thermal
bioeffects like the acoustic cavitation generatgdibbles (Kennedy, ter Haar et al. 2003; Jolesz
and McDannold 2008). At high acoustic intensitiegse gas bubbles can form in the focal area
during the rarefaction phase of ultrasound. Thaseption bubbles oscillate in size or undergo

inertial collapse, causing mechanical stressesgandrating temperatures exceeding 2000 K in
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the microenvironment (Kennedy, ter Haar et al. 208dley, Gedroyc et al. 2004), which
further aids the therapy.

While heating with inception microbubble cavitatioray provide some advantages over
heating alone, it has its disadvantages. For iostahe forces generated from inertial cavitation
from an inception bubble can cause significantudsdamage. Moreover, the uncertainty in
formation and location of inception cavitation magult in tissue damage outside the desired
region of interest. One method to mitigate the ipiedé problems with cavitation-enhanced FUS
is to introduce preformed lipid-stabilized microlblégs into the vasculature (Jolesz and
McDannold 2008). Since these microbubbles, aemdly commercially available as ultrasound
contrast agents, they can substantially reducehieshold for inertial cavitation and further
reduce the acoustic power requirements neededdteaissue. These preformed microbubbles
have been demonstrated in animals to aid lesiam&ton through non-thermal mechanisms.
For example, Fujishiro et al. (Fujishiro, Mitsumast al. 1998) demonstrated an increase
ultrasound-induced heating efficiency of a 2 ceeten beef tissue phantom with the
administration of air-filled protein shelled micudtbles. In a related study, Miller et al. (Miller
and Gies 1998) demonstrated the importance of imitrole persistence in their efficacy for
ultrasound-induced cavitation. Generally, perfl@amon-containing microbubbles were
reported to be more effective in inducing hemolyisighe canine blood than air-containing
microbubbles. Mcdonnald et al. (McDannold, Vykhedts et al. 2006) showed that, upon
administration of protein-shelled microbubbles (©mt GE Healthcare, Milwaukee, Wlesion
formation in the rabbit brain could be attainedemperature below the threshold for thermal
damage. Finally, in a study comparing differentnoibubbles shell architectures, Takegami et

al. (Takegami, Kaneko et al. 2005) demonstrated lthal-shelled microbubbles (MRX-133,
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ImaRX, Tuscon, Arizona) were more efficient in iwthg lesions in the rabbit liver than protein-
shelled counterparts. Clearly, varying parametermicrobubble design such as the choice of
shell, gas-type and size are important consideratio the development of microbubbles for

non-invasive surgery with FUS.

1.5.2. Magnetic Resonance Imaging (MRI)-guided Focused Ultrasound Sgery with

Microbubbles

Another important consideration in the clinical bggtion of FUS surgery is the ability to
monitor treatment accurately. In modern practitis is achieved by either using real-time
ultrasound (Madersbacher, Kratzik et al. 1994; Ghen et al. 2001), or MRI (Cline, Schenck et
al. 1992; Hynynen, Darkazanli et al. 1993; Clingnihen et al. 1995; Hynynen, Freund et al.
1996). The advantage in using MRI to guide FU3apw is the capability of producing better
image quality and the ability to monitor changeseémperature. This treatment is called MRI-
guided focused ultrasound surgery (MRIgFUS). lis thethod, the target region is initially
identified with *“sublesioning” ultrasound exposure@olesz and McDannold 2008).
Subsequently, the local rise in temperature is ts@dlidate the position of the ultrasound focus
before higher intensity pulses are used for theat¢teatment. The Exablate 2000 is an example
MRIgFUS device, developed by Insightec Ltd, thatusrently FDA approved to treat uterine
fibroids, a benign tumor found in the uterus. Tdesice allows the operator to monitor and treat
the tumor in real time via a thermal feedback adnivop. McDannoldet al. (McDannold,
Vykhodtseva et al. 2006) demonstrated that th&tion and level of lesion formation in rabbits,
created using the combination of FUS and an ultnad@ontrast agent (Optison), correlated with

temperature contours observed in MR thermometryrelider, the study revealed that the



12

administration of the microbubbles reduced the atiothreshold needed to produce the lesions
by 91 % as compared to without microbubbles. WHMRIgQFUS is currently under
development to treat a variety of other diseasaadan the liver, uterus, kidney and bone, one
of the most ideal applications is to treat disedsesd in the brain (Jolesz and McDannold

2008).

1.5.3. Blood-Brain-Barrier Opening with Focused Ultrasound and Microbubbles

A method that allows non-invasive and efficientidely of drugs to anatomically desired
regions of the brain currently does not exist. Kag challenge in this development is severe
limitation imposed by action of the blood-braindiar (BBB). In general, the BBB is a
permeability barrier that prevents most large commgg (> 400 Da) from crossing into the
interstitial space of the brain (Pardridge 2003hus, it serves as a major bottleneck for drug
delivery to the brain to treat neurodegeneratiseases such as Parkinson’s, Huntington’s and
Alzheimer’s, as most effective drugs are largenttiee BBB size cut-off. While other invasive
or non-localized strategies are under developmenbwvercome the BBB, FUS with pre-
administered microbubbles represents one of thg m-invasive and localized methodologies
available (Choi, Pernot et al. 2007). The intrawenaddition of microbubble before sonication
has improved safety of FUS-induced BBB opening esiitds not associated with significant
neuronal damage. BBB opening with FUS and microlasbielies mainly on non-thermal
mechanical perturbation mechanisms caused by tterastion of the microbubbles with
ultrasound as opposed to the predominantly theeffatts used to induce tissue ablation in
MRIgFUS. Furthermore, the BBB disruption is revaes since it recovers within a few hours.

The presence of the microbubbles in the blood sugisio offers the advantage of reduction in
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the acoustic driving pressure needed for non-thieceladisruption. Hynyeret al. (Hynynen,

McDannold et al. 2001) demonstrated that FUS stioitan the presence of pre-injected
Optison microbubbles temporarily opens the BBBdbhits at acoustic intensity levels lower
than that required for thermal ablation. Chbal. (Choi, Pernot et al. 2007) further demonstrate
the non-invasive, localized and transient openihthe BBB in mice at lower acoustic driving

pressures, with the administration of the lipidsditaed microbubble Definity.

1.5.4. The Need for MRI-detectable Microbubbles in MRI-guided Focused Ultrasound

Surgery and Blood-Brain Barrier Opening with Focused Ultrasound

Until now, the microbubble sizes used for FUS-irethdBBB opening were generally
polydisperse in nature (Figure 1.2), similar tosiadormed by sonication or shaking, thus
resulting in the unknown dependence of bubble sire FUS-induced BBB opening.
Additionally, owing to the different cavitation mesl of microbubbles during FUS sonications,
the state of the microbubble construct during ¢eraherapy is not known. Providing solutions
to these problems begins with proper microbubbbgresering. For instance, the dependence of
microbubble size on BBB opening may be elucidatgdiéveloping and testing the effects of
different-sized monodisperse microbubbles. The rdmperse microbubbles size classes could
be prepared using the centrifugation technique gseg in section 1.4. Furthermore, the
guestion of how to track the microbubble fragmeaatastate during or after FUS-induced BBB
opening or MRIgFUS may be answered by taking adgeof the techniques used to determine
the opening and closing of the BBB. In most BBRwpg studies, this involves monitoring MR
signal intensity changes after administration of RIMcontrast media, typically Gadolinium

Gd(lll) based (Hynynen, McDannold et al. 2001; Chrernot et al. 2007). With an open BBB,
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the injection of the MRI contrast media after mimbble-mediated BBB opening results in
enhancement in the MRI signal intensity in the sat@d region. This is because these Gd(lll)
molecules are able to diffuse into the extracallgfzace, previously unreachable when the BBB
is closed.One may gain insight on the final state of thedlpiabilized microbubble by
developing a contrast agent that combines both imgagnodalities, ultrasound with
microbubbles and MRI with Gd(lll). Thus, the devmitent of size-selected microbubbles with
Gd(l1) bound lipid shells could be beneficial tdvance both MRIgFUS and BBB opening with
FUS. The development of this dual-modal contraginagnay also give information on shell-
associated biodistribution and pharmacokineticdfag delivery to the brain, since the Gd(lll)-
bound lipid shell can serve as a potential drugogiate. Finally, by monitoring the effect of
microbubble destruction on the MRI signal, one ntayceivably use Gd(lll) microbubble

fragmentation as a guide for FUS surgery as opptmsBtR thermometry used in MRIgFUS.

1.6. Gadolinium as an MRI contrast agent

Before development of a dual-modal construct forasbund and MRI, it is necessary to
understand the functionality of the contrast mediaventionally used in MRI. Historically, MRI
contrast agents play a significant role in the twaent of MRI for medical applications. They
are commonly referred to ak- or T,-agents based on whether the relative reduction in
relaxation times caused by the agent is largertlier longitudinal Ty) or transverseTp)
relaxation (Toth, Helm et al. 2002)IR signal intensity increases with increasing:1(firighter
Ti1-weighted images) and reduces with increasinig {darker To-weighted images)While a
variety of other contrast agents exist, such asddde based particles, the most popularly used,

especially forT;-weighted MRI, are derived from stable chelatesGafdolinium (Gd(lll)).
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Gd(lll) is the ideal contrast agent because okitsv electron spin relaxation and because its
seven unpaired electrons makes it the most parastiagsf all the stable metal ions (Caravan,

Ellison et al. 1999; Kubicek and Toth 2009).

1.6.1. Relaxivity of Gd(lll) based contrast agents

Solomon, Bloembergen and others (Bloembergen,efuet al. 1948; Solomon and
Bloembergen 1956; Bloembergen 1957; Bloembergen Marhan 1961; Connick and Fiat
1966) provided detailed description of the relaxatof solvent nuclei around a paramagnetic
center. As equation 1.6 below shows, the obserodekrst relaxation rate, T/ s, iS the
summation of the diamagnetic terni14 , corresponding to the relaxation rate of the eatv
nuclei without the paramagnetic solute, and a pagaetic term I;, , which is the relaxation

rate augmentation caused by the paramagnetic sgbsta

- 4 i=1,2 (1.6)

This paramagnetic contribution is linearly propom&l to the concentration of paramagnetic,

[Gd(n] :

NI i=1,2 (1.7)

i 1obs ird

where the parameter is the longitudinal or transverse proton relayiinMs™), defined as

the efficiency of a paramagnetic substance to esehéime relaxation rate of water protons. As
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described by Tothet al. (Toth, Helm et al. 2002), the two key conttdys to overall

paramagnetic relaxation rate enhancement and/axivél are the inner sphere, due to the
interaction between the Gd(lll) electron spins anel water protons in the first coordination
sphere, and the outer sphere contribution, ariioig random translational diffusion of bulk

solvent moleculesThe total Gd(lll) relaxivity is therefore expresdeylthe equations below.

rP =p'S 4% 0 =1,2 (1.8)

e T

where r'® = 1/T;,,° and r®® = 1/T;,,°° and IS and OS stand for inner and outer sphere
respectively. Efforts to improve the relaxivity afntrast agents generally involve increasing the
inner sphere term since the outer sphere contoibwdan hardly be modified (Toth, Helm et al.
2002). The most important factors governing reléithat can be modified are the rotational
correlation time, proton exchange and the hydratiember,q (Toth, Helm et al. 2002; Kubicek
and Toth 2009). However, most efforts to improgkaxivity involve increasing the rotational
correlation time by binding Gd(lll) to macromoleaulcompounds like proteins, polymers and
lipids structures (Toth, Helm et al. 2002; StrigkeMulder et al. 2005; Hermann, Kotek et al.

2008; Hak, Sanders et al. 2009).
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1.7. Microbubbles as MRI Contrast Agents

1.7.1. Microbubbles as Contrast Agents forT, -weighted MRI

Gas-filled microbubbles have been previously &thmainly as,” MR contrast agents.
Studies have demonstrated that microbubbles (witladtached MRI contrast media) can
enhancel,* shortening (Alexander, McCreery et al. 1996; Wardgang et al. 2004; Cheung,
Chow et al. 2009).T, is the additional enhancement of the transversgnetization signal
above of baseline provided bl and stems from inhomogeneities in the magnetitd.fie
Previous results have demonstrated thisshortening effect to be microbubble concentration-
dependent. Alexandet al. (Alexander, McCreery et al. 1996) reporfed shortening from 9
different gas-types and the potential to use tteevgédume dependent susceptibility effect as a
pressure sensor for evaluating cardiovascular imct Cheunget al. (Cheung, Chow et al.
2009) reported, shortening at 7 T in the rat brain as a functiomafrobubble volume fraction
for both sulfur hexafluoride and air-filled micrditlles. Wonget al. (Wong, Huang et al. 2004)
used theT, shortening induced by Optison (GE Healthcare) ahiobbles for intravascular
imaging of the rat liver with MRI. Subsequent sasdby Chowet al. (Chow, Chan et al.) and
Yangetal. (Yang, Li et al. 2009) demonstrated additiofial shortening by loading iron oxide
into the shell of polymeric microbubbles (Chow, @l al. ; Yang, Li et al. 2009). Finally, Liu
et al. (Liu, Lammers et al. 2011) reported an additioal shortening after polymeric
microbubble fragmentation with ultrasound. The iaoidal shortening after microbubble
fragmentation was attributed to greater interactbmater protons with iron oxide in the shell

fragments.
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1.7.2. Microbubbles as Contrast Agents forT;-weighted MRI

Currently, the adaptation of gas-filled microbulsbler T;-weighted MRI has been limited.
Ao et al. (Ao, Wang et al. 2010) loaded Gd(lll) onto tieell of 1.5um diameter polymeric
microbubbles and demonstrateld shortening as a function Gd(lll)-loaded microbwbbl
concentration. Additionally, Liuet al. (Liu, Lammers et al. 2011) demonstrated that
fragmentation of iron oxide loaded polymer-shellaicrobubbles with ultrasound, not only
shortenedr, , but alsoT;. In another study, Liao et al (Liao, Liu et al12) developed albumin
microbubbles containing a shell surface-conjugatetd Gd(ll)-DTPA to serve as dual mode
contrast agents for ultrasound and MR imagiHgwever,the problem with previously designed
MRI contrast media loaded microbubbles for FUS srygs that shell material has mainly been
polymer or protein based, which is not ideal for§-surgery due to their stiffness and limited
ultrasound compliance (Bloch, Wan et al. 2004; &errPollard et al. 2007; Sirsi and Borden
2009). Adaptation of Gd(lll)-loaded lipid-shelledicrobubbles may potentially solve this

problem.

1.8. Research Motivations and Specific Aims

Microbubbles are ubiquitous in nature and are irgmirfor many industrial and clinical
applications. Over the past several decades, mibtibs have been developed for biomedical
applications such as CEUS, targeted drug delivedyraetabolic gas delivery. Due to their high
echogenicity, acoustic response and biocompatibilipid-stabilized microbubbles are most
commonly desired for these applications. More rdggetinese lipid-stabilized microbubbles have
been adapted for non-invasive surgery with FUS. stance, microbubbles have been

demonstrated to induce the opening of the BBBivo in a non-invasive and transient manner,
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and at a lower acoustic driving pressure than withvention high intensity FUS and inception
microbubbles (Hynynen, McDannold et al. 2001; CHeérnot et al. 2007). However, the
microbubbles used in previous studies tended thigpely polydisperse in size, which poses a
problem since their behavior under ultrasound isy \&@ze dependent. Thus, in order to
understand the dependence of microbubble size @&iRtluced BBB opening, a technique that
efficiently selects different microbubbles classiss necessary. Additionally, since the
fragmentation state of a microbubble during orrafieS varies depending on microbubble size
and ultrasound driving parameters, a means to tdetec final fragmentation state of a
microbubble is desired. To address these issugsdbearch project was proposed to accomplish

to following aims:

Specific Aims:

1. Develop a method to size select different microlaubize classes rapidly and efficiently
with centrifugation.

2. Develop a means to conjugate an MRI contrast agedf{]ll,) to the shell of the lipid
microbubble architecture without sacrificing micrdible size monodispersity.

3. Characterize the MR behavior of the Gd(lll)-boundzesselected lipid-shelled

microbubbles before and after fragmentation witinadound.

The following hypotheses were made regarding tepseific aims:
1. Microbubbles are large enough such that Browniarcef are neglected during

centrifugal size separation.
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. Hydrodynamic interaction of multiple microbubblegritig centrifugal separation can be
accounted for by a second order correlation oeffetive fluid viscosity.

. Lipid-shelled microbubbles are robust enough tdstdand the centrifugation speeds (up
to 300 times gravity) without significant degradati

. Individual Gd(lll)-ligand molecules cannot bind toultiple binding sites at the same
time.

. Post-labeling of the Gd(lll)-ligand chelate to ti@d groups on the microbubble is more
efficient and more cost effective than pre-labeling

. The heating from Gd(lll) ligand chelation reactia@mes not significantly degrade
microbubble architecture provided it is below theage transition temperature of the
main lipid headgroup.

. Fragmentation/destruction of Gd(lll)-bound lipidedled microbubbles with a
combination of ultrasound and heating above the@l@ansition temperature of the main

lipid headgroup, will produce a suspension ofdipesicles.
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Chapter 2: Microbubble Size Isolation by Differental Centrifugation

2.1. Introduction

Microbubbles are being employed for several biaosdpplications, including contrast
enhanced ultrasound (Feinstein 2004; Lindner 20y and gene delivery (Ferrara, Pollard et
al. 2007; Hernot and Klibanov 2008) and metaboés delivery (Burkard and Vanliew 1994;
Kheir, Zurakowski et al. 2007). Microbubbles reatrongly to ultrasonic pressure waves by
virtue of their compressible gas cores, which rasomat the MHz-frequencies used by current
clinical scanners. Oscillation of the gas cor@wadl re-radiation (backscatter) of ultrasound
energy to the transducer at harmonic frequencidshanlinear modes, thus providing exquisite
sensitivity in detection with current contrast-ent®d pulse sequences and signal processing
algorithms. Additionally, microbubbles may cawitatably or inertially to facilitate drug release
(Borden, Kruse et al. 2005; Lum, Borden et al. JG& extravascular delivery (Choi, Pernot et

al. 2007; Stieger, Caskey et al. 2007) within thesducer focus.

Current commercially available microbubble forniidas are polydisperse in size. In
most cases, the size distribution is broad ovearmye of submicron to tens of microns in
diameter. This is problematic because microbubbleavior depends very strongly on size. For
example, increasing the microbubble diameter frono 15 pm will change the resonance
frequency of an unencapsulated microbubble fromtd.0.72 MHz (Wu and Nyborg 2008).
Microbubble size also affects the biodistributiondapharmacodynamics after intravenous
injection, the bioeffects during ultrasound insawifion, the gas release profile, and other related
behaviors. Clearly, microbubbles of a specificeswith low polydispersity are desired for

advanced biomedical applications (Talu, Hettiar&cktal. 2007).
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Efforts to engineer monodisperse microbubble suspes have mainly focused on
microfluidic technologies. These techniques ineldldw focusing (Talu, Lozano et al. 2006;
Talu, Hettiarachchi et al. 2007; Talu, Hettiaradhethal. 2008), T-junctions (Xu, Li et al. 2006)
and electrohydrodynamic atomization (Farook, Stetl@l. 2007; Farook, Zhang et al. 2007).
While these techniques provide very low polydisipgrshey are rather slow at generating
microbubbles (Pancholi, Farook et al. 2008). Udlag focusing, for example, requires several
hours to produce microbubbles at sufficient numlberseven a single small-animal trial (~0.1
mL x 10 mL?). Additionally, dust particles can plug micro-anels, thus requiring fabrication
and calibration of a new device. While engineerlmgakthroughs may eventually allow
efficient and robust generation of monodisperserobigbbles via microfluidic strategies, these

techniques currently remain untenable for biomdditalies.

Mechanical agitation has been the main methodeaterencapsulated microbubbles for
biomedical applications, since their inception inStein et al. (Feinstein, Shah et al. 1984).
Mechanical agitation is a common emulsificationgaaure in which a hydrophobic phase (i.e.,
gas) is dispersed within an aqueous surfactantisolby disruption of the interface. Acoustic
emulsification (sonication), for example, generdsege quantities of microbubbles (100 mL x
10"° mL™) rapidly and reproducibly within just a few secendShaking a serum vial with a
device similar to a dental amalgamator producasfficient dose of microbubbles (2 mL x 0
mL™) for a single patient study, at the bedside inemral minute (Unger, Fritz et al. 1999).
While mechanical agitation is highly efficient argrating microbubbles, the size distributions

tend to be highly polydisperse and thus are natragbtfor biomedical applications.

The origins of polydispersity in acoustically gested emulsions were elucidated three

decades ago by Li and Fogler (Li and Fogler 1918ard Fogler 1978). Emulsification was
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reported to occur in two stages. Instability & tater surface results in entrainment of drops
(or bubbles) into the aqueous medium, and subséquavitation in the medium results in

droplet breakup to a critical size (Figure 2.1).
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Figure 2.1. Cartoon showing origins of polydispersity during acoustiemulsification. Initial
bubble entrainment occurs as a capillary instability. Insetshows relevant length scales.
Subsequent cavitation in the suspension (shown as fillagrcle with propagating waves)
induces breakup of the larger bubbles to a critical diamter, where surface forces and
inertial forces balance. Figure adapted from Li and Fogler (Liand Fogler 1978; Li and

Fogler 1978).

The first stage, entrainment, occurs as the urestgtdwth and eventual eruption of interfacial
capillary waves produced by sonication. The sdinge of acoustic emulsification involves
the continual cavitation-induced breakdown of largarticles as a function of sonication time

until a stable size is reached. The breakdown armesi depends on the type of deformation
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and flow pattern around the droplet. The stalde sesults when surface tension forces balance
the inertial forces on the droplet. Initial anddi droplet size is difficult to prediet priori. The
analysis provided by Li and Fogler for liquid dres points to the origin of polydispersity as a
consequence of multiple mechanisms acting simuttasig on the multi-body system. Given
that emulsion polydispersity is inherent in mechahagitation processes, it is desirable to find a
means of separating subpopulations of the partisés®d on size. This will allow improved

microbubble formulations for advanced biomedicallaations.

Previous reports have described the use of flotat® isolate subpopulations from
polydisperse microbubble suspensions. In princigiger microbubbles are more buoyant and
rise faster, thus allowing separation based orewfft migration rates in a gravitational field.
Kvale et al. described a model for the size frangttn of air-filled microbubbles by simple
flotation (Kvale, Jakobsen et al. 1996). Microblgisbwere injected at the bottom of a stagnant
water column and allowed to rise under normal gyavi The model predicted the size
distribution of microbubbles at certain distancesr the bottom of the column as a function of
time. The form of the model was a second-order B2 accounted for the convective motion
of the bulk dispersed phase (liquid moved downctiiamn as microbubbles moved up) as well
as the Brownian (thermal) diffusive motion of tharticles. The crowding effect of the
microspheres was accounted for by using a modifedion of Einstein’s derivation for the

effective viscosity in a dilute suspension (Batoneind Green 1972).

Wheatley et al. reported the isolation of submicron bubblesngisdifferential
centrifugation (Wheatley, Forsberg et al. 2006)oldtion was accomplished by flotation at
normal gravity, or centrifugation at a relative téngal force (RCF) of 16 or 45 for pre-

determined time intervals. This method allowedason of the submicron bubble fractions.
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The use of centrifugation reduced the flotationetirout led to destabilization of the surfactant-
stabilized microbubbles during subsequent insaatific. Microbubbles centrifuged at 45 RCF
for 1 minute were not stable, whereas those spur &CF for the same time were relatively
stable. Destabilization was attributed to the axhydrostatic pressure exerted on the
microbubbles, which increased towards the bottomthaf column and in proportion to

centrifugation speed. Flotation at normal grawls more time consuming, but less detrimental

to microbubble stability.

In contrast to surfactant-coated microbubblesidigmated microbubbles have been
shown to be stable after centrifugation up to ssvieundred RCF (Takalkar, Klibanov et al.
2004; Zhao, Borden et al. 2004). The lipid shehighly viscous (Kim, Costello et al. 2003) and
relatively impermeable to gases (Borden and Lon@042 We therefore sought to further
develop the differential centrifugation method oh#¥dtley et al. (Wheatley, Forsberg et al.
2006), but as a rapid and facile means to isolalbep®pulations of lipid-coated microbubbles.
Below, we report on the experimental characteratif the initial polydisperse suspension, the
development of a method to isolate size fractiohserest for biomedical applications, and

characterization of the long-term stability of thelated fractions.

2.2. Methods and Materials

2.2.1. Materials

All solutions were prepared using filtered, 18@Meionized water (Direct-Q, Millipore, Billerica,
MA). All glassware was cleaned with 70 vol% ethidohol solution (Sigma-Aldrich; St. Louis,

MO) and rinsed with deionized water. The gas useidrm microbubbles was perfluorobutane
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(PFB) at 99 wt% purity obtained from FluoroMed (RdwRock, TX). 1,2-distearogrglycero-
3-phosphocholine (DSPC) was purchased from AvawdarPLipids (Alabaster, AL) and
dissolved in chloroform (Sigma-Aldrich) for storagdolyoxyethylene-40 stearate (PEG40S)
was obtained from Sigma-Aldrich and dissolved imdeed water. The fluorophore probe 3,3-
dioctadecyloxacarbocyanine perchlorate (DiO) sofutfinvitrogen; Eugene, OR) was used to

label the microbubbles for part of the experiments.

2.2.2. Microbubble Generation

Microbubbles were coated with DSPC and PEG40S #rmnatio of 9:1. The indicated amount
of DSPC was transferred to a separate vial, ancchh@oform was evaporated with a steady
nitrogen stream during vortexing for about ten nesufollowed by several hours under house
vacuum. 0.01 M phosphate buffered saline (PB)tisol (Sigma-Aldrich) was filtered using
0.2-um pore size polycarbonate filters (VWR, Welester, PA). The dried lipid film was then
hydrated with filtered PBS and mixed with PEG40S (@g/mL in filtered PBS) to a final
lipid/surfactant concentration of 1.0 mg/mL. Tigd mixture was first sonicated with a 20-kHz
probe (model 250A, Branson Ultrasonics; Danbury) &fTlow power (power setting dialed to
3/10; 3 Watts) in order to heat the pre-microbulsispension above the main phase transition
temperature of the phospholipid (~%5 for DSPC) and further disperse the lipid aggregatto
small, unilamellar liposomes (Kim and Franses 200BJFB gas was introduced by flowing it
over the surface of the lipid suspension. Subsgtyenigher power sonication (power setting
dialed to 10/10; 33 Watts) was applied to the susipa for about 10 seconds at the gas-liquid

interface to generate microbubbles. For flow cytm and fluorescence microscopy
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experiments, DiO solution (1 mM) was added priohigh-power sonication at an amount of 1

uL DiO solution per mL of lipid mixture.

2.2.3. Microbubble Washing & Lipid Recycling

The microbubble suspension was collected into 30ayringes (Tyco Healthcare, Mansfield,
MA), which were used as the flotation columns. Wiag and size fractionation by
centrifugation was performed with a bucket-rotantdéuge (model 5804, Eppendorf, Westbury,
NY), which had a radius of approximately 16 cm frtm center to the syringe tip and operated
between 10 and 4500 RPM. Centrifugation (10 msus®0 RCF) was performed to collect all
microbubbles from the suspension into a cake mgstiainst the syringe plunger. The remaining
suspension (infranatant), which contained residipads and vesicles that did not form part of
the microbubble shells, was recycled to producenthd batch of microbubbles. All resulting

cakes were combined and re-suspended in PBS towapotal yield.

2.2.4. Size and Concentration Measurements

Microbubble size distribution was determined byefadight obscuration and scattering
(Accusizer 780A, NICOMP Particle Sizing Systemspt&a@Barbara, CA). 2-uL samples of each
microbubble suspension were diluted into a 30-rakKlunder mild mixing during measurement.
Size distribution was also determined using theteeone sensing method (Coulter Multisizer
lll, Beckman Coulter, Opa Locka, Fl). A 4-uL sam@f microbubble suspension was diluted

into a 60-mL flask and stirred continuously to met/flotation-induced error. A 30-um aperture
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(size range of 0.6-18 um) was used for the measmtmn All samples were measured at least
three times by either instrument and analyzed fwhmumber- and volume-weighted size

distributions.

2.2.5. Optical Microscopy

Direct visual confirmation of microbubble size waerformed 48 hours after the samples were
prepared using an Olympus 1X71 inverted microso@gmpus; Center Valley, PA). The
microbubble samples were taken directly from thermsevials and imaged at room temperature.
Images were captured in both bright-field and &piescence modes using a high-resolution
digital camera (Orca HR, Hamamatsu, Japan) andepsed with Simple PCI software (C-
Imaging, Cranberry Township, PA). A 40X objectiwas used to capture the images of size-
isolated microbubbles of 44om diameter, while a 100X oil-immersion objectivesnased for
polydispersed microbubbles and size-isolated midobles of 1-2um diameter. Subsequent

image analysis was done using ImageJ 1h#tg:(/rsb.nih.gov/i}).

2.2.6. Flow Cytometry

A FACScan Cell Analyzer (Becton-Dickinson, Frankliakes, NJ) was used to characterize
microbubble fluorescence intensity (FL) and ligbatsering profiles (FSC and SSC). Voltage
and gain settings for FSC, SSC and FL were adjustellineate the microbubble populations

from instrument and sample noise. [l0samples were diluted with 3 mL deionized wateompr
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to each measurement. Subsequent data analysisdoves using CellQuest Pro (Becton-

Dickinson, Franklin Lakes, NJ).

2.3. Size Isolation

Differential centrifugation was used to isolate esselected microbubbles based on their
migration in a centrifugal field (Fig. 2.2). Thaitial microbubble size distribution and
concentration was measured and imported into aadpheet (Excel, Microsoft, Bellevue, WA)
in order to determine the number density for eamh channel and the total gas volume fraction.
The spreadsheet was used to calculate the relaewrifugal force (RCF) needed for a
microbubble size class to rise through the colurhfength L for a fixed centrifugation time.
Following Kvale (Kvale, Jakobsen et al. 1996fokes’equation for the rise velocity of a

buoyant particle relative to the bulk fluid undeeeping flow conditions was used as follows:

u.

_2Ape=pi) 2 pep (2.1)
9,

where subscriptrefers to the particle size classis the particle radius arglis the gravitational

force. The effective viscosity,’72*, of the microbubble suspension was calculated gusin
Batchelor and Greene’s (Batchelo.Gk and Green 1@02jelation for the modified fluid

Viscosity:

*
M2 _14 250+ 7602
& (2.2)
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i=1 ‘ , (2.3)

where® is total the microbubble volume fraction fdgsize classes. Equations 11-13 were used
to calculate the strength of the centrifugal fieldRCF) for a given initial size distribution, tam
period and syringe column length. Volume fractieess assumed to be constant over the entire

column, and acceleration/deceleration effects weggected.
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Figure 2.2.Schematic of differential centrifugation for theesisolation of microbubbles.

Following production, microbubbles were collectedoi 30-mL syringes (L = 8.2 cm) and
washed, as above. Production-washing was repeat&dtimes, each time saving the
microbubble cake and recycling the lipid infranatahhe cakes were combined and re-dispersed
into 30 mL of filtered PBS. We noted that in artle ensure a high yield, the concentration of
microbubbles after this step should be at leastotdme %. The following protocol was then
used to isolate microbubbles of 1-2 um and 4-5 pameter. At least three separate

experimental runs were performed for each isolateord size distributions were measured at
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least three times each. A two-tailpdrametric unpaired student t-test was used tordete to
significance between the polydispersity indice9 ¢PLL-2 um and 4-5um samples versus that of

freshly made samples.

2.3.1. Isolation of 4-5 um Diameter Microbubbles

Before beginning the isolation process, care wiasnt@o remove large, visible bubbles that may
have formed during production or subsequent hagdliMicrobubbles of greater than 10-um
diameter were removed by performing one centrifiogatycle at 30 RCF for 1 min. The
infranatant consisting of less than 10-um diametierobubbles was saved and re-dispersed in
30 mL PBS, while the cake was discarded. Nextrabigbbles of greater than 6-um diameter
were removed by performing one centrifugation cyae’0 RCF for 1 min. The infranatant
consisting of less than 6-um diameter microbubblas saved and re-dispersed to 30 mL PBS;
the cake was discarded. Finally, microbubblesest Ithan 4-um diameter were removed by
centrifuging at 160 RCF for 1 min. This was repdaabout 5-10 times, while each time the
infranatant was discarded and the cake was re+disghen filtered PBS. Alternatively, 12-mL
syringes (L = 6.3 cm) were employed and centrifuged20 RCF for 1 min to improve yield.
These cycles were repeated until the infranatard m@ longer turbid, indicating complete
removal of microbubbles less than 4 um. The foadde was concentrated to a 1-mL volume of

20 vol% glycerol solution in PBS and stored in mR-scintillation vial with PFB headspace.
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2.3.2. Isolation of 1-2 um Diameter Microbubbles

The infranatant collected from the 4-5 micron isolawas centrifuged at 270 RCF for 1 min for
one cycle in order to remove microbubbles of appnexely 3-um diameter and above by
collecting them into the cake. The infranatant steted mostly of microbubbles 1-2 um
diameter. The target microbubbles were collectdéd & concentrated cake by centrifuging at
300 RCF for 10 min. The final cake was re-dispergea 1-mL volume of 20 vol% glycerol

solution in PBS and stored in a 2-mL serum viahviRFB headspace.

2.4. Results

2.4.1. Polydispersity of Freshly Sonicated Microbubbles

Preparation of microbubbles by sonication of a 30lipid mixture resulted in a polydisperse
suspension of approximately 1 13° particles mL*. Particle sizing with the Accusizer and
Multisizer showed a distribution ranging from tloesver limit of resolution, ~0.5 pum, to greater
than 15 um diameter (Fig. 2.3). A significant portof the freshly generated suspension
contained submicron microbubbles, as previouslyontep (Borden, Martinez et al. 2006).
Submicron microbubbles also have been observedalig #ght scattering (Wheatley, Forsberg
et al. 2006) and freeze-fracture transmission mlaanicroscopy (Brancewicz, Rasmussen et al.
2006). For larger microbubbles, the number-weigihtistribution tailed off near 6-8 um
diameter (Fig. 2.3A). The volume-weighted disttibn, however, showed a significant
population out to greater than 10 um diameter (EigB). Microbubbles with larger diameters

tended to skew the volume-weighted size distrilbutioMedian volume-weighted diameters
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therefore were chosen in order to judge the santlgag size isolation, since this gives a more

rigorous indication of the central tendency thatharetic mean in a skewed distribution.

A Freshly Sonicated Microbubbles

1.5 .
— Accusizer

— Multisizer 11

Diameter (um)

B Freshly Sonicated Microbubbles
1.5+ ,
- Accusizer
—  Multisizer 111
1.0+
R
©°
-
0.5+
0.0

0 5 10 15 20
Diameter (um)

Figure 2.3. Size distributions for freshly sonicated microbubbles.

Interestingly, the Accusizer consistently measutistinct peaks centered on approximately 1-2,
4-5, 7-8 and 9-11 pum diameter for each batch adHgoated microbubbles. These peaks were
evident on the volume-weighted distribution, bugytlalso could be discerned from the number-
weighted distribution. Similar results were repdrpreviously (Borden, Zhang et al. 2008). In
the laboratory, we have observed these peaks Variaty of gas and lipid combinations (data

not shown). We also measured size distributiongusi Multisizer 1ll. While the Accusizer
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measures size based on light obscuration and sogitehe Multisizer utilizes electrical

impedance sensing of the volume of electrolyte ldegal by the microbubble as it passes
through an orifice. Interestingly, the multimodadtribution was not observed on the Multisizer,
which gave a broad distribution with a single péatated at ~1 pum for the number-weighted
distribution and ~8 um for the volume-weighted milsition. From this data, it was unclear
whether the multimodal distribution was real, andld not be resolved by the Multisizer, or if it

was an artifact of the Accusizer. We thereforegbbuo better characterize the microbubble

distribution.

Microscopy allowed direct visual inspection of mdual microbubbles from the suspension.
Bright-field and epi-fluorescence microscopy images shown in Figure 2.4. In fluorescence
mode, microbubbles appeared as bright rings with danters, clearly showing uptake of DIO
into the shell. In bright-field mode, microbubblgspeared as dark spheres with bright centers.
Diffraction rings were particularly prevalent fdret smaller microbubbles. This confirmed the
predominance of gas-filled microbubbles in the saspn. Analysis of the bright-field images
using ImageJ indicated that the distribution of tieshly generated microbubbles was

multimodal, with a mean diameter of 4.0 = 81@ for the image shown in Figure 2.4A.

Flow cytometry was used to further characterize ploéydisperse microbubbles (Fig. 2.5).
Forward- (FSC) and side- (SSC) light scattering snsaments were taken. Interestingly, a
serpentine shape was observed on the dot plot € #&sus SSC for the polydisperse
microbubble suspensions, as shown in Figure 2.58e serpentine shape appeared to correlate
with the distinct peaks found by the Accusizer,dieg more support to the validity of a

multimodal distribution in the freshly generateccrobubble suspension.
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Figure 2.4. Microscopy images of initial polydisperse and final s&zisolated microbubbles.
Shown are bright-field images (left) and fluorescence iages (right) of the membrane
probe DiO. Arrows point to microstructural features of high probe density. The initial,

polydisperse microbubble suspensions (A, B) are shown foomparison to the isolated 4-5

pm diameter microbubbles (C, D) and 1-Zum diameter microbubbles (E, F).



36

o
D-
o
o
=%
w
T8
'8!.0
03]
<
(o]
G-
™
O i e s PR - - o
0 200 400 600 800 1000
FSC-H
D T,
31 TR
(]
D-
[+'n]
T 81
8(0
o 8.
=r
o
D-
™
D"-'-'-}I"' .,.r.'-,. 1
0 200 400 800 1000
FSC-HGOD

Figure 2.5. Dot plots of side scatter (SSC) versus forward statt (FSC) for polydisperse
and size-isolated microbubbles as determined by flow cytaetry. (A) shows the serpentine
trend for the initial polydisperse microbubble suspensio (cytometer settings: detector P1,
voltage EOL, amp 1.98; detector P2, voltage 287, amp 1.49). (B) shows no sdmperrend
for the isolated 4-5pm microbubbles (cytometer settings: detector P1, voltage EOAmp

2.30; detector P2, voltage 173, amp 2.88).

The origins of polydispersity in the freshly gentedhsuspension of lipid-coated microbubbles
observed here may be explained by the multiplerasteng mechanisms occurring during
entrainment and cavitation-induced disintegratias, described above. The fact that the

microbubbles themselves may be oscillating in gwuatic field and may act as cavitation nuclei
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adds further complexity to analysis. Additionalihe dynamics of lipid adsorption and
spreading and monolayer shell formation are expectglay a role in determining the apparent
surface tension and, for the lipids used here, beagxpected to add additional surface viscosity
and elasticity terms. Marangoni effects are exgubtd play a central role in both entrainment
and cavitation-induced breakdown (Edwards, Breebat. 1991). While polydispersity may be
unavoidable, the ability of mechanical agitation tapidly generate large numbers of
microbubbles brings this technique to the forefrohicurrent microbubble creation methods.
Given the excellent stability of lipid-coated mibrdbles and the apparent presence of distinct
peaks in the multimodal distribution, size isolatloy differential centrifugation appeared to be a
feasible approach. In what follows, we describgeginents set at isolating narrow distributions

and characterizing their size distribution and lbegn stability.

2.4.2. Size Isolation of Microbubbles

Experiments were performed to isolate relevant spblations of the multimodal distribution
and reduce polydispersity. Submicron microbublblese found to be relatively unstable and
therefore were not isolated. Instead, microbubbiebe 1-2 um and 4-5 pm diameter ranges
were isolated. These ranges are interesting fanédical applications. While both sizes are
comparable to that of an erythrocyte, they may ipbssyield different biodistributions,
resonance frequencies, and acoustically inducesffbiis. In general, the 1-2 um microbubbles
were approximately 100-fold more abundant than 4R® pum microbubbles in the initial

dispersion.
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Microbubbles in the larger diameter range (4-5 pweye isolated first, while the smaller

microbubbles were saved for the subsequent isolatfathe 1-2 um fraction. After repeated
centrifugation and re-concentration according ®ghmple model, microbubbles with diameters
of 4-5 um were successfully isolated from the initial padypbrse suspension (Fig. 2.6).
Multiple centrifugation steps were needed to exgoedller microbubbles (< 4 um), which were
more abundant in the initial suspension. The ff&lpm microbubble suspension typically had
a total volume of 1 mL with concentration in theler of 1§ to 10 mL™, as determined by the

Accusizer. Table 2.1 summarizes both averaged awmbighted and volume-weighted mean

and median values for each size fraction.
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Figure 2.6. Size distributions for initial polydisperse and ihal size-isolated microbubbles.
Shown are isolated subpopulations at the 1-2m (A, B) and 4-5um (C, D) diameter size
ranges. Comparison of number-weighted (A, C) and volume-weighde (B, D) size

distributions allows inspection of polydispersity. Results are sumarized in Table 2.1.



Table 2.1: 1-2 micron and 4-5 micron microbubble size distribution data.
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Sample Total Number-Weighted Volume-Weighted Pl
Concentration Diameter (um) Diameter (um)
(#/mL) (Mean + SD) | (Median + SD) (Mean =SO) (Median + SD)

Initial 1.35E+10 21+05 1.4+0.6 194 +£17.11 19.0817| 10.5+10.6
1-2 um
Isolated 2.8E+09 1.3+£0.2 1.3+£0.2 1.8+0.1 1.5+0.2 A2
4-5um

1.01E+08 28+0.2 3.0+0.2 42+0.1 41+0.1 540.1
Isolated

microbubbles.

Microbubbles of 1-2um diameter were isolated in fewer steps than fer 46 um

For instance, separation of micrbles less than 2 pm diameter in the

infranatant was typically completed by a singleta&rgation step. However, the final step of

concentrating microbubbles greater than 1-um dienreguired substantially higher centrifugal

force than for the 4-5 pm microbubbles, which issistent with their lower buoyancy. The

final 1-2 um microbubble suspension typically had a total mawf 1 mL with concentration on

the order of 1®to 13° mL™?, as determined by the Accusizer.

In order to assess size uniformity, we definedpiblgdispersity index (P1) as the volume-

weighted mean diameter divided by the number-wemjithean diameter. Table 2.1 gives the

average Pl value for the freshly generated micrblashand the size-isolated microbubbles. The

initial suspension was highly polydisperse, withvBlues as high as 18 but no lower than 6. The

P1 for the 4-5um fraction was only 1.5 + 0.1 (p < 0.05), whilettlod the 1-2um fraction was

only 1.5 + 0.2 (p < 0.05).

Bright-field and epi-fluorescence microscopy imagesvided direct visual confirmation for the

narrow size distribution of size-isolated microbldsb(Fig. 2.4). Analysis of the bright-field
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images using ImageJ gave mean diameters of 4.8 gn@.and 1.8 + 0.3um for microbubbles
seen in Figs. 2.4C and 2.4E, respectively. Theselts are in agreement with the size
distributions determined by the Accusizer and Mi#gr. Fluorescence images also showed
microstructural features within the lipid shell. orFexample, brighter spots indicating non-
uniform DiO distribution were often observed (semwas in Figures 2.4D and 2.4F). Previous
results have shown heterogeneous membrane probéudisn that indicated lateral phase
separation (Borden, Pu et al. 2004; Borden, Marteteal. 2006) and collapse in the lipid shell

(Borden, Kruse et al. 2005; Pu, Borden et al. 2006)

Flow cytometry was performed to characterize thee-molated fractions (Fig. 2.7).
Fluorescence intensity (FL), FSC and SSC measutsm&are all taken under the same
cytometer settings. The serpentine shape washseteed for the size-isolated suspensions, as it
was for the polydisperse case. Instead, the datdaspwere found to be clustered in one region
of the dot plot. The lack of the serpentine shapthe size-isolated samples indicated that they
were indeed subpopulations of the initial multimiosmple. Table 2.2 lists the median values
of three cytometry tests for each microbubble samg@omparison of the FSC and SSC results
for individual, size-isolated fractions and theiixtare supported the existence of two distinct
microbubble subpopulations. Monomodal distribusiamere observed for the individual size-
isolated suspensions, with a lower median valueesponding to the 1-Am microbubbles.
When the size-isolated microbubbles were subselyuerited together, a bimodal distribution
appeared with two distinct peaks that agreed wighréspective median values for the individual

suspensions.

As expected, a single peak was observed on thadthginam for the size isolated microbubbles

(Fig. 2.7). The median FL value for 10 microbubbles was lower than that for the grmb
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microbubbles. Upon mixing, a bimodal distributiwas observed with peak median FL values
corresponding to those of the individual susperssiossuming that each microbubble is a
perfect sphere and the fraction of fluorophorethelipid shell is the same for all microbubbles,
regardless of size, the number of fluorophoresyerobubble should be directly proportional to
the surface area, or the square of the diametdnis was confirmed when comparing the
averaged FL values versus microbubble squared tham@&he fluorescence intensity value for
the mixture of 1-2um and 4-5um microbubble samples (775 £ 18) agreed with therage
between the FL values measured for each individumlodisperse suspension (510 £ 16 and

1110 + 35).
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Figure 2.7. Fluorescence intensity and light scattering profieefor microbubble suspensions
after size isolation as determined by flow cytometry. Three itferent tests (fluorescence
intensity FL, forward- (FSC) and side- (SSC) light scattang versus particle count) were
performed for the same sample as represented by each colurahplots. Column 1 (A, D, G)
and Column 2 (B, E, H) samples had median volume-weighted diatees of 1.8 and 4.Gqum,
respectively. Column 3 (C, F, 1) was a mixture of these twguspensions. Results are

summarized in Table 2.2.
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Table 2.2: Summary of flow cytometry measurements.

_ Fluorescence | Forward-Light Side-Light
Microbubble Intensity Scattering Scattering

Diameter

(Median £ SD) | (Median £ SD)| (Median = SD)

1-2pm 509.54 + 16.02 137.00 £5.29 289.33 £ 4.93

4 -5um 1114.33 + 35.03 214.33 £7.37 417.33 £ 23.50

Mixture 775.17 £17.51 193.67 + 0.58 375.67 £ 1.53

Results from particle sizing, microscopy and flogoenetry showed the ability to isolate distinct
fractions of the microbubbles at the desired stweyes. Next, we determined how stable these
size-isolated suspensions were when stored irefrigerator. What follows is an analysis of the

shelf-life for size-isolated microbubbles.

2.4.3. Stability of Size-Isolated Microbubbles

For biomedical applications, it is desired that thierobubbles be stable for at least 48
hours at their respective size distributions. #t & microbubble stability was performed using
samples concentrated to*3@nL™ for 1-2 pm microbubbles, and®L™ or 16 mL™*for 4-5 pm
microbubbles, in a 1-mL volume of 20 vol% glyceirolPBS and stored in a sealed 2-mL serum
vial with PFB headspace (Fig. 2.8). Table 2.3 shtwe concentration and Pl for the 1-2 and 4-5
pKm microbubbles at various time points followingesisolation. Both size fractions were stable
over two days. Microscopy after two days storatg® andicated the persistence of intact
microbubbles at their isolated size range overttineframe. However, results indicated that the

microbubbles underwent ripening during longer-testorage. For 1-2 pm microbubbles, the
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concentration decreased from by an order of magajtand Pl nearly doubled over a period of
28 days. For 4-5 pum microbubbles at less than |% \encapsulated gas, the concentration
decreased by more than half, and PI nearly doublest a period of 14 days. Higher
microbubble concentrations provided much greatdilily, as seen for the comparison of the 4-
5 um microbubbles in Fig. 2.8. In general, we fibtimat encapsulated gas fractions greater than
1 vol% were necessary for good stability, partidylavhen the vial is intermittently opened to
the atmosphere as typically occurs forianvivo study (data not shown). Interestingly, when
measuring the number-weighted distribution with Aweusizer, the monomodal peak for the 4-5
pKm microbubbles changed to a bimodal peak duriogage. Figure 2.8C shows that 4-5 um
microbubbles degraded into 1-2 pm microbubbles e$ ag larger microbubbles over the test
period. The formation of the larger microbubblesonsistent with Ostwald ripening, in which
small microbubbles shrink at the expense of largees (Taylor 1998), as a major factor

affecting microbubble stability.
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Figure 2.8. Stability of size-isolated microbubbles. Shown ardistributions at various time

points for the 1-2pum (A, B) and 4-5um (C, D, E, F) diameter microbubbles. Number-
weighted (A, C, E) and volume-weighted (B, D, F) distribubns are shown for inspection of
polydispersity. The suspensions initially were disperseth 1-mL volume of PBS with 20
vol% glycerol, with a concentration of~1010 mL-1 for the 1-2um diameter microbubbles

and either <1 vol% (C, D) or >1 vol% (E, F) for the 4-5pm diameter microbubbles. Each
curve is the average of three experiments with three meamments each. Results are

summarized in Table 2.3.



Table 2.3: Summary of stability of size-isolated microbubble suspensians

P P PP

Total Volume Nur_nber Weighted Vol_ume Weighted
Time Concentration Fraction Diameter (um)_ Diameter (i m? P
(#mL) (mL/mL) (Mean + SD) (Median £ (Mean % (Median £
SD) SD) SD)
1-2 micron bubble stability
Initial 2.3E+10 + 1.4E+09 3.7+0.4% 1.3+£0.1 0.1 19+0.1 1.8+0.1 15+0.
1 day 8.3E+09 + 2.9E+09 1.1 £0.4% 1.2+0.1 1% 1.7+£0.1 1.6+0.1 1.4+0.
7 days 7.6E+09 = 1.3E+09 1.0 £0.2% 1.3+0.1 1041+ 1.8+0.1 1.7+0.1 1.4 +0.
14 days | 4.3E+09 +4.2E+08  0.79 = 0.09% 1.4+0.1 4+10.1 20+0.1 1.7+0.1 14+0
28 days | 1.1E+09 + 1.3E+08  0.39 + 0.06P6 15+0.1 4+10.1 41+0.1 26+0.1 280
4-5 micron bubble stability for suspensions contgjiess than 1% gas volume
Initial 1.2E+08 £ 2.8E+07| 0.34 £ 0.08% 3.2+0.1 4301 48+0.1 45+0.1 15+0
2 days 1.0E+08 £ 2.5E+06  0.29 £ 0.01% 3.2+0.1 +34 48+0.1 44+0.1 15+0.
7 days 9.6E+07 £ 1.1E+06  0.28 £ 0.03% 3.1+£0.1 3021 53+0.1 46+0.1 1.7+0.
14 days | 3.9E+07 +8.6E+06  0.15 = 0.02M6 2.8+0.1 1+0.1 8.1+£0.1 76+0.1 3.0x0
4-5 micron bubble stability on suspensions contggmgreater than 1% gas volume
Initial | 6.30E+08 + 2.9E+07 1.9+ 0.1% 3.3+0.1 35+0.1 49+0.1 43+0115+0.1
7 days | 5.01E+08 +4.6E+Q7 1.1+0.1% 29+0.1 29+0.1 48+0.3 41+0116+0.1
28 days | 2.98E+08 + 2.5E+Q7 1.0 +0.2% 3.1+0.1 3.0+0.1 6.2+0.1 6.0+0.1 20+£0.1

L =
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The greater stability of 1-2 um microbubble suspeTss versus the 4-5 pm microbubble
suspensions observed here could be explained byiger concentration of microbubbles,
which itself is a direct result of the more abundampulation of the smaller microbubbles. We
found in general that more concentrated suspendended to be more stable, regardless of
microbubble size. This presumably was due to ekéhni cake coating the top surface that
buffered against film rupture and gas release ettirface (“popping”) that could diminish the
population. However, this does not explain theagrenumber of 1-2 um microbubbles in the
initial formulation, nor the observation that thé& 41m microbubbles broke down over time into
1-2 um microbubbles. These two observations glgaint to greater stability for the 1-2 um
microbubbles in these formulations. The preserice siable microbubble size is not predicted
by any current theory of microbubble stability. débs that account for microbubble dissolution,
such as Epstein and Plesset’s original formulafepstein and Plesset 1950), clearly indicate
that smaller microbubbles should be Istable, due to higher curvature and surface-tarael
ratio. Yet we observed microbubbles that were nstable at the smaller diameter! This data
correlates well with the stable diameter previouslyserved during acoustically driven
dissolution (Borden, Kruse et al. 2005; Wrenn 20@8)d also the stable diameter reached for
lipid-coated microbubbles made via microfluidicsal{, Hettiarachchi et al. 2008). However,
submicron bubbles were found to be less stable thamm microbubbles, which indicated the

existence of an optimal microbubble size.

What could explain the presence of an optimallyplstaliameter for these lipid-coated
microbubbles? We speculate that the greater #jalsildue to microstructural features of the
lipid shell and lipid aggregates present in thetiooous phase. Dressaigt al. recently

described the stability of nanopatterned surfactamtrobubbles arising from the balance
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between domain bending and pressure-volume wak (iaplace overpressure) (Dressaire, Bee
et al. 2008). In their analysis, however, size fisged by the blending conditions. It may be that
size was fixed here by cavitation during acoustiwksification, according to Li and Fogler’s
analysis (Li and Fogler 1978; Li and Fogler 1978jowever, this does not explain the same
stable diameter observed by Talal. (Talu, Hettiarachchi et al. 2008) for microbidgs made

by microfluidics, in which no cavitation shock waverere produced, nor does it explain the
stability against acoustically driven dissolutidntlzis size (Borden, Kruse et al. 2005). Future
work on the relationships between lipid nanostnattdieatures and microbubble stability is

clearly warranted to better explain this phenomenon

2.5. Conclusions

Lipid-coated microbubbles formed by acoustic enfigisiion were found to be
polydisperse and appeared to be multimodal, wistirdit peaks centered near 1-2 and 4-5 pm
diameter. Differential centrifugation was used cassfully to isolate narrowly dispersed
fractions at these size ranges. These size raargestable over a period of at least two days,
although the 4-5 um microbubbles were found tontlgjrate into 1-2 um microbubbles after
two weeks. This latter observation indicates dlstaiameter in the 1-2 um range for these
microbubbles, which is supported by observationsnmirobubbles that underwent acoustically
driven dissolution and those formed by microflugdic Overall, differential centrifugation
appears to be a useful approach to generate ndisdibutions at relevant sizes for biomedical
applications and may lend itself to the study & $urface properties and colloidal behavior of

different microbubble size classes.
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Chapter 3. Theranostic Gd(lll)-Lipid Microbubbles f or MRI-Guided Focused

Ultrasound Surgery

3.1. Introduction

MRI-guided focused ultrasound therapy is a rapuyeloping medical technique that
utilizes high intensity focused ultrasound (FUSphate tissue and MRI to monitor the applied
thermal dosage (Cline, Schenck et al. 1992; Hynyrnsrkazanli et al. 1993; Jolesz and
McDannold 2008). MRI-guided FUS therapy is appbvey the US Food and Drug
Administration for the treatment of uterine fibrsjcand it is currently being developed to treat
liver, bone, prostrate and brain-related disead#sdfon and Stewart 2008; Jolesz and
McDannold 2008; Jolesz 2009). At high acoustiensities, gas-filled microbubbles (MBs) may
form and undergo inertial cavitation, producingsjahd shockwaves that enhance the heating of
tissue. However, the formation of these inceptmicrobubbles is unpredictable, and their
cavitation can result in tissue damage outside haf desired target region. Pre-formed
microbubbles, which are currently FDA-approved adravascular contrast agents for
echocardiography, can be used as cavitation ntelédwer the acoustic intensity threshold
required for tissue ablation with FUS, thereby lawg the thermal buildup in surrounding tissue
(Tran, Seo et al. 2003; Kaneko, Maruyama et al520@ng, Liu et al. 2006; Yu, Hu et al.
2008). Intravenously administered microbubbleso atlsay be used to enhance vascular
permeability for targeted drug and gene delivergdér, Porter et al. 2004; Ferrara, Pollard et al.
2007). For example, microbubbles have been usddwer the acoustic intensity threshold
needed for FUS-induced blood-brain barrier (BBBg¢mipg (Hynynen, McDannold et al. 2001;

Choi, Pernot et al. 2007). For these applicatiagngyould be advantageous to use an MRI-
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detectable microbubble formulation, which couldused to measure microbubble concentration,
image cavitation events and determine the biodigtion of microbubble shell debris (a potential
surrogate for an attached drug) following FUS. ISonicrobubbles may also be useful as general

dual modality US/MRI contrast agents.

Previously, microbubbles were demonstrated to erehdmeT, -weighted MRI contrast

in vivo by virtue of the change in magnetic susceptibiitythe gas-liquid interface (Wong,
Huang et al. 2004; Cheung, Chow et al. 2009). Tegative enhancement was reportedly a
linear function of gas concentration and was furthereased in subsequent studies by loading
T,-weighted MRI contrast agents (iron oxide partici@sto the shell of polymeric microbubbles
(Chow, Chan et al. ; Yang, Li et al. 2008; Yang,dtial. 2009). Recently, Lwt al. (Liu,
Lammers et al. 2011) reported that ultrasonic fraggation of magnetite-loaded polymeric
microbubbles resulted in greater proton relaxati@an for the intact microbubbles. This effect
was attributed to the greater interaction of pesirph water to released iron oxide patrticles.
These superparamagnetic microbubbles offer sigmfipotential as theranostic agents for MRI-

guided FUS.

An alternative means to produce dual modality USIMRBntrast agents is to load
microbubbles with paramagnetic contrast agents) asagadolinium ions. Gd(lIl) enhances the
positive contrast of blood by shortening both tbegitudinal and transverse proton relaxation
times, T and T, (Caravan, Ellison et al. 1999; Aime, Botta et2805; Hermann, Kotek et al.
2008). Previously, Gd(ll)-DTPA was loaded intoetlshell of 1.54m diameter polymeric
microbubbles (Ao, Wang et al. 2010). The enhanceéroéthe T-weighted MRI signal was
reportedly a linear function of Gd(lIl)-DTPA-loadedicrobubble concentration. However,

polymeric microbubbles tend to be much stiffer thiprd-coated microbubbles, providing less
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echogenicity for ultrasound imaging and requiringeager acoustic intensity to induce
microbubble fragmentation and sonoporation forapgr(Hoff, Sontum et al. 2000; Bloch, Wan

et al. 2004).

Lipid-coated microbubbles with Gd(lll)-bound shetiave not been reported in literature
previously. However, Gd(lll)-bound liposomes haween designed and characterizedTas
weighted MRI contrast agents for applications ihut& and small animal imaging (Ghaghada,
Hawley et al. 2008; Terreno, Castelli et al. 20B8aghada, Ravoori et al. 2009; Hak, Sanders et
al. 2009; Kamaly, Kalber et al. 2010). Liposomed kpid-coated microbubbles are similar with
respect to their lipid composition and formulati(frerrara, Borden et al. 2009). The main
difference between the two is that microbubblessistrof a condensed monolayer with a gas
core and are typically a few microns in size, whi@somes consist of a lipid bilayer with an
agueous core and are usually several hundred nasienme size. Gd(lIl) can be loaded into the
liposomal aqueous core and/or conjugated to tha&l Igolar headgroups in the bilayer
(Ghaghada, Hawley et al. 2008; Ghaghada, Ravooal.e2009; Hak, Sanders et al. 2009).
While both strategies were reported to increaseTiheeighted MRI relaxation rate, surface
conjugation resulted in greater relaxation enhamcgnthan encapsulation, owing to greater
access of bulk water protons to the Gd(lll) ions&Ghada, Ravoori et al. 2009). Owing to the
presence of the gas core and thin monolayer shglll-coated microbubbles can only be
functionalized with Gd(lll) ions using a surfacenpgggation methodology. Since the lipid
coating of microbubble shells self-assembles ilgoslomal bilayers in the absence of the gas
core, a comparison of the MRI relaxation rates d{li§-bound microbubbles before and after

fragmentation would be necessary.
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Below, we report the fabrication and characteraraif lipid-coated microbubbles that
were surface-conjugated with the paramagnetic MRitrast agent, Gd(lll). Gadolinium was
selected over iron oxide since it works primardyenhance positive contrast through increasing
longitudinal proton relaxation (Caravan, Ellisonaét1999). The chelation ligand DOTA was
chosen over DTPA since it forms a more thermodynaltyi stable complex with Gd(lll) (De
Leon-Rodriguez and Kovacs 2008). A stronger cbelat preferred since free Gd(lll) ioms
vivo have been associated with nephrogenic systemiosfié (Sherry, Caravan et al. 2009).
Additionally, the 4-5 um microbubble size range watected because of its increased acoustic
signal and circulation persistence (Sirsi, Fesh&aal. 2010; Streeter, Gessner et al. 2010) and
more effective BBB opening capability compared tolydisperse and smaller size-ranged
microbubbles (Choi, Feshitan et al. ; Tung, Margetel. 2011). The resulting microbubbles
were tested for ultrasound contrastvivo and MRI contrasin vitro. Finally, we report both
longitudinal (R = 1/T;) and transverse (R= 1/T,) relaxation rates of the Gd(lll)-bound

microbubbles before and after they were fragmemiedipid bilayers by sonication.

3.2. Materials and Methods

3.2.1. Materials

All solutions were prepared using filtered, 18XMm deionized water (Direct-Q, Millipore,
Billerica, MA). Glassware was cleaned with 70 va¥ayl alcohol solution (Sigma-Aldrich; St.
Louis, MO) and rinsed with deionized water. Thes gased to form microbubbles was
perfluorobutane (PFB) at 99 wt% purity obtainedniréluoroMed (Round Rock, TX). 1,2-

distearyol-sn-glycero-3-phosphoethanolamine (DSK&) purchased from Avanti Polar Lipids
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(Alabaster, AL). 1,2-distearyol-sn-glycero-3-phosetihanolamine-N-[methoxy(polyethylene
glycol)2000] (DSPE-PEG(2000)) was obtained from N&#erica Corporation (White Plains,
NY). 5/6-carboxyfluorescein succinimidyl ester TEFNHS) was purchased from Pierce
(Rockford, IL). 1,4,7,10-Tetraazacyclododecane7l}-tetraacetic acid mornd(
hydroxysuccinimide ester) (DOTA-NHS) was purchageadn Macrocyclics (Dallas, TX) and
dissolved in N,N-dimethylformamide (DMF; Sigma-Aich) prior to use. Gadolinium ()
chloride (GdC4) was purchased from Sigma Aldrich and dissolved.ibh M, pH 5.6 acetate

buffer (VWR, Radnor, PA).

3.2.2. Microbubble Generation and Size Isolation

Microbubbles were formulated using a lipid suspemsif 90 mol% DSPE and 10 mol% DSPE-
PEG(2000) at 2 mg/mL in 100 mL PBS (pH 7.2; 0.1BICL, 0.2 M phosphate). The solution
was degassed by applying house vacuum with corstienmtg. The solution was then preheated
to 80°C, which is 6°C above the main phase transition temperatusg¢ ¢f DSPE (Cevc and
Marsh 1985). The lipid mixture was sonicated watl20-kHz probe (model 250A, Branson
Ultrasonics; Danbury, CT) at low power (3 wattspnder to further disperse the lipid aggregates
into small, unilamellar liposomes. PFB gas wasonhiced by flowing it over the surface of the
lipid suspension. Higher power sonication (33 sjattas applied to the suspension for about 10

seconds at the gas-liquid interface to generateoimitbbles.

The microbubble suspension was collected into 30syringes (Tyco Healthcare, Mansfield,
MA), which were used as the flotation columns. Wiag and size-selection by centrifugation

was performed with a bucket-rotor centrifuge (mo&®&04, Eppendorf, Westbury, NY).
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Centrifugation at 300 RCF (relative centrifugald®y for 5 min was performed to collect all

microbubbles from the suspension into a cake mgstiainst the syringe plunger. The remaining
suspension (infranatant), which contained resitipads and vesicles, was recycled to produce
the next batch of microbubbles. All resulting caikeere combined and re-suspended in PBS to

improve total yield.

Microbubble size distribution was determined byeftadight obscuration and scattering
(Accusizer 280A, NICOMP Particle Sizing Systems,ntda Barbara, CA). During

measurements, 2 pL samples of each microbubbleessigm were diluted into a flask
containing 30 mL of distilled water under mild mgi. All samples were measured in triplicate
and analyzed for both number- and volume-weighieel distributions. The 4-5 um size class

was isolated as described in chapter 2 and retatestin pH 8.5 PBS.

3.2.3. Synthesis of Gd(lIl)-bound Microbubbles

Microbubbles with Gd(lll)-bound shells were fabtiea using a post-labeling technique (Chen
and Borden 2010; Chen and Borden 2011). The madiiodigand DOTA-NHS was conjugated

to the amine group of the DSPE in the shell of-selected microbubbles, followed by chelation
of Gd(Ill). The NHS ester contains an electroghdctive group that couples rapidly with the
primary amine on DSPE to create a stable amide.bdfigure 3.1 shows a schematic of the

overall conjugation process.



56

: : N ' o o Alo)r\ A~

pH 8.5 pH56 | pH7.4 o Xogokosnn, o EN Njo

H . fe) o o

‘ .‘ N,
o]

A;queous medlym DSPE DOTA-NHS

o : ‘ H
LoV Ve M : PEG(2000) I 4

[ ; ' 1y
&b, G / W

AAMMMJJ\OTX’;O/H._O‘,\NHZ OH
O o
(o]

i DOTA-DSPE

T = 50°C; 70°C
Gdcl, &

Gas core Gd(lIl)-DOTA-DSPE

Figure 3.1. Synthesis of the Gd(ll)-DOTA-DSPE microbubbleshells using the post-
labeling technique: (i) 100 M excess DOTA-NHS, pH 8.5; (ii) 201 excess GdC, pH 5.6, T

=50 or 70°C; (iii) storage at pH 7.4.

3.2.4. Surface Functionalization with FITC-NHS or DOTA-NHS

Each 4-5 pm microbubble sample was diluted to ®>MB/mL using pH 8.5 PBS. Following
Chen and Borden, the total amount of available tfanal lipid groups (DSPE) on the
microbubble surface was calculated assuming thatnticrobubbles were spherical with an
average molecular area of 0.4 :/mTo test the post-labeling headgroup conjugati@thod,
FITC-NHS was added to a 100:1 molar ratio of NH&mane, and the mixture was continually
stirred at room temperature for 2 hours using achi@p rotary mixer. To chelate Gd(lll),

DOTA-NHS was added to a 100:1 molar ratio of NH&maine, and the suspension was mixed
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as above. Unreacted FITC-NHS or DOTA-NHS was resdolly several cycles of flotation
using 0.2 M, pH 5.6 acetate buffer. The microbalddke was then analyzed for size with the

Accusizer.

3.2.5. Complexation of Gd(lIl) to DOTA on Microbubble Shells

Based on the initial concentration and size distidn calculated from the Accusizer, each
sample of DOTA-bound microbubbles was diluted tdeaist 2 x 1®MB/mL using pH 5.6
acetate buffer. Assuming 100% binding of DOTA vai&able functional DSPE lipid groups, the
amount of GdGl needed for a 20:1 molar ratio of Gd(lll) to DOTAsvdetermined and mixed
with the microbubble suspension. The sample mextuas sealed in a 3 mL serum vial then
immersed under continuous stirring in a water batbse temperature was controlled af60or

70 °C for 2 hours. After reaction, the sample mixtwas cooled to room temperature by
running the vial under cold tap water for 10 miaxcess Gd(lll) ions were removed by several
cycles of washing/centrifuging (1 minute, 100 R@B)ng pH 5.6 acetate buffer followed by
several cycles of washing/centrifuging using pH PBS as solvent medium. The final
microbubble cake was reconstituted to a volume wiLland a concentration of at least 1 X 10
MB/mL using pH 7.4 PBS. The size distribution acmhcentration of microbubbles after
chelation reaction were determined by the AccusiZére concentration of Gd(lIl)-bound to the
microbubble shell was determined by inductivelymled plasma optical emission spectroscopy
(ICP-OES, ACTIVA, HORIBA, Edison, NJ). Destructifragmentation of microbubbles in

suspension was accomplished by simultaneous batbasion and heating to € for 5 min.
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3.2.6. Ultrasound Characterization of Gd(lll)-bound Microbubbles

All animal experiments were conducted accordinthtoNational Institutes of Health guidelines
and approved by the University of Colorado Insimoél Animal Care and Use Committee.
Ultrasound imaging was performed using a high-fesmy ultrasound scanner (Vevo 2100,
Visualsonics, Toronto, Ontario, Canada) with a MiB-#ansducer. Images were acquired using
the contrast mode setting at 18 MHz transmit fregyeand 4 % power. The transducer was
positioned at the mouse midsection along the lomgaf the kidney. B-mode ultrasound images
were acquired using a field of view of 13 x 16 fnrMice were anesthetized with 3 % isoflurane
and tail veins were catheterized for injections,pasviously described (Sirsi, Feshitan et al.
2010). A 100-pL bolus (1 x fviB/mL) followed by a 15-pL saline flush was injedtwhile
imaging at the maximum frame rate for respiratatirgy (~14 frames/second). B-mode images
captured before and after microbubble injectionengsed to detect signal enhancement using a

background reference subtraction method.

3.2.7. MRI Characterization of Gd(lIl)-bound Microbubbles

The effect of Gd(lll)-bound microbubbles on tfe and T, relaxation times was determined
using MRI relaxometry. Intact and fragmented Qy{dbund microbubbles were mixed with
saline in four different volume ratios (0, 25, 5@d00%) creating 200L solutions, which were

placed in MR-compatible tubes with an inner diamefes mm. Intact and fragmented 4-5 um
DOTA-bound microbubbles without Gd(lll) binding veeused as controls. A 9.4 T vertical
MRI system (Bruker Biospin, Billerica, MA) was ustmacquire turbo spin echo (RARE-VTR)

images with variable repetition times (from 300 8,500 ms) and multi-slice multi-echo
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(MSME) images with variable echo times (from 20 380 ms) forT, and T, mapping,
respectively. This spin-echo sequence reportegtiksl sensitivity to inhomogeneities in the
magnetic field compared to gradient-echo sequeunsed in susceptibility-weighted imaging of
microbubbles (Berns, Ross et al. 1991; Cheung, Cétoal. 2009). Eight 1.5 mm-thick, axial
slices with a field of view (FOV) of 15x15 nfnfmatrix size: 96x96) covered the entire solution
in each tube. Each slice depicted a slab of alt &wlutions at a specific heightl; and T,
relaxation maps of each slice were derived usimgltiage Processing Toolbox of MATLAB
R2008b (MathWorks Inc., Natick, MA). The first afabt slice were not taken into account in
the relaxation measurements, since the MR sigmalrgpfrom these slices was contaminated by
the void below and over the solution. The pixelgiyel estimations were used to generéie
and T, maps. Four pre-defined, identical, circular regiof interest (ROI) of 2.35 mm in
diameter were selected on each slice, in orderdasnre the relaxation rate of each solution
throughout the tube. Each ROI covered a largeasarfirea within the limits of the tube. Six
measurements were made for each tube (from slioe5) and the mean value yielded theor

T, relaxation times for each solution. Molar relatés (, andry) were calculated from slopes
of regression lines of the plot & andR, versus Gd(lll) concentration. A two-taileshpaired
student t-test was used to determine the signifiedretweerr; andr, of fragmented versus

intact samples assuming a Gaussian distribution.



60

3.3. Results

3.3.1. Preparation of Gd(lIl)-bound Microbubbles

The size isolation protocol yielded 4-5 um diamebtécrobubbles at a concentration a least 2 x
10° MB/mL. Figure 3.2 shows visual confirmation ofTE-NHS coupling to the DSPE shell
using epi-fluorescence microscopy. The fluoreseeintensity level was not uniform across
individual microbubble, which suggested a hetereges coverage of FITC on lipid monolayer.
However, this result confirmed that small moleculesl kDa) could diffuse through the PEG
brush layer to react with the polar lipid headgmuprlhis is an extension of previous post-
labeling work, which showed reactions occurring PBG-tethered active groups (Klibanov

2005; Chen and Borden 2010; Chen and Borden 2Baiijot with the underlying lipid.

Figure 3.2. Fluorescence microscopy image of 4gin DSPE-coated microbubbles modified

with FITC-NHS using the post-labeling technique. Scale bar repres¢s 10um.
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Figure 3.3 shows the change in size distributiommiobubbles before and after conjugation of
DOTA (at room temperature) to the primary amineshenDSPE shell via NHS coupling. After
DOTA conjugation, microbubble concentration and bemweighted median diameter deviated
by less than 1%. Thus, the DOTA reaction did rpgear to increase the lipid headgroup area
sufficiently to affect lipid packing and therebyastge microbubble size or stability. We did not
detect Gd(lll) binding to DOTA-microbubbles aftercubation at room temperature for several
hours (data not shown). The Gd(III)-DOTA compleasibeen reported to take several days to
complete at room temperature (De Leon-Rodriguezkamdics 2008). This is because the rate-
determining step involves the slow, base-assiseatrangement and deprotonation of an
intermediate before formation of the final compkSherry, Caravan et al. 2009). Previous
researchers have completed the Gd(III)-DOTA chatateaction in 5 min by heating reactants
to 90°C, or in 20 min by heating to 8C (De Leon-Rodriguez and Kovacs 2008). However,
these temperatures are above the main phase ivartsinperature (f) of the lipid component
DSPE (74°C) and may have resulted in significant microbulddstabilization. We therefore

tested Gd(lll) chelation onto microbubbles incudaae50°C and 70°C for 2 hr.
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Figure 3.3. Number-weighted size distributions of DSPE microbublek before and after

conjugation with DOTA-NHS.

Figure 3.4 shows the change in size distributiomafrobubbles before and after chelation of
Gd(Il) under these conditions. After chelation5&°C, microbubble concentration decreased
by ~50% while the number-weighted median diame¢eraded by less than 1%. After chelation
at 70°C, however, microbubble concentration decreasee@bpo while the number-weighted
median diameter also decreased by ~30%. From IEB-&halysis, the Gd(lll) chelation on the
microbubble shell occurring at AT and 50°C was 7.0 x 10+ 1.6 x 10 (mean * standard
deviation) and 7.5 x £0 3.0 x 18 ions/und, respectively. Therefore, all subsequent chelatio
reactions were carried out at %D since the size distribution of microbubbles wasntained at
this temperature without affecting the degree ofl§dbinding. Under these conditions, the
average Gd(lll) loading was 3.6 x 1@ 1.0 x 10 ions/microbubble. ICP-OES analysis also
determined that negligible amounts of Gd(lll) boutad lipid-coated microbubbles without

DOTA (data not shown).
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Figure 3.4. Number-weighted size distributions of microbubbles Bere and after Gd(lll)

chelation at A) 50°C and B) 70°C.

Thus, the post-labeling methodology provided a sbmeans of generating size-selected, Gd-
DOTA-lipid microbubbles. Previous work showed thatall molecules are capable of diffusing
through a PEG overbrush on the microbubble surfada&nd to functional groups tethered by
shorter PEG chains (Chen and Borden 2010; CheiBaraken 2011). Here, we showed that the
small molecule DOTA-NHS is capable of diffusing dagh the PEG brush to bind to a
functional amine on the lipid headgroup. The agereolecular area was ~1-2 hper Gd-
DOTA complex. This value was higher than thatle# minimum molecular area for a lipid
(~0.4 nnf), indicating that roughly 20-40% of the DSPE wasjuogated to Gd-DOTA. This
fraction is similar to previous reports for Gd-DODSPE liposomes (Hak, Sanders et al. 2009)

and Gd-DTPA bis(stearylamide) liposomes (GhaghBdapori et al. 2009).
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3.3.2. Ultrasound Characterization of Gd(lll)-microbubbles

Lipid-coated microbubbles labeled with Gd(lll) weested for echogenicity in the mouse kidney
using a preclinical ultrasound scanner. Figureshidws the B-mode images before and after
microbubble injection. A bolus injection of 1 x "1Gd(lIl)-bound microbubbles significantly
increased the fundamental mode backscatter, aswident by an increase in video intensity and
speckling throughout the kidney region. Higher noiimibble doses (e.g., 5 x®0ed to strong
contrast enhancement in the upper portion of tedy and shadowing in the lower portion
(data not shown). These results show that thel(F8@und microbubbles are highly echogenic

and suitable for contrast-enhanced US imaging.

Before After Contrast Enhancement
Bolus Injection Bolus Injection Overlay

Figure 3.5. Ultrasound images of the mouse kidney before and aftbolus injection of 1 x
10" Gd(Ill)-bound microbubbles: (Left) pre-injection, (Mi ddle) post-injection, (Right)

contrast enhancement overlay determined using signal subtraction.
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3.3.3. MRI Characterization of Gd(lIl)-microbubbles

Figures 3.6a and 3.6b show theweighted and Fweighted MRI maps of fragmented and
intact Gd(lll)-bound and control (DOTA without Gdjf) microbubbles. Fragmented
microbubbles were produced by the removal of treeagaie of intact microbubbles through bath
sonication and heating. The color-coding (from teedhlue) indicates a greater relaxation effect
and therefore an MRI signal intensity increasegufés 3.7a-d show plots of the longitudinal and
transversal relaxation rates;(Bnd R) of intact and fragmented Gd(lll)-bound microbudsbhs

a function of microbubble concentration, normalizedotal Gd(lll) concentration using ICP-
OES results, for 4 independent trials. Results ale shown for intact and fragmented control

microbubbles as a function of surface area

3.3.4. Relaxation Rates of Control Microbubbles and their Fragments

As observed from both the;-Tand T-weighted color-coded MRI maps (Fig. 3.6), the caint
microbubbles (DOTA without Gd(lll)) produced an MRignal similar to baseline (saline),
which did not deviate significantly with an increas1 microbubble concentration. This is
further evident in the plot of the relaxation rae¥sus increasing microbubble surface area for
both R and R (Fig. 3.7a,b). The lack of a significant relagatieffect was found for both intact

and destroyed control microbubbles.
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3.3.5. Relaxation Rates of Gd(lll)-bound Microbubbles and their Fragments

Figure 3.6 also shows that the intact Gd(lll)-bousaimples produced similar MR signal
intensities as saline and control microbubbles, thedsignal intensity was not dependent on an
increase in sample concentration. Similarly, Fégu8.7c and 3.7d show that the relaxation rate
did not increase with increasing intact Gd(lIl)-bbdumicrobubble concentration (the fitted slope
was slightly negative); the MRI signal was similar that of control samples. This was
surprising, as we expected the MRI signal to ineeewith increasing Gd(lll) as has been
observed in liposomal suspensions (Ghaghada, Hastlaly 2008; Terreno, Castelli et al. 2008;

Ghaghada, Ravoori et al. 2009; Hak, Sanders 208P; Kamaly, Kalber et al. 2010).

Interestingly, the fragmented Gd(lll)-bound micrbbles resulted in a noticeable increase in
color-coded MRI signal intensity compared to salirmntrol and intact Gd(lll)-bound
microbubbles (Figs. 3.6 and 3.7). Additionallye tkffect was concentration-dependent, with an
increase in fragmented Gd(lll)-bound sample come#ion leading to an increase in MRI signal
intensity. These results suggest that the MRasigame primarily from the Gd(lIl) groups and
not the other components of the lipid microbubllells and the relaxation rate appeared to be

most strongly related to the state of the microleilbe., intact vs. fragmented).
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To-weighted MRI Color Map
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Figure 3.6. Color maps of MRI relaxation time for intact and fragmeried microbubble
samples. Longitudinal relaxation time (A) and transverse relaxatio time (B) increases
from blue to red, as shown. Samples are arranged shown: row 1)tatt DOTA-bound
control microbubbles; 2) fragmented DOTA-bound control microbubbles; row 3) intact
Gd(lI)-bound microbubbles; row 4) fragmented Gd(lIl)-boun d microbubbles. Students t-
tests showed that, for a given microbubble sampld,; and T, were not statistically different

between vertical slices.
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Figure 3.7. Relaxation rates of intact and fragmented microbubble samples. Ry versus
MB surface area; B)R,versus MB surface area; CR; versus Gd(lll) concentration; D) R,

versus Gd(lIll) concentration.
3.3.6. Molar Relaxivities of Gd(lIl)-bound Microbubbles

Molar relaxivities (mM's?) were calculated from the slopes of the lineandties in Figures
3.7c and 3.7d and are shown in Table 3.1. Fragtient of the intact Gd(lll)-bound
microbubble samples led to a 40-fold increase mgikodinal molar relaxivities; (p < 0.05) and
a 32-fold increase in transverse molar relaxivitiggp < 0.05). Thus, both, andr, for the

fragmented Gd(lll)-bound microbubbles were gredtem the corresponding values for the



70

intact Gd(lIl)-bound microbubbles. A potential rhaaism for this surprising phenomenon is

discussed below.

Table 3.1: Relaxivity of Intact and Fragmented Gd(lIl)-bound Microbubbles

r]_/MB rzll\/lB
r, (mMis? r(mMs?
(s'/MB) (s1/MB)
Intact MBs -0.1 +£0.10 3.8+5.8 -3.6x16 1.4x 16
Destroyed MBs 4.0 + 0.4 120.2 +17.7 1.4 x 16 4.3 x 10

3.4. Discussion

The relaxivity values in table 3.1 were determifieuin the quantifying the relative changes in
signal intensity from MRI images. This relaxiviialues do not necessarily represent actual
theoretical values based on relaxation theory.s because the MRI protocol used is designed
primarily for making qualitative comparisons betweamages whose quality may change
depending on machine sensitivity. One way to detex accurate values of relaxivity would be
to employ standardized techniques like Nuclear raagnresonance (NMR) spectroscopy.
Surprisingly, we found that the relaxivity of GdjHipid monolayer-coated microbubbles
increased significantly after destruction by sotica to form bilayer fragments. One
explanation is that the presence of the microbubbkecore weakened the MRI signal intensity
owing to susceptibility effects. However, the shdifiference in relaxation rates between intact

and fragmented control microbubbles, and the latlcancentration dependence for these
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samples (Fig. 3.7), does not support this explanatMWe propose an alternative explanation for
this phenomenon based on the difference in bulkewatcess to the Gd(l11)-DOTA-DSPE
complex for microbubbles versus liposomes (Fig).38d(lll) is a paramagnetic ion that must
interact with and exchange nearby water protonstvimner core (first hydration layer) in order
to have a measurable effect on relaxivity (TothiniHet al. 2002). Intact microbubbles, which
comprise a highly condensed monolayer shell heldeurtompression by Laplace pressure-
driven dissolution (Kim, Costello et al. 2003; Dancand Needham 2004), may have restricted
access of aqueous protons to the Gd(lll) ion. fegation of the microbubble converted the
lipid to a more relaxed liposomal bilayer configima, which may have allowed for greater
access of water molecules to the Gd(lll) complexyst allowing a greater relaxation
enhancement. The average area per lipid moleoule fully compressed monolayer may be as
low as 0.32 nih(Saad, Policova et al. 2009), which is 25 % lass that for a typical gel-phase
bilayer of 0.48 nrh (Lewis and Engelman 1983; Israelachvili 1992; Naghd Tristram-Nagle
2000; Petrache, Dodd et al. 2000). We therefoopgse that the tighter lipid packing in the
monolayer configuration silences the relaxatiore@ffby inhibiting water proton exchange
between the Gd(lll) complex and the bulk, wheremsér packing in the bilayer configuration
provides sufficient exchange to significantly affeelaxation. This mechanism is supported by
recent results for magnetite-bearing polymeric obabbles, in which a rise in longitudinal and
transversal relaxivities was found following micutible destruction and release of the iron

oxide particles (Liu, Lammers et al. 2011).
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Gas core

Intact Microbubble

Lipid Shell Fragments

Figure 3.8. Cartoon showing proposed mechanism for MRI relaxivityincrease with the
cavitation-induced conversion of lipid from the compressed onolayer form on the intact
microbubble to the relaxed bilayer form of the fragments. Thelipid molecular area and
hydrocarbon membrane thickness are estimated to be 0.32 Amand 2.2 nm for the
condensed monolayer (Saad, Policova et al. 2009; Israelachvili 2011) and 0.48 and 2.4
nm for the relaxed, gel-state bilayer (Lewis and Engelman 1983;dgle and Tristram-Nagle
2000; Petrache, Dodd et al. 2000; Israelachvili 2011). The parameters shown the
schematic are the outer hydration shell of the Gd(lll) ion,0S; the inner hydration shell,
IS; the molecular tumbling time, tr; and the proton exchange rate from the OS to the IS,
Kex It is proposed that the ability of the Gd(lll) ion to magneize bulk water protons, i.e.,
the value of k,, increases as the lipid packing relaxes during the monolayeo-tbilayer

transition.
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Regardless of the underlying mechanism, this beha#iGd(lll)-bound microbubbles may have
useful implications for MRI-guided FUS therapy. itdg the Gd(lll)-bound microbubbles
fabricated here, one may envision that microbubblatation within the ultrasound focus can be
spatially and temporally controlledh situ via monitoring of the MRI signal increase as the
Gd(Il)-DOTA-DSPE is converted from monolayer toldyer. Cavitation detection during
focused ultrasound surgery may serve as a methgdide and monitor therapeutic effects and
prevent unwanted bioeffects (Farny, Holt et al. 200'Reilly and Hynynen 2010; Hsieh, Smith
et al. 2011). For example, Huang et al. (Huangekal. 2010) recently proposed to use phase-
change agents, such as perfluorocarbon-liquid eomutiroplets that vaporize upon heating, to
detect the margins of ablation during high-intgngitcused ultrasound. Here, we propose an
alternative strategy, in which Gd(lll)-lipid micrabbles may serve as both a source and MRI
beacon for acoustic cavitation. Following the m®gd mechanism given above, the MRI signal
would increase from baseline tissue contrast t@tipesontrast, in a dose-dependent manner, as
microbubbles are fragmented. The change in sigmwahsity would provide a measure of the
microbubble cavitation dose within the region ofemest. Thus, the Gd(lll)-microbubbles
developed here may serve as a theranostic agenbmitor treatment and minimize the side

effects associated with FUS.
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3.5. Conclusions

Chelation of the paramagnetic lanthanide Gd(lllthie DOTA ligand on the surface of lipid-
shelled microbubbles was achieved at a reactiope¢eature of 56C without degrading the 4-5
pKm microbubble size distribution. The microbubblesre echogenic and provided contrast
during high-frequency ultrasound imagimgvivo. Surprisingly, MRI relaxometry showed that
intact Gd(lIl)-bound microbubbles did not signifitly enhance longitudinal or transverse
proton relaxation. However, the bilayer fragmeoitsGd(lll)-bound microbubbles formed by
cavitation resulted in a significant increagsendr,. A mechanism based on bulk water access
to the Gd(IlIl) complex was proposed to explain itherease in MRI signal intensity observed
upon conversion of the condensed monolayer fortméorelaxed bilayer form. Gd(lll)-bound

microbubbles could find use as cavitation probed/RI-guided FUS therapy applications.
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Chapter 4. Magnetic Resonance Properties of Gd(lll)-Bound Lipd-Coated

Microbubbles and their Cavitation Fragments

4.1. Introduction

Magnetic resonance imaging guided focused ultrasosurgery (MRIgFUS) is a rapidly
developing medical technique that uses high intgrfecused ultrasound to ablate tissue and
magnetic resonance (MR) thermometry to monitortineat (Cline, Schenck et al. 1992; Jolesz
and Hynynen 2002; Jolesz and McDannold 2008). Etam and transient cavitation of gas-
filled microbubbles nucleated from dissolved gasesssue and blood plays an integral role in
the efficacy of this therapy (Jolesz and McDanrl88). However, the nucleation of cavitation
sites is unpredictable and can lead to deletemdiests outside the targeted region. Thus, it is
preferable to use preformed, stabilized microbublfle10 um diameter) that can interact with
ultrasound waves in a more predictable manner gdcded McDannold 2008). Lipid-coated
microbubbles are currently approved by the U.S.dFead Drug administration (FDA) for
echocardiography and are currently being develdpedxpanded imaging capabilities (Lindner
2004; Qin, Caskey et al. 2009) and therapeuticiegtmns in drug, gene and gas delivery
(Ferrara, Pollard et al. 2007; Coussios and Roy82@wanson, Mohan et al. 2010; Sirsi,
Hernandez et al. 2012). One potential therapeaiglication of microbubbles is the non-
invasive, localized and transient opening of theobtbrain-barrier (BBB) for targeted drug
delivery to the brain. Previously, lipid-coatedcnobubbles were shown to reduce the acoustic
threshold needed for opening of the BBBrivo (Choi, Feshitan et al. ; Hynynen, McDannold et
al. 2001; Choi, Pernot et al. 2007; Xie, Boska 1et2808; Marquet, Tung et al. 2011). In

addition to disrupting vasculature, microbubblesodiave been designed to deliver a therapeutic
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payload (Ferrara, Pollard et al. 2007; Lentacker,Iinedt et al. 2009). However, methods are
unavailable to use MRI for tracking microbubbled gheir interactions with ultrasound. It
therefore is desirable to develop MR-detectablerobigbbles, so that MRI can be used to

monitor and control not only thermal ablation, blg#o pharmaceutical delivery.

In chapter 3, the MRI-contrast agent Gd(lll)-DOTAsvconjugated to the lipid shell of
size-selected gas-filled microbubbles using a faisling technique. Gd(lll)-DOTA was
conjugated to the primary amine on the headgroygho$phatidylethanolamine (PE). The effect
of Gd(lI)-bound microbubble cavitation on the MRgmal (at 9.4 T) was determined by
comparingr, andr, of 4-5 micron-sized gas core-containing Gd(llldbd microbubbles to
those of microbubbles that were fragmented by imlertavitation into lipid fragments.
Surprisingly, bothr; and r, increased after the fragmentation of intact Gy{ibund
microbubbles. The explanation for this phenomewas based on the difference in bulk water
access to the lipid headgroup-labeled Gd(lll)-carpfor microbubbles versus the lipid
fragments. Paramagnetic Gd(lll) ions reportedligaate MR signal by interacting with nearby
water protons (Toth, Helm et al. 2002). Intactmoimbbles, which comprise a highly condensed
monolayer shell, may restrict access of aqueoutompsao the Gd(lll) bound lipid headgroup.
Microbubble fragmentation converts the Gd(lll) bduRPE monolayer to a more relaxed
liposomal bilayer structure, which may allow foregter access of water molecules to the

Gd(ll), increasindr; and enabling higher signal intensitiesTinweighted images.

One method of testing this hypothesis is to charem the MR relaxation properties of
intact and fragmented lipid microbubbles comprisiagshell with Gd(lll) preferentially

conjugated to a long, flexible linker, such as distal group on the polyethylene glycol (PEG)
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brush on the lipid monolayer encapsulation. Mictatile (or liposome) design requires the PEG
brush to provide stability against coalescencdysion) and to protect against an immunogenic
responsen vivo (Allen 1994; Ferrara, Pollard et al. 2007). Althgby liposomes with Gd(lll)-
labeled lipid headgroups have been designed fdulaeland vascular imaging applications
(Strijkers, Mulder et al. 2005; Ghaghada, Ravobale2009; Hak, Sanders et al. 2009), neither
liposomes nor microbubbles with Gd(lll) conjugatedthe PEG brush have been documented.
Comparison between the MR signal intensity indumg®EG-labeled Gd(lIl)-microbubbles and
their liposomal fragments may shed some light itite exchange rate hypothesis that was
originally proposed to explain the behavior of dipheadgroup-labeled Gd(lIl)-microbubbles

under fragmentation.

The microbubble gas core may also affect longitaldiand transverse relaxation.
Previously, gas-filled microbubbles without Gd(it8portedly enhance®, in a dose-dependent
manner (Alexander, McCreery et al. 1996; Wong, Huainal. 2004; Cheung, Chow et al. 2009).
R, is the additional enhancement of the transversgnetization signal above of baseliRe
that stems from inhomogeneities in the magnetid.fieTheR, enhancement produced by the
microbubbles was attributed to the differences iagnetic susceptibility at the gas-liquid
interface, which creates local inhomogeneitieshim thagnetic field that affe®, decay. The
equation given below relates the approximate magrield perturbation caused by a single,
isolated spherical gas-filled microbubble at a posidescribed by cylindrical coordinates g},

(Chu, Xu et al. 1990; Xu and Haacke 2006):
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AB(r,0)/B, = (4/3)zAx(R/1)*(3cos’ 6 -1) (4.1)

whereB is the magnetic field perturbatioBs is the static magnetic field vectoty represents
the magnetic susceptibility difference between gad liquid andR is the sphere radius. Thus,
the degree of magnetic field perturbation causethbypresence of a single gas bubble during
MR analysis is theoretically dependent on gas veland the susceptibility differences at the
gas-liquid interface. Alexander et al. (Alexand®icCreery et al. 1996) reportel,
enhancement from 9 different gas-types and thenpateto use the gas-volume dependent
susceptibility effect as a pressure sensor foruaaalg cardiovascular function. Cheung et al.
(Cheung, Chow et al. 2009) reported an incread® ofit 7 T in the rat brain as a function of
microbubble volume fraction for both sulfur hexaftide and air microbubbles. Wong et al.
(Wong, Huang et al. 2004) used tRe enhancement induced by Optison (GE Healthcare)
microbubbles for intravascular imaging of the raed with MRI. Subsequent studies by Chow
et al. (Chow, Chan et al.) and Yang et al. (Yang, Li et 2009) demonstrated additional
enhancement oR, by loading iron oxide into the shell of polymemicrobubbles (Chow,
Chan et al. ; Yang, Li et al. 2009). Finally, letial. (Liu, Lammers et al. 2011) reported an
additional enhancement of boRy andR, after microbubble fragmentation with ultrasound.
The additional MR enhancement after fragmentati@s \attributed to greater interaction of
water protons with iron oxide in the shell fragngentFor lipid microbubbles loaded with
paramagnetic Gd(lll), it is desirable to determihe effects the paramagnetic ions and gas core
will have on the MR signal, and ultimately what thmplications are for applications in

MRIgFUS.
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In this report, the effects of microbubble gas camel Gd(Ill) conjugation o, andR, were
determined quantitatively by NMR. The microbubBleell used in this study is lipid-based
because of the advantages in biocompatibility alaound compliance when compared to
polymeric agents (Bloch, Wan et al. 2004). A gdabeling protocol was used to generate lipid
headgroup-labeled or PEG-labeled Gd(lll)-microbekbbland microbubbles without Gd(lll)
conjugated to the shell served as controls. Thagds inr; andr, of both lipid headgroup-
labeled and PEG-labeled Gd(lIl)-microbubbles aftagmentation were used to determine the
potential mechanisms responsible for an increaddRnsignal of fragmented lipid headgroup-

labeled Gd(lll) microbubbles.

4.2. Materials and Methods

4.2.1. Materials

All solutions were prepared using filtered, 18)Mm deionized water (Direct-Q, Millipore,
Billerica, MA). All glassware were cleaned with V0% ethyl alcohol solution (Sigma-Aldrich;
St. Louis, MO) and rinsed with deionized water. eTgyas used to form microbubbles was
perfluorobutane (PFB) at 99 wt% purity obtainedniréluoroMed (Round Rock, TX). 1,2-
distearyol-sn-glycero-3-phosphoethanolamine  (DSPEnd  1,2-distearoyén-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glyc@P@ (DSPE-PEG(2000)-amine) were
purchased from Avanti Polar Lipids (Alabaster, AL). 1,2-distearyol-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glyg@0] (DSPE-PEG(5000)) was obtained
from NOF America Corporation (White Plains, NY),4,7,10-Tetraazacyclododecane-1,4,7,10-

tetraacetic acid monbi¢hydroxysuccinimide ester) (DOTA-NHS) was purchasédm
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Macrocyclics (Dallas, TX) and dissolved in N,N-ditmdgformamide (DMF; Sigma-Aldrich)
prior to use. Gadolinium (lll) chloride (Gdg@Lwas purchased from Sigma Aldrich and

dissolved in 0.2 M, pH 5.6 acetate buffer (VWR, Rawl PA).

4.2.2. Microbubble Generation and Size Isolation

Microbubbles with primary amine lipid groups weogrhulated using a lipid suspension of 90%
DSPE and 10% DSPE-PEG(5000) at 2 mg/mL in 100 mE R4 7.2, 0.15 M NaCL, 0.2 M
phosphate). Microbubbles with primary amine PE@®ugs were formulated using a lipid
suspension of 90% DSPC and 10% DSPE-PEG(2000)-aahideng/mL in 100 mL PBS. The
lipid DSPC was selected to prevent headgroup catijug Each solution was degassed by
applying house vacuum with constant stirring. D&®PE/DSPE-PEG(5000) solution was then
preheated to C above the main phase transition temperafliye=(74°C) of DSPE (Cevc and
Marsh 1985). Similarly, the DSPC/DSPE-PEG(2000)ansolution was then preheated tiC5

above the main phase transition temperaflixe=(55°C) of DSPC.

The lipid mixture was sonicated with a 20-kHz profmeodel 250A, Branson Ultrasonics;
Danbury, CT) at low power (3 W) to disperse thddliaggregates into small, unilamellar
liposomes. PFB gas was introduced by flowing ierothe surface of the lipid suspension.
Higher power sonication (33 W) was applied to thspension for about 10 seconds at the gas-
liquid interface to generate microbubbles. Siztriiution of the microbubbles was determined
by laser light obscuration and scattering (Accusiz@0A, NICOMP Particle Sizing Systems,

Santa Barbara, CA). During measurements, 2 uL Esngh each microbubble suspension were
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diluted into a flask containing 30 mL of distillegater under gentle mixing. All samples were
measured in triplicate and analyzed for both numbad volume-weighted size distributions.
The size-selected microbubbles used in this studsevit-2um in size since this size range
provided lower buoyancy and, consequently, improwveghsurement consistency during NMR
data collection as compared to the 4B bubbles. The 1-Am microbubble size distribution

was refined using methods described in chapter 2.

4.2.3. Synthesis of Headgroup-labeled (Gd(lll)-PE) and PEG-labeledGd(lll)-PEG-PE)

Microbubbles

Gd(lI)-bound microbubbles shells were fabricatsthg the post-labeling technique (Figure 4.1)
described in chapter 3. To summarize briefly, myiineadgroup labeled Gd(lll)-microbubble
(Gd(l)-PE) formulation, the macrocyclic ligand D@ was conjugated via an NHS reaction at
room temperature to the primary amine located erhtradgroup of DSPE. Excess DOTA-NHS
ions were removed by several cycles of washingifegation (5 minute, 300 RCF) using pH
5.6 Acetate buffer. The lanthanide Gd(lll) waslated to the DOTA group bound to the lipid
headgroup. The chelation reaction was carriedab®0°C for 2 hours. Excess Gd(lll) ions
were removed by several cycles of washing/centaiiog (5 minute, 300 RCF) using pH 5.6

Acetate buffer followed by several cycles of wasgftentrifugation using pH 7.4 PBS.
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A) Gd(ll1)-PE B) Gd(lIl)-PEG-PE
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Figure 4.1: Schematic of Gd(Il1)-DOTA conjugation to microbubble shell. A) Gd(lIl)-PE.

B) Gd(IIl)-PEG-PE.

Similarly, PEG-labeled Gd(lll) microbubbles (GA{{PEG-PE) were fabricated using the same
post-labeling technique. DOTA was conjugated ®ghmary amine group located on the distal
end of DSPE-PEG(2000) amine. Excess DOTA-NHS iwee removed by several cycles of
washing/centrifugation (5 minute, 300 RCF) using p# Acetate buffer. The lanthanide
Gd(ll) was chelated to the DOTA group bound to BtEeG-PE group. The chelation reaction
was carried out at 4% for 2 hours. Excess Gd(lll) ions were removedsbyeral cycles of
washing/centrifugation (5 minute, 300 RCF) using pld Acetate buffer followed by several

cycles of washing/centrifugation using pH 7.4 PBS.
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4.2.4. Characterization of Gd(Ill)-bound Microbubbles and Cavitation Fragments

Microbubble size distribution and concentrationeafthelation reaction were determined by
using the Accusizer. The concentration of Gd(bgund to the microbubble shell was
determined by inductively coupled mass spectrosddppP-MS, Agilent technologies, Santa
Clara, CA). Destruction/fragmentation of Gd(lllEPand Gd(lll)-PEG-PE microbubble

suspensions was accomplished by simultaneous battasion and heating to 8€ and 60°C

for 10 mins respectively. A Malvern ZetaSizer (\6&stershire, United Kingdom) was used to

determine the size of liposomal fragments.

4.2.5. NMR Characterization of Intact and Fragmented Gd(lll)-bound Microbub bles

The effect of the Gd(Ill)-bound microbubbles on TheandT, relaxation times was determined
using NMR. Intact Gd(III)-PE or Gd(lIl)-PEG-PE ondbubbles suspension at a concentration
of at least 3 x 1§ mL™* were mixed with saline in four different volumeioa (25, 50, 75 and
100 %) in a 2 mm outer diameter NMR compatible l&yi tube (Wilmad-LabGlass, Vineland,
NJ), which was flame-sealed. The average sta®@d{jll) concentration of Gd(lIl)-PE and
Gd(ll)-PEG-PE samples was 0.45 mM and 0.1 mM rethpely. Intact and fragmented 1p2n
microbubbles without Gd(lIl) binding were used astcols. End-over-end mixing, performed
five times before each measurement, homogenizednibeobubble suspensions and further
mitigated the effects of bubbles rising due to rtheuioyancy. A 1.5 T vertical NMR
spectroscopy system was used to measusndT, relaxation times.T; relaxation times were

determined using an inversion recovery sequende n@tovery times ranging from as low as 1
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ms up to 30 s. T, relaxation times were determined using a Carr&ukéeiboom-Gill
(CPMG) sequence with a 4 ms intercho time, andpatitéon time of at least 9, for each
sample. Thd; andT, times induced by the intact microbubbles were meakfirst. Next, the
sealed capillary containing the intact microbubbless heated and sonicated to produce a
solution of Gd(lll)-bound lipid fragments. Fragntation of Gd(lll)-PE and Gd(lIl)-PEG-PE
microbubbles were accomplished by heating ta’®0and 60°C for 10 minutes respectively.
Finally, theT, and T, times induced by the fragmented microbubbles wetermined. AllT;
andT, measurements were repeated in triplicate. Melaxivities ¢; andr, ) were calculated
from slopes of regression lines of the plotRafandR, versus Gd(lll) concentration. A two-
tailed unpaired student t-test was used to determine ijréfisance between; andr, of

fragmented versus intact samples assuming a Gaufistaibution.

4.3. Results and Discussions
4.3.1. Preparation of Gd(lIl)-bound Microbubbles

4.3.1.1. Headgroup-labeled Microbubbles (Gd(ll)-PE)

The size isolation technique produced lw# diameter microbubbles at a concentration of a
least 1 x 18 mL™. Figure 4.2a shows the size distribution of nticdobles before and after
DOTA conjugation to the amine-containing lipid (CE5Fon the monolayer via an NHS-coupling
reaction at room temperature. The average mictadbulroncentration decreased by
approximately 41 % after DOTA conjugation. Figute2b shows the size distribution of
microbubbles before and after Gd(lll) chelationrd@TA bound to the DSPE monolayer at 50

°C. The average microbubble concentration decreage84 % after the 2-hour chelation
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reaction. The mean and median number diameteriabbubbles changed by less than 1%
before and after DOTA conjugation and Gd(lll) chiela. This indicated that the post-labeling
strategy to available PE groups reduced microbubbieentration but minimally affected 1-2
micron size monodispersity. The average Gd(lIsiper Gd(l11)-PE microbubble determined
by ICP-MS was 7.3 x 0+ 2.3 x 16 ions/microbubble (1.3 x £0+ 4.1 x 18 ionspm?).
Assuming spherical microbubbles with an averageemdér area of 0.4 ninthere was on
average ~64 % of Gd(III)-DOTA binding to availad®RE groups. Dynamic light scattering
measurements indicated that fragmentation of th@lii8E microbubbles by heating and bath

sonication resulted in liposomes of size 217 + 3imaiameter.
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Figure 4.2. A) Number-weighted size distributions of DSPE marobubbles before and after

conjugation with DOTA-NHS. B) Number-weighted size distibutions of lipid-bound

DOTA-microbubbles before and after Gd(lIl) chelation at 50°C.

4.3.1.2. PEG-labeled Microbubbles (Gd(ll)-PEG-PE)

As before, the size isolation technique produce@ {im diameter microbubbles at a
concentration of at least 1 xt0nL™. Figure 4.3a shows the size distribution of niiciables
before and after DOTA conjugation to the distal efidhe amine-containing PEG-PE on the
monolayer via an NHS-coupling reaction at room terafure. The average concentration of 1-2

um microbubbles decreased by approximately 27 % @&teTA-conjugation. Figure 4.3b
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shows the size distribution of microbubbles befanel after Gd(lll) chelation to the DOTA-
bound PEG-PE on the monolayer at’60 The average microbubble concentration decreaged
41 % after the 2-hour chelation. The mean and amediumber diameter of microbubbles
changed by less than 1 % before and after DOTAugation and Gd(lll) chelation. This
indicated that the post-labeling strategy to awé@élaPEG-PE groups reduced microbubble
concentration but minimally affected 1-2 micronesimmonodispersity. The average Gd(lll) ions
per Gd(II)-PEG-PE microbubble determined by ICP-M@&s 6.3 x 10 + 2.1 x 10
ions/microbubble (1.4 x £o+ 6.7 x 10 ionsiim?). Again, assuming spherical microbubbles
with an average molecular area of 0.4’nthere was on average ~53 % of Gd(lll) binding to
available reactive PEG-PE groups. Dynamic lighatteting measurements indicated that
fragmentation of Gd(lIl)-PEG-PE microbubbles by tivegga and bath sonication resulted in
bimodal lipid fragments of 84 £ 18 nm and 340 itk in diameter. This bimodality suggests
that Gd(lll)-PEG-PE microbubbles formed a mixturelipid vesicles such as micelles and

liposomes after fragmentation.
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4.3.2. NMR Characterization of Intact and Fragmented Gd(lIl)-Bound Microbub bles

43.2.1. Control Microbubbles (No Gd(lll))

Figure 4.4a and 4.4b show plots of the longitudiffal = 1/T;) and transverseRf = 1/T,)

relaxation rates of the control microbubble vergas volume fraction.r,* decreased from 73 £
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9.8 to 2.1 + 0.31 5 volume-fractioft during microbubble fragmentation. There was no

appreciable change m.

1.0
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Figure 4.4. Relaxation rate of control microbubbles (No Gd(lll)) versus gas volume

fraction. A) Longitudinal relaxation rate (R;). B) Transverse relaxation rate R, ).

4.3.2.2. Relaxation Rate of Intact and Fragmented Gd(lll)-PE Microbubbles

Figure 4.5 shows representative plotRpandR, versus Gd(lll) concentration for Gd(lll)-PE
microbubbles. R, and R, increased in a dose-dependent manner for bothintaet and

fragmented microbubbles. Table 4.1 summarizesé#eulatedr; andr, values of the intact
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and fragmented Gd(lll)-PE microbubbles for 3 indegent experiments. On average the value
of r1 increased by a factor of 2.4 after microbubbleynantation (p < 0.05). However;
remained relatively unchanged after microbubblegrfrantation (p = 0.9). Therefore,

fragmentation of Gd(lI1)-PE microbubbles enhanBedbut only slightly changeR; .

20+ -= Intact-R;
A) -=- Fragmented- R,

c L] L] Ll L
00 01 02 03 04 05
Gd(lll) concentration (mM)

1 Intact-R,
& Fragmented-R;

c L) T T T 1
00 01 02 03 04 05
Gd(lll) concentration (mM)

Figure 4.5: Relaxation rates of intact and fragmented Gd(lll)-PE microbubbles versus
Gd(lll) concentration. A) Longitudinal relaxation rate ( Ry). B) Transverse relaxation rate

(R.). Figure shown is a representative data set.
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Table 4.1: Relaxivities (; andr, ) of intact and fragmented Gd(l1l)-PE microbubbles.

(- Gd(lll) ions/ Intact Fragmented Intact Fragmented
PE Microbubble | ry(mM?*s?Y | ry(mM?*s?) | r, (mM?*sh) | )" (mM2s?)
Trial 1 8.6 x 16 6.6 +0.19 16 £ 0.39 23+1.4 22+ 2.5
Trial 2 8.7 x 16 8.8 +0.36 26 + 0.55 37 £0.4Q 37 +0.33
Trial 3 47 x 106 7.3+8.1 14 +13 43+4.4 41+1.6

Similar to theT;-weighted MRI analysis of 4-5 micron sized Gd(FE microbubbles in
chapter 3, fragmentation of the 1-2 micron sizedll§ePE microbubbles resulted in an increase
in r1. From the control microbubble experiments, it veasdent that there is virtually no
contribution toT; relaxation from either the lipid bilayer or therfhgorobutane gas core. These
results support the hypothesis in chapter 3 ofrdraleced exchange rate of protons with Gd(lll)

in the relaxed bilayer versus the condensed moanlay

We suggest that the enhancement in proton exchaogared as the lipid headgroup
area increased with the transformation from a nmayesl to bilayer configuration (figure 4.6A).
Israelachvili provided a simple relation for thetiopal headgroup aread) in terms of a balance
between the attractive and repulsive intermoledalares between lipid molecules (Israelachvili

2011):

Y (4.2)

where K is a constant accounting for steric repulsionha tnterfacial region ang is the
interfacial tension. Based on this simple appr@tion, the equilibrium headgroup area is
expected to increase ~70% upon going from a gasrwaterface fmnonolayer~ 73 MN/m) to a

bilayer membraneygiayer ~ 25 mMN/m), assuming that repulsive forces remachanged. Such
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an increase in headgroup area may allow more wiadégcules to permeate into the headgroup

region and interact with the chelated Gd(lll) ions.

A) Gd(l11)-PE R,
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) o o

o

Intact Fragmented

Figure 4.6. Schematic demonstrating hypothetical mechanisms govengi changes in ay;

of Gd(lII)-PE microbubbles and b) r,* of Gd(ll1)-PEG-PE microbubbles.

The trend inT, is different (Figure 4.5B, table 4.1) th@p asr, of the intact and fragmented
Gd(lIN-PE microbubbles were similar in magnituaspecially for the first two trials. From
observation of the control microbubbles without BY( it is apparent that the intact
microbubbles provide a ~35-fold greater increas&0fthan the lipid fragments. This result
indicates that the gas core of the Gd(lll)-PE nfictables induces an independent enhancement

of the R, . This result also corroborates previous reportaroimprovement iR, using gas-
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filled microbubbles (without Gd(lll))(Chow, Chan at. ; Alexander, McCreery et al. 1996;
Wong, Huang et al. 2004; Cheung, Chow et al. 20@#g, Li et al. 2009; Liu, Lammers et al.
2011). Our results demonstrate that this gas ptibdity behavior affectdR, , but notRy. Ry is
only sensitive to relaxation processes at the prdtarmor frequency (64 MHz at 1.5 T)
(Abragam 1961; Slichter 1990; Levitt 2008), white R, signal is sensitive to inhomogeneities
in the magnetic field such as those present atigaist interfaces. Therefore, we propose that
the increase iR, due to intact Gd(lIl)-PE microbubbles stems froroombination of a weak
augmentation induced by Gd(lll) in the highly-pagkipid monolayer and a susceptibility
enhancement from the gas core. After microbubbsgnientation, the gas-susceptibility
enhancement dissipates, but the remnant lipid feasn(containing no gas) still enharie by
virtue of enhanced proton exchange with Gd(lll}Ha relaxed lipid bilayer. Observation of the
sample from trial 3, further supports this explératas a slightly higher gas-fraction to Gd(lll)
ratio, ultimately resulted in intact Gd(Ill)-PE mibubbles with a slightly larges value than
the lipid fragments. It may be worthwhile to exldhe effects of changing the gas composition
of the Gd(lll)-PE microbubbles on*. The magnetic susceptibility constant of gasases
depending on whether the gas is diamagnetic orngagaetic, and although the magnetic
susceptibility of PFB gas has not been reportesl viiues for diamagnetic gases like Nitrogen

and paramagnetic gases like Oxygen are known (SkH96).
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4.3.2.3. Relaxation Rate of Intact and Fragmented Gd(lIl)-PEG-PE Microbubbles

Figure 4.7 shows representative plotsRefandR, versus Gd(lIl) concentration for Gd(Ill)-
PEG-PE microbubbles. Agaif andR, increased in a dose-dependent manner for both the
intact and fragmented microbubbles. However, ttediines changed significantly upon
fragmentation in comparison to Gd(lI)-PE microbldsh Table 4.2 summarizes the calculated
values ofr; andr, of the intact and fragmented Gd(lI1)-PEG-PE mierobles for 3 independent
experiments. The calculated values of the Gd(lI)-PEG-PE microbubbles decrdaea
average by a factor of 2.1 after microbubble fragiagon (p = 0.26). Similarly;,” decreased

on average by a factor of 8 after fragmentatior (p05). Moreover, the decrease in magnitude
of r, was about 2 times greater than thatof Evidently, fragmentation of Gd(lll)-PEG-PE

microbubbles resulted in an overall weakening dhlfa andR, enhancement.
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Figure 4.7: Relaxation rates of intact and fragmented Gd(lIl)-PE5-PE microbubbles
versus Gd(lll) concentration. A) Longitudinal relaxation rate (R;). B) Transverse

relaxation rate (R ). Figure shown is a representative data set.

Table 4.2: Relaxivities (; andr, ) of intact and fragmented Gd(ll)-PEG-PE microbubbles.

Gd(ll) ions/ Intact Fragmented Intact Fragmented
Gd(ll)-PEG-PE
Microbubble | ry (mM™*s?h) | ry(mM™s?) | r, (mM?*s?h) | r, (mMs?
Trial 1 5.0 x 10 18 £ 0.030 14 +0.10 190 £ 1.3 36+1.2
Trial 2 8.7 x 10 14 + 0.33 46+1.3 98+29 11+2.9
Trial 3 5.1x 10 78+9.1 3.7+6.3 210 £ 25 21+3.3
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We sought to further explore the proton exchantgemechanism, proposed earlier as the
reason for the increase m for Gd(lll)-PE microbubbles, by characterizing tMR signal
induced from a construct consisting of Gd(lIl) bduo the PEG brush of the lipid microbubble.
PEG is a highly flexible and dynamic molecule unterse conditions (Kuhl, Leckband et al.
1994; Kuhl, Majewski et al. 1999; Moore and Kuhl0B), and therefore the relaxation rate of
terminal Gd(lll) groups is expected to be relaveisensitive to changes in packing of the
underlying lipids. Contrary to Gd(lI1)-PE microbhile behavior, both the andr, relaxivity of

the Gd(lll)-PEG-PE microbubbles dropped in magretafter microbubble fragmentation.

The decrease in suggests that the underlying mechanism goverrtiagges irr; after
fragmentation of the Gd(lll)-PEG-PE microbubbleslierent from that governing the changes
in ry of Gd(lll)-PE microbubbles. With Gd(lll) bound tthe PEG, the proton exchange
mechanism proposed to govern changes in relaxofithe Gd(l11)-PE microbubbles would be
expected to play a minimal role in the Gd(lll)-PIP&- microbubbles since the effective PEG
molecular area and water access to Gd(lll) woulthaia the same after microbubble
fragmentation. One possible explanation for therekese irr, of Gd(II)-PEG-PE microbubbles
is that differences in rotational correlation timestween the intact and fragmented complexes
dominates; behavior. Relaxation theory predicts that optatian of one or more parameters
governing the inner sphere relaxivity of Gd(lll)cbuas hydration number, electronic relaxation,
proton exchange rate and rotational correlatior timakes the other parameters more limitative
(Toth, Helm et al. 2002). Thus, assuming that gh@on exchange mechanism and all other
relaxation parameters remains unchanged, theniffieeedces in rotational correlation times or
between the microbubbles and lipid fragments calitdate the differences in relaxivity from

fragmentation of Gd(l11)-PEG-PE microbubbles. Therobubble as the larger sized complex
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possibly tumbles at a slower rate, leading to largeas compared to the smaller-sized lipid
fragments that tumble at a faster rate. Howeuathér experimentation will be needed to

validate this hypothesis.

The changes in, can be attributed primarily to the strong efféw gas creates on the
transverse magnetization signal. As explained aldow the Gd(lIl)-PE microbubbles, the gas
core of the intact Gd(lIl)-PEG-PE microbubble indscan independent enhancemenfRgf
This is supported by the observation that fragnemteof the Gd(II)-PEG-PE microbubbles
correlated with a significant decreaseRef. However, unlike the Gd(lIl)-PE sample, the signa
loss from microbubble fragmentation was not comptats by the presence of the remnant
Gd(II)-PEG-PE lipid fragments. Overall, the lowsy of r; andr, values from fragmenting
Gd(I)-PEG-PE microbubbles seems to support thgothesis proposed for the changes;im
the Gd(IIl)-PE microbubbles. Ultimately, it appgahe effect of Gd(lll)-bound microbubble
cavitation on the MR signal depends on the placeémkthe Gd(lll) (lipid labeled versus PEG
labeled) on the shell and the presence of the gas(for T, ). For example, one may monitor
FUS treatment by monitoring cavitation of lipid Hgeoup-labeled Gd(lIl)-microbubbles via

changes i, or via changes i, in the case of PEG-labeled Gd(lll)-microbubbles.

4.4. Conclusions

The paramagnetic MRI contrast agent, Gd(lII)-DOWas conjugated to two different
groups on the lipid monolayer shell of the microbleb the PE lipid headgroup region or the

distal region of the PEG brush. NMR analysis r&gathat the microbubble gas core
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specifically enhanced®, in a dose-dependent manner, but Rat The increase im; after
fragmentation of Gd(lll)-PE microbubbles suggestieat the corresponding expansion of the
lipid headgroup area increased proton exchange thghGd(lll)-bound lipid headgroup and
enhancedR;. However, the decrease i from fragmenting Gd(lIl)-PEG-PE microbubbles
indicated that a different relaxation mechanism waagplay, which was minimally affected by
changes in lipid headgroup area. Therefore, tfeetedf Gd(l11)-bound microbubble cavitation
on the NMR signal depends on the location of Go@h the lipid shell (PEG-labeled or lipid
headgroup-labeled) and the presence of the gas tbese results show how NMR may be used
to provide information on lipid headgroup packiagd they may hold implications for detecting

and monitoring microbubble-assisted MRIgFUS.
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Chapter 5. Opening the Blood-Brain Barrier with Gd(lll)-bound Lipid-

stabilized Microbubbles

5.1. Introduction

One main bottleneck for the treatment of diseasasd in the central nervous system is
lack of effective delivery of larger drug compourtdsthe brain. This restriction is primarily
imposed by action of the brain’s semi-permeableron@sculature known as the blood-brain
barrier (BBB). The BBB generally excludes compaurgteater than 400 Da, and thereby
prevents neuropharmaceutical agents, such as tofsband antibodies, from reaching their
desired target (Pardridge 2005). Focused ultrabqiS) with an intravenous injection of
lipid-stabilized, gas-filled microbubbles has be#gmonstrated to induce the transient non-
invasive and localized opening of the BBB (HynynigleDannold et al. 2005; Choi, Pernot et al.
2007). Subsequent studies have demonstrated adipe of the acoustic pressure threshold
needed to induce BBB opening on the size rangkeoirticrobubbles (Choi, Feshitan et al. 2010;
Tung, Vlachos et al. 2011; Vlachos, Tung et al.1201Microbubbles of size class 4-5 and 6-8
micron in diameter induced BBB opening at a pea&feational driving pressure of 0.45 MPa,
while 1-2 micron sized microbubbles required aidgvressure of 0.6 MPa. Additional studies
demonstrated the feasibility to open the BBB in-homan primates (Marquet, Tung et al.

2011).

For these applications, it would be advantageousis® a microbubble formulation
detectable by magnetic resonance imaging (MRI)ckibuld be used to measure microbubble
concentration, image cavitation events and detegritie biodistribution of microbubble shell

debris during or after FUS. For example, MRI-d&ble microbubbles may be useful to
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monitor FUS treatment, similar to how changes mgerature are used to monitor treatment in
real-time during MRI-guided FUS therapy applicatiofCline, Schenck et al. 1992; Cline,
Hynynen et al. 1995; Hynynen, Freund et al. 1998jernatively, MRI-detectable microbubbles
could be used to track the deposition profile ofnmibubble shell material (a potential surrogate

for an attached drug) by scanning the sonicateidmegjter FUS treatment.

In chapter 3 of this thesis, an MRI-detectable obabble formulation was developed
method by labeling the MRI-contrast agent Gd(IIPDA to the lipid shell of size-selected gas-
filled microbubbles. Gd(lll)-DOTA was conjugated the primary amine on the headgroup of
phosphatidylethanolamine (PE). The effect of G@dbund microbubble cavitation on the MR
signal (at 9.4 T) was determin@dvitro by comparing both longitudinat,j and transverse)
relaxivity of 4-5 micron-sized gas core-containi@gi(ll)-bound microbubbles to those of
microbubbles that were fragmented into lipid shalgments. Analysis revealed that botland
r, increased after the fragmentation of intact Gi{dbund microbubbles. Additionally, the
Gd(ll)-bound microbubbles were also found to béagenicin vivo during high-frequency
ultrasound imaging of the mouse kidney. The echieggnndicated that conjugation of the MRI
contrast agent to the microbubble lipid shell did affect its behavior as an ultrasound contrast

agent.

In another study, Liao et al (Liao, Liu et al. 2DX®veloped albumin microbubbles
containing a shell surface-conjugated with Gd(DIJPA to serve as dual mode contrast agents
for ultrasound and MR imaging. FUS in combinatioithwthese Gd(lll)-labeled albumin
microbubbles were used to disrupt the BBB and irdatracerebral hemorrhaging at a pressure

range 0f0.98 to 1.35 MPa. Additionally, the capability tnage the regions of intracerebral
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hemorrhaging was demonstrated using MRI in comimnatwith the Gd(lll)-labeled

microbubbles. However, it is desirable to open BB at a safer pressure threshold of 0.45
MPa using the Gd(lll)-labeled microbubbles, andhtireage the sonicated region of the brain
with MRI for the presence of Gd(lll)-labeled lipidesicles. Furthermore, lipid-stabilized
microbubbles are preferred for this purpose duehtr higher ultrasound compliance in

comparison to the albumin-shelled counterparts(&ird Borden 2009).

In this chapter, we detail the opening of the BBhg FUS at 1.5 MHz and 0.4 MPa and
4-5 micron lipid-stabilized microbubbles labeledwiGd(lI1)-DOTA, and the feasibility to use
MRI to image the sonicated region for presence d{liG-labeled lipid vesicles after FUS
treatment. The microbubbles in this study wereaagfconjugated with Gd(l11)-DOTA since the
ligand DOTA is known to provide a stronger chemibahd with Gd(lll) than DTPA, which

reduces the potential for the release of free t@d¢ll) ions (Sherry, Caravan et al. 2009).

5.2. Materials and methods

Sonication Protocol

All animal procedures were approved by the Colunubméversity Institutional Animal Care and
Use Committee. The sonication protocol was adafsted the previously reported techniques
(Choi, Pernot et al. 2007; Choi, Feshitan et all20vlachos, Tung et al. 2011). A FUS
transducer (frequency: 1.5 MHz) was confocallyradig with a pulse-echodiagnostic transducer
(frequency: 7.5 MHz). A water-filled cone was maeohtonto the transducer and attached to a

positioning system (Velmex Inc., Lachine, QC, CANhe FUS transducer was connected to a
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matching circuit and driven by a function generdfggilent, Palo Alto, CA) and a 50-dB power
amplifier (ENI Inc., Rochester, NY). The diagnostiansducer was driven by a pulser-receiver
system (Panametrics, Waltham, MA) connected ta@aizir (Gage Applied Technologies, Inc.,
Lachine, QC, CAN). Pressure measurements of the tfraiSducer were made with a needle
hydrophone in a water tank. Each mouse 2, Strain C57BL/6 sex: male) was anesthetized
with isoflurane, placed prone, and immobilized bstareotaxic apparatus. The mouse hair was
removed, ultrasound-coupling gel was applied onsttie, and a water-filled container sealed at
the bottom was placed on the head. The transduees submerged in the water and their foci
were positioned to overlap with the right hippocaspf the brain. The left hippocampus was
not targeted and was used as the control. Thendein lipid-stabilized microbubbles labeled
with Gd(l11)-DOTA were fabricated using the posb#&ing technique previously described in
chapter 3 and injected intravenously (IV) throubk tail vein at a concentration of ‘1GL™
using a 30 G needle. The right hippocampal regiotihe brain was sonicated 1 min after the
microbubble injection using pulsed FUS (burst ret@: Hz; burst cycles: 100; duty cycle:
0.067%; frequency: 1.5 MHz) at a peak-rarefactignatssure of 0.45 MPa for a duration of 60 s.
Previous studies (Choi, Feshitan et al. 2010; Twuaghos et al. 2011) have shown that the safe

acoustic pressure for microbubble-mediated BBB opgies between 0.30 and 0.45 MPa.

MRI protocol

All the mice were imaged in a vertical bore 9.4VIRI system (DRX400, Bruker Biospin,
Billerica, MA) following previously developed pratols (Choi, Feshitan et al. 2010; Tung,

Vlachos et al. 2011; Vlachos, Tung et al. 201Boflurane gas (1-2%) was used to anesthetize
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the mouse during the MRI procedure. A two-dimemaioFLASH T;-weighted sequence
(TR/TE = 230/3.3 ms; flip angle: 7ONEX = 18; scan time: 9 min 56 s, matrix size: 35692;
spatial resolution: 86 x 86m?; slice thickness: 50m with no interslice gap) was utilized to
image the sonicated hippocampus (Vlachos, Tund, @04a0; Vlachos, Tung et al. 2011). The
scanning sequence was initially applied ~30 minafes sonication of the right hippocampus in
the presence of the Gd(lIl)-bound microbubbles.e phesence of Gd(lll) on the lipid shell of
microbubbles was qualitatively confirmed by MR inrmagof a centrifuge tube containing a 100
uL aliquot of Gd(IIl) microbubble that were fragmedtinto constitutive lipid fragments using a
combination of ultrasound and heating (data nowso A second scan was applied ~50
minutes (~90 mins after sonication) after intrajpereal injection of 0.30 ml BBB-impermeable,
MRI contrast agent, Omniscan (GE Healthcare, PramgeNJ), which allowed for sufficient time
for Omniscan to diffuse into the sonicated hippogas(Choi, Pernot et al. 2007; Choi, Feshitan
et al. 2010). Omniscan (Gd(lll)-DTPA-based) is dige confirm BBB opening because it
reduces the longitudinal relaxation tim&)(when released in the extravascular extracellular

space, thus augmenting the lo€alweighted contrast.

5.3. Results

Figure 5.1B shows the image of the mouse braim afteication of the right hippocampus in the
presence of the Gd(lll)-labeled microbubbles. Asevident from the image, there was no
observable increase if;-weighted contrast in the right (sonicated) hippopas after FUS

sonication in presence of the Gd(lll)-labeled mierobles. Figure 5.1C shows the image of the

mouse brain after sonication of the right hippocasnpn the presence of the Gd(lll)-labeled
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microbubbles followed by intraperitoneal injectiohOmniscan. As is evident from the image,
there was a significant increase inh-contrast in the sonicated region, which provided
confirmation that the BBB was opened. There wabservable increase in contrast in the

control hippocampus in all cases.

Figure 5.1. MRI images of the mouse brain: a) Unperturbed. b) ~4fins after sonication
of the right hippocampus in the presence of Gd(lll)-labetd microbubbles. c) At least 100
mins after sonication in the presence of Gd(lll)-labelednicrobubbles and ~60 mins after

injection of Omniscan.

5.4. Discussion

FUS in combination with 4-5 micron sized Gd(lll)-D@-labeled microbubbles was used to
open the BBB in the right hippocampus of the mdusén at a pressure threshold of 0.45 MPa.

The BBB was confirmed to be opened because of t#fubntrast enhancement in the sonicated
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region after the injection of Omniscan. This entemnent is attributed to stem from combination
of the intraperitoneal administration of Omniscard dime difference (50 mins) between its
injection and the MRI scan. The intraperitoneg@dtion method is known to allow for the slow
uptake and diffusion of the contrast media to ih@ated area, which improves the probability
that it is still present at the region of interdsting MRI scanning (Choi, Pernot et al. 2007).
This result indicated that the conjugation of thRIMontrast agent to the lipid shell minimally
affected its capability to open the BBB at the safessure threshold used in previous studies

(Choi, Feshitan et al. 2010; Tung, Vlachos et @L12 Vlachos, Tung et al. 2011).

MRI was used to image the sonicated region foptiesence of Gd(lll)-labeled vesicles and
to confirm BBB opening. In chapter 3 and 4 of tkiesis, the fragmentation of the lipid
headgroup labeled Gd(lll) microbubbles into consiie lipid vesicles resulted in an increase in
longitudinal relaxivity ¢;) in vitro. As a result, the presence of Gd(lll)-bound ligHdell
fragments at the sonicated hippocampus was expéatpcbduce an increase in the lodal
weighted MRI contrast; however, there was no olad®@evincrease iit; signal. One hypothesis
for the lack ofT;-contrast enhancemeintvivo may be due to lengthy time difference (~30 mins)
between sonication in the presence of the intravego administered Gd(lll)-labeled
microbubbles and commencement of MRI scanning.s Time difference possibly resulted in
clearance of the Gd(lll)-labeled vesicles from sbaicated regions by various mechanisms such
as blood flow. Alternatively, the concentrationtbe Gd(lll) lipid shell that may have been
present at the scanning region may not have begndmough to produce a noticeable increase

in T1-contrast above the baseline level.

One potential method to improve the chances of ingathe presence of Gd(lll)-labeled

lipid vesicles at the region of interest is to mirde the timing between FUS application and
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imaging using real-time MRI guidance similar to tttedapted in MRI-guided FUS therapy
devices (Cline, Schenck et al. 1992; Cline, Hynyatal. 1995; Hynynen, Freund et al. 1996;
Jolesz and McDannold 2008). Alternatively, the IGdlabeled microbubble shell may be
designed to incorporate a targeting peptide thatsgeecifically bind to the BBB receptor and
reduce the possibility of clearance from the regibmnterest. These and other considerations
may potentially improve the ability to track thaefaf the Gd(lll)-labeled microbubbles after

FUS treatmenin vivo.

5.5. Conclusion

FUS in combination with intravenously injected 4r&ron lipid-stabilized microbubbles labeled
with Gd(lI)-DOTA successfully induced BBB openirgf a safe pressure threshold. The
increase inT;-weighted MRI contrast after injection of Omniscamas used to confirm BBB
opening at the sonicated region. The thresholcesponded to that used to open the BBB using
4-5 micron and 6-8 micron sized microbubbles with@d(lIl)-DOTA. However, there was no
observable increase ih-weighted contrast in the sonicated region afteSFpplication in the
presence of the Gd(lll)-labeled microbubbles. He future, a potential strategy to increase
likelihood of imaging the Gd(lll)-labeled shell aftFUS sonication may require minimizing the

time difference between FUS treatment and MRI sicann
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Chapter 6: Concluding Remarks and Future Directions

6.1. Accomplishment of Specific Aims
6.1.1 Microbubble Size Isolation by differential centrifugation

This study detailed a methodology to generate -gmdted, perfluorobutane-filled
microbubbles and isolate their size fractions based migration in a centrifugal field.
Polydispersity of the freshly sonicated suspensi@s characterized by particle sizing and
counting through light obscuration/scattering aletteical impedance sensing, fluorescence and
bright-field microscopy and flow cytometry. We falrthat the initial microbubble size
distribution was polydisperse. Smaller microbubblegre more abundant. Differential
centrifugation was used to isolate the 1-2 andigriliameter fractions. Isolated microbubbles
were demonstrated to be stable over two days. After weeks, however, more dilute
suspensions <(1 vol%) were susceptible to Ostwald ripening. Fotareple, 4-5um
microbubbles disintegrated into 1+2n microbubbles. This latter observation indicatbd t
existence of an optimally stable diameter in the ism range for these lipid-coated
microbubbles. Overall, differential centrifugatigmovided a rapid and robust means for size

selection and reduced polydispersity of lipid-cdatg@crobubbles.

6.1.2. Theranostic Gd(lll)-Lipid Microbubbles for MRI-guided F ocused Ultrasound
Surgery
This study described a technique to synthesizeomdtierial consisting of Gd(lll) ions
chelated to lipid-coated, size-selected microbublibe utility in both magnetic resonance and
ultrasound imaging. The macrocyclic ligand DOTA-NHSwas bound to

phosphatidylethanolamine (PE) headgroups on the $pell of pre-synthesized microbubbles.
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Gd(lll) was then chelated to DOTA on the microbubbhell. The reaction temperature of°60
was optimized to increase the rate of Gd(lll) ctiefawhile maintaining microbubble stability.
The Gd(lll)-bound microbubbles were found to be agsmnicin vivo during high-frequency
ultrasound imaging of the mouse kidney. The Gd@bund microbubbles also were
characterized by magnetic resonance imaging (MR9.4 T by a spin-echo technique. This
initial analysis with MRI revealed that Gd(lll) edivity increased significantly, and in a
concentration-dependent manner, after microbubhblgnientation into non-gas-containing lipid
bilayer remnants. We attributed this behavior taramease in water proton exchange with the
Gd(ll)-labeled lipid fragments caused by an ineesain the lipid headgroup area that

accompanied the lipid shell monolayer to bilayansition.

6.1.3. Magnetic Resonance Properties of Gd(lIl)-Bound Lipid-CoatedMicrobubbles and

their Cavitation Fragments

In this study, we sought to explore the mechanisweming the changes in andr,
after fragmentation of microbubbles consisting @f{(IB) labeled to two different groups on the
lipid monolayer shell: the phosphatidylethanolam{R&) lipid headgroup region or the distal
region of the polyethylene-glycol (PEG) brush. Mac magnetic resonance (NMR) analysis at
1.5 T of the lipid headgroup labeled Gd(lll)-micutdles revealed that increased on average
by a factor of 2.4 after microbubble fragmentatiahjle r,” was unchanged. Analysis of PEG-
labeled Gd(ll)-microbubbles revealed thagndr, decreased on average by a factor of 2.1 and
8 respectively, after microbubble fragmentatiorurtirer analysis revealed that the microbubble
gas core enhanced the transverse MR sighd) (n a dose-dependent manner but minimally

affected the longitudinalTg) signal. These results illustrate how the efigfctipid-stabilized
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Gd(ll)-microbubble cavitation on the MR signaldependent on the location of Gd(lll) on the

lipid shell (lipid headgroup-labeled or PEG-labgladd the presence of the gas.

6.1.4. Opening the Blood-brain Barrier with Gd(ll1)-bound Lipid-stabi lized Microbubbles
The aim of this study was to demonstrate the fdagito safely and non-invasively open the
BBB with Gd(II)-DOTA-labeled lipid-stabilized miabubbles and to determine the potential of
imaging the sonicated region for the presence @l Ishell fragments. The Gd(lll)-bound
microbubbles successfully induced BBB opening gtressure threshold of 0.45 MPa. This
threshold corresponded to that used to open the B8Bg 4-5 micron and 6-8 micron sized
microbubbles without Gd(IIl)-DOTA. The increaseTipweighted MRI contrast after injection
of Omniscan was used to confirm BBB opening at sbaicated region. There was no
observable increase ih-weighted contrast in the sonicated region afteSFpplication in the

presence of the Gd(lIl)-bound microbubbles.

6.2. Impact on the Field

The differential centrifugation technique developedthis thesis has been useful in
producing the different size classes of microbubliieeded to test the effect of microbubble
monodispersity in CEUS studies. For instance,i 8iral. (Sirsi, Feshitan et al.) demonstrated
that 4-5 and 6-8 micron diameter offer increaseslsiic signal and circulation persistenoe
vivo in comparison to polydisperse and 1-2 micron singtobubbles, which allowed for much
longer imaging sessions during high-frequency sitteead imaging. Streetest al. (Streeter,

Gessner et al. 2010) also demonstrated that larged microbubbles, generated using the
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differential centrifugation methodology, providadgroved CEUS diagnostics of rat tumors in
comparison to polydisperse sizes.

These size-selected microbubbles have also beemsextly studied and adapted in
applications involving opening the BBB with FUS.hd et al. (Choi, Feshitan et al.) was the
first to demonstrate the dependence of microbubizie on BBB opening with FUS. The 4-5
micron sized microbubbles were demonstrated todedBBB opening in mice at a lower
acoustic threshold than polydisperse and smalksdsmicrobubbles. Marquet et al. (Marquet,
Tung et al. 2011) later demonstrated the first essiul transcranial BBB opening in non-human
primates using FUS and 4-5 micron size-selectedatitbbles. Subsequently, Vlachos et al.
(Vlachos, Tung et al. 2011) studied the permeagbdit BBB opening in the hippocampus of
mice after the application of FUS at different agtaupressures and microbubble sizes. Using
dynamic contrast-enhanced MR, the volume of BBBropg was determined to be proportional
to both acoustic pressure and microbubble diamé&terg et al. (Tung, Vlachos et al. 2011) later
explored the mechanism of BBB opening by compatiggefficacy of 1-2, 4-5 and 6-8 micron
size-selected classes. It was demonstrated that &®#is with nonlinear bubble oscillation
when the bubble size is closer to the capillaryrditer and with inertial cavitation when it is
much smaller than the capillary diameter. The n@wof opening was demonstrated to increase
with both pressure and microbubble diameter. Bin&amiotaki et al. (Samiotaki, Vlachos et
al. 2012) demonstrated the dependence of the ibiigysof BBB opening in mice on the peak-
rarefactional pressure and microbubble size usingyast-enhanced MRI.

The MR behavior of the size-selected lipid-stabiizGd(l11)-bound microbubbles may
ultimately prove to be beneficial in the biomedidi@gld. One proposed application for these

constructs is to provide an alternative means ohitnong FUS surgery i.e. by monitoring
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microbubble fragmentation state with MRI as opposedhe conventionally method of MR

thermometry. For instance, owing to the obseniffdrdnces in longitudinal relaxivity between
the intact and fragmented construdigweighted MRI along with the lipid-headgroup lalzkle
(Gd(l)-PE) microbubbles can potentially be usedntonitor microbubble fragmentation state
during FUS therapy. Alternatively, due to the oledrdifferences in transverse relativity of
intact and fragmented constructs, the PEG labeld@Il{smicrobubbles and microbubbles
without Gd(lll) may provide the option to use thig-weighted MRI to monitor microbubble

fragmentation state.

6.3. Future Directions

The next step in adapting the size-selection metlogg is the development of
continuous size selection process as opposed tddteh system used in this thesis. One
possibility is the design of a continuous-flow céogal separator that consists of a process input
(containing the polydisperse suspension), a proaegput (containing the size-separated
microbubbles) and a recycle stream for added effy. This approach may reduce
microbubble separation time and minimize the eassociated with operator handling that stems
from the batch separation method.

Additional studies on the parameters affecting rilaxivity of the Gd(lll)-bound lipid
microbubbles should also be explored in the futlires includes determining the dependence of
varying microbubble shell parameters and gas coitipoon the relaxivity of Gd(lll)-bound
construct. For instance, microbubbles with a pagmatic gas composition such as Oxygen may

have different transverse relaxivity from one wahdiamagnetic gas composition, such as
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Nitrogen. Moreover, the effects of changing extenp@ameters such as the magnetic field
strength and local temperature should also be deresi in subsequent analysis.
The next step in understanding the behavior of IBd{bund lipid microbubblesn vivo

is to adapt techniques that improve the chancésadking the Gd(lll)-bound shell. In the BBB
opening study performed in chapter 5, the main beaok in detecting the shell fragments at the
sonicated hippocampus was the delay between sgamiih MRI and FUS sonications. This
limitation stemmed from the inherent differencesakccessibility of both equipments during
experimentation. In order to improve the chanceisnaiging the shell fragments, it is preferable
to utilize an integrated MRI and FUS device simitathe Exablate 2000 (InSightec, Ltd), which

would reduce the time difference between imagirgjlAdS sonications.
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