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Abstract
Lipid-coated microbubbles and nanodrops are used in many applications of
biomedical ultrasound. They serve as ultrasound contrast agents, molecular
imaging probes, targeted drug delivery vehicles, nucleic acid vectors, gas carriers,
and enhancers of thermal ablation. Each application has a unique set of perfor-
mance criteria – there is no “one size fits all” microbubble formulation. Rational
design can be accomplished using the composition ! processing ! structure !
property ! performance paradigm first described by DH Kim for lipid-coated
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microbubbles over a decade ago. One notable example has been the synthesis of
longer circulating microbubbles through centrifugal isolation of larger diameter
microbubbles coated with long acyl chain phospholipids. The purpose of this
chapter is to inform the reader of current knowledge of the effects of lipid
composition and processing on microstructure, as well as the effects of micro-
structure on important physical properties, such as microbubble size and shell
viscoelasticity. More research is necessary to further elucidate these interrelation-
ships and to exploit them for innovative microbubble designs.

Keywords
Lipid-coated microbubbles • Rational design • Nanodrop fabrication

Introduction

The lipid monolayer is nature’s solution to the problem of stabilizing a gas/water
interface. The most prominent example is the lung: phospholipid is the main
component of lung surfactant, which stabilizes the lung alveoli by reducing surface
tension and providing mechanical rigidity [1]. Premature infants born without
functional surfactant are unable to breathe properly and suffer from acute respiratory
distress syndrome (ARDS). The treatment for neonatal ARDS is surfactant therapy,
in which animal-derived and lipid-fortified surfactant is aspirated into the patient’s
lung. Another example is the eye: a lipid membrane coats and stabilizes the aqueous
tear film against evaporation and rupture [2]. Dysfunction in the lipid layer of the eye
can lead to ocular disease, such as dry eye. Lipids synthesized by specialized cells
and excreted into the aqueous subphase spontaneously assemble into a monolayer at
the air/water interface to provide these functions. It is therefore not surprising that
scientists and engineers have utilized the lipid monolayer as an ideal self-assembling
biomaterial to stabilize microbubbles and nanodrops used for applications in
ultrasonics.

Lipid-coated microbubbles (1–10 μm) are used as echogenic contrast agents to
illuminate the blood compartment on the ultrasound video screen [3–5]. Without
microbubbles, the presence of blood is obscured by tissue scatter. When
microbubbles are injected intravenously, the vascular structures and perfused tissue
suddenly light up. The brightness on the video screen comes from the strong
scattering amplitude of the microbubble. Microbubbles have a gas core that is highly
compressible and pulsates with the passage of each mechanical acoustic wave. In
fact, microbubbles resonate when driven at acoustic frequencies used by common
diagnostic imaging scanners (1–10 MHz). Each microbubble is like a tiny bell, and
modern ultrasound scanners employ specific pulse sequences to filter out the echo of
each microbubble based on its peculiar tone. This has enabled enhanced ultrasound
imaging of the blood pool in cardiology and radiology [6, 7], and more recently there
has been a strong interest in ultrasound molecular imaging to assess the physiology
of diseased vasculature [8]. Currently, a vast majority of the ultrasound contrast
agents approved for clinical use are lipid-coated microbubbles.
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Microbubbles are used also in ultrasound therapy. The response of a microbubble
to ultrasound transitions from ringing (stable cavitation) to banging (inertial cavita-
tion) as the acoustic intensity is increased. Inertial cavitation can be used to open up
pores in the vasculature that allow drugs to move from the blood pool to the tissue
compartment. Thus, the interaction of microbubbles with focused ultrasound allows
one to manipulate the pharmacodynamics of a drug with excellent temporal and
spatial control by virtue of when and where one points the acoustic focus. Addition-
ally, the microbubble can be engineered to carry a drug payload that is simulta-
neously released with the opening of the vasculature [9]. Ultimately, the imaging and
therapy functions of microbubbles can be combined for theranostic applications,
such as image-guided cancer therapy.

The rich variety of ultrasonics applications that employ microbubbles calls for
rational design, so that a specific microbubble formulation can be tailored to a
particular use (Fig. 1). Dennis Heejong Kim, a student of David Needham at Duke
University, first pioneered a set of design rules for lipid-coated microbubbles based
on the general material science paradigm of composition ! processing ! structure
! property ! performance [10]. DH Kim first showed how lipid acyl chain length
could be varied to control the surface shear properties of the monolayer film that
coats each microbubble. He then went on to show that processing affects micro-
structure, which in turn controls the surface shear properties. Subsequent research
has gone on to validate this approach by showing how other properties of the lipid
shell, such as gas permeability and surface dilatational elasticity, as well as biomed-
ical performance, depend on lipid composition and microstructure. The goal of this
chapter is to provide the interested reader with an overview of this rational design
paradigm for lipid-coated microbubbles and nanodrops.

Microbubble Composition

Uncoated Microbubbles Are Unstable

At the most basic level, a microbubble is simply a 1–10-μm-diameter gas sphere
suspended in an aqueous medium. However, there is tension (σ) at the gas/water
interface, and, owing to the spherical geometry, a pressure jump exists across the
interface (Laplace pressure) [11]:

Pb � P0 ¼ 2σ

R
(1)

where Pb is the pressure inside the bubble, P0 is the hydrostatic pressure of the
aqueous medium surrounding the bubble, and R is the bubble radius. For a 1.0-μm-
diameter air bubble in water ( σ ¼ 73mN=m ), the pressure inside the bubble is
�0.3 MPa greater than the surrounding medium. Thus, the gas molecules in the
bubble have a much higher fugacity than those dissolved in the surrounding medium
[12]. This sets up a chemical potential gradient that drives mass flux from the
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microbubble – the microbubble is thermodynamically unstable. The rate of dissolu-
tion can be modeled by the Epstein–Plesset equation [13]:

� dR

dt
¼ LD

R

1þ 2σ=P0R� f

1þ 4σ=3P0R

� �
(2)

where L is the Ostwald coefficient for the gas solubility, D is the gas diffusivity in
water, and f is the solubility fraction of the gas in water. Equation 2 neglects the time
to set up the concentration boundary layer, as this is very fast compared to the bubble
wall velocity [14]. Epstein and Plesset’s model predicts that, even when the aqueous
solution is saturated with gas (f ¼ 1) at hydrostatic pressure P0, the Laplace pressure
drives very rapid dissolution. Equation 2 predicts that a 1.0-μm-diameter air bubble
in water dissolves within three milliseconds (Fig. 2). One may use less soluble gases
to enhance stability. However, even perfluorobutane, which has a permeation coef-
ficient (LD) �300 times lower than that of air, cannot stabilize an uncoated
microbubble for more than a minute [9]. Therefore, one may conclude that the
uncoated microbubble is both thermodynamically and kinetically unstable.

The Lipid/PEG-Lipid Coating Provides Metastability

Needham et al. argued that a lipid monolayer coating between the gas and water
phases effectively eliminates tension in the interface (σ ¼ 0) in order to explain the
“indefinite” persistence of lipid-coated air microbubbles in air-saturated aqueous
media [14, 15]. Borden et al. initially disputed this claim, as the same lipid mono-
layers on the Langmuir trough were found to collapse at surface tensions well above
zero [16]. However, it was later revealed by Witten et al. that the Wilhelmy plate
method used with the Langmuir trough becomes inaccurate at very low surface
tensions [17]; the method assumes the monolayer is a liquid with an isotropic stress
distribution, but highly compressed lipid monolayers can act as solid elastic mem-
branes with an anisotropic stress distribution, leading to artifacts in the measurement.
The observation that most microbubbles are spherical under the microscope suggests
that the lipid monolayer has some tension. One can estimate a lower limit for the
surface tension by use of the Bond number (Bo), which is a ratio of the buoyant to
surface tension forces:

Bo ¼ ΔρgR2

σ
(3)

where Δρ is the density difference between the gas and aqueous phases and g is
gravitational acceleration. The buoyancy force flattens the bubble out against the
surface above, while the surface tension force contracts the bubble into a sphere. The
fact that a resting lipid-coated microbubble is observed to be a sphere suggests that
the Bond number is less than unity, and therefore the lower limit of the surface
tension must be:

Lipid-Coated Nanodrops and Microbubbles 1079



σ > ΔρgR2 (4)

For a 1.0-μm-diameter lipid-coated air bubble in water, this gives a lower limit of
� 3� 10�6 mN=m. It is interesting to note that �10-μm-diameter lipid-coated air
bubbles have been observed to flatten out during dissolution in unsaturated aqueous
media [18], indicating that the surface tension of the lipid monolayer coating may
become less than � 3� 10�4 mN=m under compression. Both of these values are
extremely low and would hardly drive the microbubble to dissolve very fast. The
fugacity difference of the gas molecules in the bubble and medium at this low surface
tension would be only �0.1 Pa. Thus, the gas core may be strictly thermodynami-
cally unstable, but the chemical potential gradient is very small.

The lipid monolayer also imposes an additional resistance to gas diffusion (Rshell

� 103 s=cm) [19], and this can be modeled by the following equation [18]:

� dR

dt
¼ L

Rshell þ R=D

1þ 2σ=P0R� f

1þ 4σ=3P0R

� �
(5)

Using the values for σ and Rshell imparted by the lipid shell, Eq. 5 predicts that the
microbubble will last �4000 years, an increase over the uncoated microbubble
lifetime by eight orders of magnitude! Thus, the lipid-coated microbubble is kinet-
ically trapped against dissolution, owing to the very slow diffusion. Since dissolu-
tion is a rate-limiting step in Ostwald ripening, this mechanism would likewise be
stalled by the lipid coating.

However, microbubble dissolution is driven not only by the chemical potential
gradient of the gas core but also that of the lipid molecules in the monolayer shell.
Lee et al. have measured the “equilibrium” surface tension of the lipid monolayer to
be�25 mN/m for lipids above their main phase transition temperature (Tm) [20]. The
equilibrium surface tension increases as temperature decreases further and further

microbubble dissolution
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Fig. 2 Microbubble
dissolution curves in
air-saturated media. The
uncoated microbubble
dissolution curve (red)
was calculated using Eq. 2 with
L ¼ 0:02,D ¼ 2� 10�5 cm2=s,
σ ¼ 73 mN=m, P0 ¼ 105 Pa,
and f ¼ 1. The lipid-coated
microbubble dissolution curve
(green) was calculated using
Eq. 5, with L ¼ 0:02, D ¼ 2

�10�5 cm2=s, σ ¼ 3� 10�4

mN=m,P0 ¼ 105 Pa, f ¼ 1,
and Rshell ¼ 103 s=cm
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below Tm, ultimately approaching the value for a clean air/water interface (σ ¼ 73

mN=m). This indicates that the lipid molecules are much more closely packed on the
microbubble surface than they would be on a flat air/water interface, which reduces
their translational entropy. The lipid molecules become packed this way on the
microbubble surface during Laplace pressure-driven dissolution. The work used to
condense the lipids is provided by the release in free energy as the gas molecules
diffuse down their chemical potential gradient. Part of this free energy is stored in the
compression state (reduced entropy) of the lipids. The system will tend to thermo-
dynamic equilibrium as this free energy is released by lipids desorbing from the
microbubble and reforming hydrated bilayers in the bulk aqueous phase. At present,
we do not have a quantitative value of the energy barrier for this desorption process,
but it must be rather high, as lipid-coated microbubbles have been observed to be
stable over long timescales (at least 1 year in the author’s laboratory).

Coalescence is another mechanism to release free energy stored in the
microbubbles. Rapid coalescence would lead to thermodynamic equilibrium: com-
plete phase separation of the gas and aqueous phases, where the lipids form bilayer
structures within the aqueous phase. Coalescence is inhibited by a hydrated poly
(ethylene glycol) (PEG) brush layer, extending away from the microbubble surface.
Once the PEG brushes of two approaching microbubbles overlap, a strong steric/
osmotic repulsion force arises that opposes the motion [21]. Thus, coalescence is
prevented unless the inertia of the colliding bubbles is extremely high, or the
approach is extremely slow (i.e., providing enough time to allow PEG-lipids to
diffuse out of the contact zone [22]). The thickness of the PEG brush on the
microbubble coating has been estimated from self-consistent field (SCF) theory to
be�10 nm [23]. Thus, the onset of this PEG brush-mediated repulsion is expected to
occur with �20 nm separation distance between the microbubble surfaces. It has
been found that PEG-lipid is necessary as an “emulsifier” to generate microbubbles;
lipid alone will not form a sufficient yield of microbubbles [24].

Lipid Composition and Molecular Structure

The discussion above concludes that two lipid components are necessary to form
metastable microbubbles: (1) a main phospholipid species capable of achieving very
low surface tension (σ << 1 mN=m) to inhibit dissolution and/or Ostwald ripening
and (2) a PEG-lipid emulsifier capable of forming a hydrated brush of sufficient
height and density to inhibit coalescence. Other emulsifiers may be substituted for
PEG, but the fact remains that a long-range (tens of nm) repulsion force is necessary
to inhibit coalescence over long and short timescales. PEG-lipid is the most common
emulsifier used to synthesize microbubbles used in ultrasonics.

The main lipid species is often a saturated diacyl phosphatidylcholine (PC). This
molecule has a cylindrical shape and self-assembles via hexagonal packing into
planar monolayers and bilayers [11] (Fig. 3a). The cylindrical geometry is ensured
by the roughly equivalent diameters of the acyl chains compared to the PC
headgroup; the structure of a single acyl chain PC (lyso-lipid) is conical, which
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induces curvature and disrupts the planar membrane geometry [25]. Additionally, the
extra acyl chain doubles the hydrophobic cavity energy of the lipid molecule,
thereby reducing its solubility (critical micelle concentration) by a factor of
e2 = 7.4, which helps pin the lipid to the gas/water interface. The fully hydrogenated
chains can straighten out in the all-trans configuration during packing; a double
bond would induce a kink that disrupts lipid packing. The acyl chain length can be
manipulated to modulate molecular hydrophobicity and intermolecular van der
Waals cohesion forces (Fig. 3a). In fact, PC acyl chain length is perhaps the most
valuable molecular parameter for controlling the structure, properties, and perfor-
mance of microbubbles in ultrasonics applications, as will be discussed throughout
this chapter. The lower limit is C16; this is the shortest acyl chain that provides a
lipid layer below Tm. PC lipids above Tm typically do not form stable microbubbles.
On the other end of the spectrum is C24, which is the longest acyl chain PC lipid that
is commercially available currently.

PC typically comprises 80–90 mol% of the lipid monolayer. The overall neutral
charge of the PC headgroup limits lateral charge repulsion, allowing the molecules to
pack tightly together. PC therefore acts as a monolayer matrix-forming lipid [10]. At
the same time, the zwitterionic PC groups interact strongly with water, which is
essential for reducing surface energy at the aqueous/lipid interface. The zwitterionic
PC surface also is resistant to protein adsorption and opsonization [26], which
ultimately helps biomedical performance.

Other lipid headgroups can be substituted for a fraction of PC, such as the
negatively charged phosphatidic acid (PA) present in the commercially available
ultrasound contrast agent Definity® (Lantheus Medical Imaging). The negative
charge can mimic the double layer repulsion of the glycocalyx to minimize unde-
sirable microbubble–cell interactions with red blood cells and endothelium. How-
ever, the negative charge can also promote opsonization [26]. On the other hand,
positively charged lipid headgroups such as trimethylammonium-propane (TAP) can
be used to adsorb negatively charged nucleic acids for gene delivery [27, 28]. These
charged lipids rarely exceed 20 mol% of the total lipid owing to lateral charge
repulsion that can destabilize the lipid shell, as well as the potential for increased
opsonization [26].

The second critical component is the emulsifier, which is typically PEG-lipid
(Fig. 3b). The PEG-lipid often comprises 10–20 mol% of the lipid coating. As
mentioned above, the PEG-lipid is critical for forming a hydrated brush that inhibits
microbubble coalescence. It appears that a PEGmolecular weight of at least 2000 Da
is necessary to stabilize the microbubbles [29]. At present, PEG molecular weights
greater than 5000 Da have not been reported for lipid-coated microbubbles. Longer
PEGs may lead to microbubble instability owing to the reduced overall hydropho-
bicity of the emulsifier molecule, allowing it to desorb more readily, as well as the
possibility of a less dense PEG brush. It is also important to keep in mind that the
PEG itself is polydisperse – there is a distribution of PEG chain lengths in most
commercially available PEG-lipids, although this is rarely quantified with a poly-
dispersity index.
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A secondary advantage of the PEG brush is that it may also inhibit opsonization
and unwanted microbubble–cell interactions. On the other hand, the PEG serves as a
tether for attaching targeting ligands [24] and nanoparticles [30–32]. Thus, the PEG
emulsifier serves as an extremely useful component for more sophisticated
microbubble designs.

Microbubble Fabrication

Now that the main lipid components have been identified and their use in
microbubble stabilization has been justified, the next step in the rational design
paradigm is to investigate processing techniques that lead to various microbubble
structures. First, the main techniques to synthesize microbubbles are briefly
reviewed. Then, a few postproduction processing steps are reviewed to fine tune
and enhance the overall structure.
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Fig. 3 Molecular structures of lipids commonly used to stabilize microbubbles and nanodrops. (a)
Saturated diacyl phosphatidylcholine (PC) is the main lipid component and often comprises
80–90 mol% of the lipid shell. Shown is the homologous series from C16 to C24. (b) poly(ethylene
glycol)-lipid serves as an emulsifying agent; shown here is C18 acyl chain length and 2000 Da PEG
molecular weight (�45 ethylene oxide mers). These structures were taken from the Avanti Polar
Lipids website (http://www.avantilipids.com/)
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Microbubble Synthesis

As discussed above, the microbubble is a thermodynamically unfavorable structure.
They do not self-assemble; equilibrium favors their disassembly into three separate
phases of gas, aqueous medium, and hydrated bilayers. Rather, one must design a
process that adds energy to synthesize them and then kinetically traps them in the
most desirable state. Three of the more common microbubble fabrication methods
are shown schematically in Fig. 4 and discussed in greater detail below.

Sonication
Sonication was the first method described to generate microbubbles for ultrasonics
[33]. Sonication involves the high-frequency vibration (typically 20 kHz) of a horn
tip at the gas/water interface. This vibration leads to entrainment and secondary
breakup through cavitation in the bulk aqueous phase [34, 35]. Unfortunately, there
is very little research into the details of bubble entrainment via sonication. It is
generally known that low-power sonication with the tip submerged inside the
aqueous medium leads to microbubble destruction (clarification) and breakup of
the lipid structures from multi-lamellar vesicles (MLVs) into small unilamellar
liposomes (SUVs). This is often a preparation step in generating microbubbles.
Microbubbles are then generated by moving the probe tip to the gas/water interface
and turning the system to full power. Sonication generates many microbubbles very
rapidly: for example, 1 L volume of 1012/L can be generated within 1 min. The
stochastic processes of entrainment and breakup lead to a fairly polydisperse size
distribution, which can be refined using centrifugation steps as outlined below
[36]. Thus, sonication is a simple and economical method of generating
microbubbles in high yield and admittedly is the preferred method used by the
author’s research group.

As mentioned above, low-solubility perfluorocarbon gases can be used to decel-
erate microbubble dissolution. This leads to higher microbubble yields, longer shelf-
life, and longer in vivo circulation persistence (i.e., the so-called second-generation
ultrasound contrast agents). In sonication, the gas is simply made to flow directly
over the aqueous suspension.

A critical step in microbubble generation and stabilization is the adsorption of
lipid onto the gas/water interface. This involves shuttling lipid from MLVs or SUVs
through the aqueous phase to the newly formed microbubbles. One can model the
adsorption process as a chemical reaction involving a particular collision frequency
and activation energy. The collision frequency can be increased through increasing
lipid concentration (e.g., more SUVs) and convection, which thins the concentration
boundary layer. It has been found that 1 mg/mL lipid usually is sufficient to generate
a microbubble suspension at 109/mL. Since the process necessarily exposes the
hydrophobic acyl chains of the lipid molecules to water, there also is an activation
energy barrier that limits the kinetics. Lipid adsorption to macroscopic interfaces
under static conditions can take minutes or even days. However, as mentioned
above, sonication can lead to lipid deposition rates of at least 10 m2/min and possibly
higher. Thus, sonication accelerates the reaction. Microstreaming and acoustic
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radiation forces induce fluid flow that may increase the collision frequency between
SUVs and the gas/water interface. Additionally, sonication may catalyze the reaction
by highly localized (pico-liter volume) heating events at cavitation sites within the
bulk phase. More research is necessary to better understand the bubble formation
process during sonication, as well as how the sonication parameters affect
microbubble size.

Shaking
Shaking is another process of mechanical agitation that is used to create
microbubbles. Typically, a small volume (�1 mL) of lipid solution is sealed in a
small vial with a gas headspace and placed in a dental amalgamator or similar mixing
device. The device vibrates along the long axis of the vial at�4000 Hz. This method
is used to generate Definity® microbubbles, for example. The benefit of the shaking
method is that it can produce microbubbles rapidly (�109 in less than one minute)
almost anywhere, on demand. The lipid suspension in the vial can be made at a

20 kHz

sonicator
horn

4-5 kHz

orifice

microbubbles

gas

liquid

co-flow
10mm

10mm

centrifugal sorting

a Sonication

b Shaking

c Microfluidic flow focusing

polydisperse

monodisperse

serum
vial

Fig. 4 Methods of microbubble synthesis and centrifugal sorting. Sonication (a) and shaking (b)
produce polydisperse microbubbles very rapidly and economically, but they must be centrifugally
sorted to a monodisperse size. Microfluidic methods (c) produce monodisperse microbubbles, but at
relatively slow rates
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central facility, sterilized, and then shipped to the end user, who simply places the
vial into the shaking device to generate the microbubbles. Thus, it is a very simple
and economical method for multiple uses of small quantities of microbubbles. As
with sonication, the bubble entrainment and breakup processes during shaking are
poorly understood, but it is known that they lead to a polydisperse size distribution.
Coincidentally, the size distribution of microbubbles formed by shaking tends to be
remarkably similar to that of microbubbles formed by sonication, despite the very
different geometry and characteristic frequency. More research is necessary to better
understand the bubble formation process during shaking, as well as how the shaking
parameters affect the microbubble size.

Microfluidics
More recently, researchers have begun investigating microfluidic techniques to
generate microbubbles [37]. This follows advances in the design and fabrication of
microfluidic devices, as well as empirical, theoretical, and computational work that
has developed correlations to simplify the analysis of fluid mechanics in microfluidic
flows. The main phenomenon exploited by microfluidic microbubble generation is
flow focusing, in which a thread of gas sheathed by a liquid layer is forced to flow
through a contraction and then expansion. The divergent flow leads to a capillary
instability that breaks off microbubbles in a very regular pattern, leading to a
monodisperse size distribution. The microbubble radius scales with flow rate in a
planar flow-focusing device operating at high Reynolds number according to the
following equation [38]:

R

w
/ Qgas

Qliquid

 !2=5

(6)

where w is the width of the nozzle and Qgas and Qliquid are the flow rates of the gas
and liquid streams, respectively (Qliquid > Qgas). Thus, increasing the flow rate of the
gas stream leads to a higher production rate, while increasing the relative flow rate of
the liquid stream leads to smaller microbubbles.

The control over microbubble size and the possibility of directed assembly for
more sophisticated structures are highly desirable aspects of microfluidic methods.
Additionally, the devices are relatively easy to observe during operation with current
high-speed imaging techniques, thus providing insight into the physics and engi-
neering of the bubble formation. The main drawback is the relatively low yield (up to
�106/s). Additionally, microfluidic methods are relatively difficult and expensive to
employ, as they require clean-room microfabrication facilities to build the device and
some trial-and-error tuning and optimization of the relative gas and liquid flows to
reproducibly generate the microbubbles. Typically, this is done with expensive
microscopy and high-speed camera tools. More research is necessary to better
understand the lipid coating process and how to engineer it for more efficient
generation of stable microbubbles.

1086 M.A. Borden



Postproduction Processing

Centrifugal Sorting
As shown below, size is a key structural feature of the microbubble that affects its
acoustic properties and biomedical performance. Control of diameter is therefore
essential to improving precision in ultrasonic applications employing microbubbles.
As mentioned above, size can be controlled during microbubble synthesis with
microfluidics by changing the gas and liquid flow rates and nozzle size [38]. How-
ever, microfluidics is not the only means of obtaining a monodisperse microbubble
suspension. One can take the polydisperse suspensions obtained from sonication or
shaking (or any other production method) and subject them to a series of centrifu-
gation steps to isolate microbubbles of a select size [36]. The principle of operation is
that microbubbles of different migration speeds under the centrifugal field fraction-
ate into either a “cake” layer at the top or the aqueous subphase below. The migration
rate of a microbubble is related to its size by the Stokes rise velocity (u) for low
Reynolds number:

u ¼ 2ΔρgR2

9μ
(7)

where μ is the viscosity of the aqueous phase. Note that the migration speed scales as
R2, which enhances the precision of this technique.

To isolate microbubbles above or below a certain size, one simply defines a cutoff
radius and centrifugal strength (g) and then calculates the residence time (t) from the
migration rate and height (h) of the centrifuge column (typically a stoppered syringe
of 1–10 cm).

t ¼ h

u
(8)

A centrifugal strength of 100–500 RCF (relative centrifugation to Earth’s gravita-
tional field) is sufficient to reduce the residence time to a few minutes without
inducing an overly destructive hydrostatic pressure (P0) on the microbubbles (see
Eq. 5 above). Equation 7 is valid because viscous drag causes the microbubbles to
accelerate and decelerate to the migration speed within a fraction of a second. One
important consideration is that the microbubble suspension should be below 20 vol.
% to avoid multi-bubble interactions that cause the migration rates to deviate from
Eq. 7.

To sort microbubbles by this method, one simply performs multiple centrifuga-
tion steps, defining cutoff sizes above and below the desired radius. Microbubbles
can be obtained from either the cake or the subphase; the PEG brush layer provides
osmotic/steric stability against coalescence within the cake to preserve the size
distribution. Once the desired size is isolated, the suspension can be refined by
repeating centrifugations until the polydispersity index (the ratio of the volume-
weighted mean radius to the number-weighted mean radius) drops to the desired
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value. This is typically accomplished within an hour. With sufficient experience,
very few microbubbles are lost during this procedure. Combined with sonication,
this economical method provides a very high yield of low-polydispersity
microbubbles of select size in a relatively short period of time.

Heat Treatment
As shown below, microstructure of the lipid coating can have a significant effect on
the microbubble properties. Microstructure arises owing to crystallization of the
lipids on the bubble surface to form domains (grains) surrounded by interdomain
regions (boundaries) [10, 15]. The crystallization process follows classical
nucleation–growth theory and terminates in a polycrystalline shell. Thus, one can
use concepts from metallurgy to characterize and engineer the microbubble shell.
Initially, crystallization occurs as the surface area is reduced (surface pressure
increased) during Laplace pressure-driven dissolution of the newly formed
microbubble, until it is stabilized by effectively zero surface tension. Since each
microbubble has undergone its own peculiar formation and stabilization history,
there may be a strong polydispersity in the microstructures. To improve uniformity
and control microstructure, one can heat the microbubble suspension to a tempera-
ture above Tm of the main lipid species to melt the coating. One then cools the
suspension at a certain rate, allowing the recrystallization. Slow cooling favors
growth over nucleation, leading to a smaller number of large domains and therefore
a low defect density. Rapid quenching favors nucleation over growth, leading to a
larger number of small domains and therefore a high defect density. One can also
anneal the polycrystalline shell (fuse the domains) by holding the microbubble
suspension to a few degrees just below Tm [15].

Since the lipid coating is at least a binary mixture of phospholipid and emulsifier,
there may be phase separation owing to the different nucleation and growth rates of
the different species. This has been observed on lipid shells as domains of PC
surrounded by interdomain regions of PEG-lipid [16, 29]. Fluorescent membrane
dyes often partition with the PEG-lipid in the interdomain region, and the
microbubbles appear like soccer balls under the microscope, with dark PC domains
surrounded by bright PEG-lipid-enriched regions (Fig. 5).

Additionally, the selection of the PC lipid may influence the domain morphology
and therefore defect density. For example, longer chain lipids may be kinetically
trapped at high cooling rates as highly ramified dendritic (snowflake) domains,
whereas shorter chains lipids may equilibrate to circular cloven domains when
subjected to the same heat treatment [16]. More research is necessary to better
understand and control the lipid crystallization process and the evolution of domain
morphology over time.

Functionalization
Once microbubble size and microstructure of the lipid domains are set, one can
further functionalize the microbubble by attaching molecules or nanoparticles to the
surface. The simplest method is simple electrostatic adsorption, which can be used in
layer-by-layer assembly to build polyelectrolyte multilayer shells [28]. Alternatively,
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Fig. 5 Fluorescent micrographs of microbubbles heated to melt the lipid coating and then cooled at
various rates. The lipid coating comprises a mixture of PEG40S:NBD-PC: (a–c) diC16:0PC, (d–f)
diC18:0PC, (g–i) diC20:0PC, (j–l) diC22:0PC, (m–o) diC24:0PC. Scale bars represent 20 μm (Taken
from Borden et al. [16])
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there are a variety of conjugation chemistries that have been described in the literature
[24], including ligand–receptor avidin–biotin and covalent maleimide–thiol coupling.
The advantage of these techniques is greater control over the loading density and
configuration by virtue of the inherent specificity and stoichiometry of the chemical
reactions. More sophisticated ligand expression can be achieved using tiered surface
architectures to enhance exposure [39] or concealment [40] of the ligand. Addition-
ally, there are many examples of nanoparticle loading onto microbubbles that have
been reported in the literature [31, 41], including polymer, gold and iron oxide
nanoparticles, quantum dots, liposomes, lipoplexes, and polyplexes.

Nanodrop Fabrication

Nanodrops are distinct from microbubbles in their size (submicron vs. micron) and
the phase state of the interior fluorocarbon phase (liquid vs. gas). Otherwise, they are
very similar in the sense that the lipid coating inhibits dissolution and coalescence to
stabilize the aqueous emulsions. The nanodrop itself is not very echogenic or
acoustically responsive owing to the relative small size and, more importantly,
incompressibility of the liquid core. However, the nanodrop can be extremely
ultrasound responsive if one can tune the composition and structure such that it
vaporizes into a microbubble upon insonation (or some other stimulation). This is
the so-called phase-change agent: a microbubble in a more compact form. Most
fluorocarbons experience a fivefold change in radius upon vaporization. Thus, a
200-nm-diameter droplet can form a 1-μm-diameter microbubble. The smaller size
of the droplets may provide new biomedical performance capabilities that were
previously unavailable to microbubbles, such as longer circulation and accumulation
in tumors owing to the enhanced permeability and retention effect. Additionally, the
vaporization event itself is highly energetic and can be used to facilitate imaging,
drug delivery, and ablation.

Two basic methods have been described to form phase-change nanodrops. The
first method reported for longer chain fluorocarbons (perfluoropentane and above)
was homogenization followed by extrusion [42]. All of the processing occurs with
the fluorocarbon in the liquid phase. Unfortunately, however, the more cohesive
fluorocarbons require relatively large acoustic energy (mechanical index) to induce a
phase transition. More recently, a new method has been described to generate
nanodrops of low-boiling fluorocarbons, such as F-propane and F-butane [42]. The
method involves first generating a suspension of microbubbles and then cooling and
pressurizating the suspension to induce a vapor-to-liquid phase transformation to
form nanodrops [43]. The nanodrops are then brought back to standard pressure and
temperature, where they remain remarkably metastable in the liquid form to phase
change unless they are stimulated by a relatively small acoustic energy (Fig. 6). The
superheated drops remain metastable owing to the need for homogenous nucleation
and growth of a vapor embryo, making 90 % of the critical temperature the main
trigger, rather than the boiling temperature [44]. Yet they can be vaporized acousti-
cally at a clinically relevant mechanical index [45, 46]. One important advantage of
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the superheated droplets is the ability to engineer the formulation via control over
microbubble composition and microstructure, as described throughout this chapter.

Structure–Property–Performance Relationships

Microbubble Size

Size is a key structural parameter of a microbubble that determines its acoustic
properties and biomedical performance. For example, the acoustic response of a
microbubble is most intense when driven at the resonance frequency [47]. The
linearized eigenfrequency for small-amplitude oscillations of an uncoated
microbubble (i.e., the Minnaert frequency) depends on the initial “resting” radius
of the microbubble (R0) according to the following equation [48]:

fluorescence mode

pressurization

de-pressurization

microbubbles

P = 83.8 kPa
T = 22.4°C

P = 83.8 kPa
T = 22.4°C

P = 320.4 kPa
T = 22.4°C

P = 89.8 kPa
T = 22.361°C

nanodrops

Fig. 6 Nanodrop synthesis by microbubble condensation. A relatively large microbubble (denoted
by the blue arrow) shown in both bright-field and fluorescent microscopy modes (left) is pressurized
to form a nanodrop (bottom right). Note the shedding of excess fluorescent lipid by this process.
Upon depressurization back to standard conditions (top right), the nanodrop remains metastable in a
superheated state (Images adapted from Mountford et al. [43])
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f 0 ¼
1

2πR0

3γP0

ρ0
þ 2 3γ � 1ð Þσ

ρ0R0

� �1=2

(9)

where γ is the ratio of specific heats for the gas inside the bubble, P0 is the hydrostatic
pressure, and ρ0 is the density of the surrounding aqueous phase. Equation 6 shows
that, for an uncoated microbubble, the surface tension term (second term in the
brackets) becomes significant as R0 approaches one micrometer. Thus, the resonance

frequency transitions from an R0
�1 dependence to an R0

�3=2 dependence as the
diameter decreases from 10 to 1 μm. Equation 9 predicts that the resonance frequency
increases from 0.7 to 12MHz as the microbubble diameter decreases from 10 to 1 μm.
Thus, we expect that the echogenicity of a microbubble is highly dependent on its size.
Indeed, it was found that 1–2-μm-diameter microbubbles provided a negative contrast
(attenuation) when imaged in vivo at 40 MHz, while 6–8-μm-diameter microbubbles
provided a positive contrast (scattering) under the same conditions [49]. This is partly
owing to damping, discussed below. Polydispersity in the microbubble size distribu-
tion therefore presents an obstacle for quantitative imaging (e.g., molecular imaging),
where it is desirable for the linearized video intensity to increase linearly with
microbubble concentration. For contrast-enhanced ultrasound imaging, it is thus
desirable to start with a microbubble suspension of uniform size matched to the
resonance frequency of the ultrasound device.

The microbubble interaction volume scales as Rmax
3 , where Rmax is the maximum

radius experienced by the microbubble during an acoustically driven oscillation.
Even when considering nonlinear bubble oscillations, Rmax scales with R0.
According to the Marmottant model, for example, a 6-μm-diameter microbubble
has an Rmax value of 9.6 μm when driven at 1 MHz and 0.5 MPa peak negative
pressure, whereas a 2-μm-diameter microbubble has an Rmax value of 6.6 μm under
the same conditions [50]. Thus, microbubble size is expected to significantly impact
therapeutic efficiency. Indeed, larger microbubbles were observed to be more effec-
tive in vivo at blood–brain barrier (BBB) opening [51].

Microbubble size also affects microbubble stability and pharmacodynamics. As
can be seen from Eq. 5, the dissolution rate increases with decreasing microbubble
radius owing to the greater Laplace pressure, greater surface area-to-volume ratio,
and a thinner concentration boundary layer; thus smaller microbubbles dissolve
faster than larger ones. Indeed, smaller microbubbles were also observed to be
more susceptible to destruction by fragmentation under acoustic stimulation
[52]. Additionally, it has been found that larger microbubbles circulate in vivo
much longer than smaller microbubbles [49].

Lipid Shell Elasticity

The elastic properties of the lipid coating can significantly affect the resonance
frequency of the microbubble. The surface elasticity (χ) of a lipid monolayer is
defined as [50]:
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χ ¼ A
dσ

dA

� �
(10)

where A is the monolayer area and σ is the surface tension, as above. The linearized
eigenfrequency of a lipid-coated microbubble with a shell elasticity undergoing
small-amplitude oscillations (where σ ¼ 0 at R0, as shown above) is given by the
following equation [53]:

f 0 ¼
1

2πR0

3γP0

ρ0
þ 4χ

ρ0R0

� �1=2

(11)

Typical values of the lipid monolayer shell elasticity have been measured to be
0.5–1.0 N/m [53, 54]. Under these conditions, the shell term (second term in the
brackets) dominates as R0 approaches one micrometer, and the resonance frequency

increases as R0
�3=2 . Experimental measurements have shown that the resonance

frequency of a lipid-coated microbubble increases from 1 to 10 MHz as the diameter
decreases from 10 to 1 μm [48]. It should be noted that microbubbles driven to large-
amplitude oscillations deviate from Eq. 11 owing to shell rupture and buckling [50],
which are not captured by the linearized model.

Elasticity of the lipid coating may affect not only the acoustic response but also the
stability and pharmacodynamics of microbubbles. Sarkar et al. predicted that lipid shell
elasticity may affect microbubble stability by resisting monolayer expansion and com-
pression [55]. For example, elasticity of the lipid coating may explain the remarkable
stability of small diameter (1–2 μm)microbubbles [56]. Experiments have confirmed that
the lipid coating does have a significant effect on the growth and dissolution of a
microbubble during gas exchange, and elasticity appears to be a function of both lipid
composition and domain microstructure [57]. More research is necessary to better estab-
lish the effects of lipid composition and microstructure on shell elasticity and the exploi-
tation of shell elasticity to achieve higher levels of performance in ultrasound applications.

Lipid Shell Viscosity

The surface viscosity of the lipid coating can affect the acoustic response and other
properties of the microbubble. DH Kim et al. showed that lipid composition and
microstructure have a profound effect on the surface shear yield and surface shear
viscosity (ηs) of lipid-coated microbubbles [15]. The surface shear viscosity is
expected to affect lipid buckling and folding during compression, thus altering
stability. It was shown that increasing ηs (i.e., in-plane rigidity) by increasing
phospholipid acyl chain length can cause a corresponding increase in microbubble
stability against dissolution, acoustic destruction, and contrast agent half-life [58].

Additionally, the surface dilatational viscosity (κs) can affect microbubble expan-
sion and is modeled to affect both expansion and contraction during oscillations
under ultrasound stimulation. The linearized damping term for the microbubble shell
is given by [53]:
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δshell ¼ 4κs
2πf0ρR

3
0

(12)

The shell damping term is a part of the overall damping coefficient:

δ ¼ δshell þ δrad þ δvisc (13)

where δrad and δvisc are the damping coefficients corresponding to acoustic reradia-
tion and viscous dissipation of the aqueous phase, respectively. These terms are
given by [53]:

δrad ¼ 2πf0R0

c
(14)

δvis ¼ 2μ

πρf0R
2
0

(15)

where c is the speed of sound in aqueous media. Note that all of the damping terms
depend on microbubble size, again pointing to the importance of monodispersity for
more precise acoustics. The resonance frequency deviates from the eigenfrequency
according to the following relationship [53]:

fr ¼ f0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� δ2

2

s
(16)

The effect of lipid shell damping on the resonance frequency is rather small [53];
however, damping does effect the ratio of acoustic energy that is either scattered or
attenuated (lost to heat dissipation). This explains the result mentioned above that
smaller microbubbles can provide negative contrast, while larger microbubbles
provide positive contrast for in vivo imaging at 40 MHz [49]. Damping also affects
the lifetime of the signal (ring down) after the termination of the ultrasound pulse.
Additionally, damping affects how much energy is converted from the acoustic wave
to the local microenvironment by the microbubble, thus affecting therapeutic appli-
cations such as sonoporation and thermal ablation. Microbubble shell damping is an
important property, but very little is known about the molecular mechanisms and
microstructural effects of lipid monolayer rigidity and friction, particularly on
microbubble shells. More research is needed to unravel these interrelationships
and to put this knowledge to practice for advanced acoustic applications.

Viscoelastic Effects on Microbubble Stability

Sarkar et al. showed theoretically that viscoelasticity of the lipid monolayer shell can
have a profound effect on microbubble stability [55]. Since changes in microbubble
surface area are relatively slow for dissolution compared to ultrasonic oscillations, the
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surface viscosity term often is assumed to have a negligible effect on microbubble
stability. The surface elasticity, however, is expected to contribute significantly to
microbubbles stability. In Sarkar’s model, the elasticity resists both compression and
expansion of the surface beyond the equilibrium state (equilibrium surface tension) of
the phospholipid shell. Sarkar estimated, for example, an increase in the ratio of elasticity
to the equilibrium surface tension (χ/σ0) from 1.0 to 20 can increase the lifetime of a 2.5-
μm-diameter air bubble from complete dissolution in �20 s to almost no dissolution
over 103 s [55]. Additionally, elasticity can explain the very long lifetimes observed for
individual microbubbles. Sarkar estimated, for example, that an increase of χ/σ0 from
1.0 to 1.05 was sufficient to explain the indefinite stability of submicron bubbles.

However, experimental data on microbubble growth and dissolution during gas
exchange have indicated that the true situation for surface elasticity is much more
complex than even the more advanced elasticity models employed by Sarkar [55, 59,
60]. In his doctoral dissertation experiment, JJ Kwan started with an SF6 gas-filled
microbubble suspended in an SF6-saturated aqueous medium and then suddenly
replaced the medium with air-saturated fluid. The microbubble was held in place
with a hollow cellulose microfiber (dialysis tubing), which is highly permeable to
dissolved gases, during the exchange of medium [61]. The medium exchange was
ensured by using a low-volume, laminar-flow perfusion chamber. The microbubble was
viewed under bright-field microscopy during the gas exchange process. Image analysis
of the captured video frames was used to generate radius–time curves. Interestingly, the
microbubble was found to initially grow owing to the influx of much faster diffusing
and more soluble O2 and N2. Once the partial pressures equalized, the microbubble
shank with the efflux of SF6 (which was absent in the surrounding medium). The
microbubble stopped shrinking near its initial radius. It then remained stable for some
time before again dissolving to a smaller diameter (typically �1–2 μm). These exper-
imental radius–time curves were compared to predictions from a theoretical model that
accounted for mass transport of each gas species to and from the microbubble. The
model had been previously validated with Kwan’s experimental setup by comparing
growth and dissolution curves for the soluble surfactant sodium dodecyl sulfate (SDS)
[61]. To fit the radius–time curves for lipid-coated microbubbles, the “apparent” surface
tension was varied for each time step. The surface tension was then plotted as a function
of microbubble surface area to determine the stress–strain relationships [57].

The resulting surface tension-area isotherms showed very complex elastic behavior.
During the initial microbubble growth phase, the surface tension increased linearly with
area, indicating a linear elastic regime. This linear behavior continued from essentially
zero surface tension to a surface tension approaching�72mN/m, the surface tension of
a clean air/water interface. Remarkably, the surface tension then started to decrease
exponentially to 25mN/m (curiously close to the equilibrium surface tension of a liquid
expanded-phase phospholipid monolayer [20]), even as the microbubble continued to
grow! Finally, during subsequent microbubble compression, the surface tension was
found to decrease from 25 mN/m back to�0 mN/m as the bubble approached its initial
diameter. The decrease in surface tension appeared to be a linear function of area, but the
slope (and therefore elasticity) wasmuch lower than that found for the expansion phase.
Thus, there is significant hysteresis between the expansion and compression curves.
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The following sequence of microstructural events were used to explain this highly
nonlinear elastic behavior: (1) the lipid monolayer expands elastically from the
resting state to rupture; (2) the monolayer ruptures into domains (islands) of con-
densed lipids, which slowly dissolve to fill in the vacuum of free gas/water interface
between the domains; (4) upon compression, the lipids repack into domains; and
(5) the domains repack and halt dissolution at the initial, resting surface area. The
latter step is a remarkable self-healing phenomenon. This explanation was supported
by Langmuir trough data of phospholipid monolayers slowly compressed to the
collapse plateau and then suddenly expanded. Taken together, these data show that
the lipid shell elasticity depends highly on its particular microstructure, which in turn
depends on the composition and processing history of the individual microbubble.
Similar behavior is expected for lipid-coated, liquid-filled fluorocarbon nanodrops.

Lipid Shell Permeability

Microbubble stability is not solely governed by the lipid shell elasticity. Another
property that affects the rate and extent of microbubble growth and dissolution is the
monolayer permeability to gases. As mentioned above, prior experimental evidence
showed that the lipid shell can impede oxygen transport [19]. This was shown using
an ultra-microelectrode (UME) juxtaposed to a microbubble held by a micropipette.
Voltage applied to the UME induced the reduction of dissolved oxygen in a
diffusion-limited process, which induced oxygen release and transport from the
nearby microbubble. The reaction rate could be monitored by following the current
applied to the UME. A simple mass transport model was used to back out the
permeability of the lipid monolayer shell from the steady-state current at each
UME-microbubble separation distance. It was found that the lipid monolayer per-
meation resistance increased exponentially with increasing phospholipid acyl chain
length, which confirmed prior work by VK La Mer and colleagues with fatty acids
and alcohols on retardation of water evaporation [62]. La Mer favored an energy
barrier model for monolayer permeation, in which it was predicted that increasing
lipid hydrophobic chain length would lead to a greater activation energy owing to a
deeper van der Waals intermolecular potential well. In other words, a smaller fraction
of the gas molecules colliding with the monolayer had enough kinetic energy to
punch through, according to the Boltzmann distribution, thus inhibiting gas trans-
port. The effect of the lipid shell permeability on gas transport has also been modeled
by Sarkar et al. [63, 64]. Again, similar effects are expected for lipid-coated,
fluorocarbon liquid-filled nanodrops.

Conclusion and Future Directions

Over a decade ago, DH Kim first described the materials science paradigm of
composition ! processing ! structure ! property ! performance for rational
design of lipid-coated microbubbles. Since then, a significant body of work has
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elucidated the effects of composition and processing on microbubble structure, as
well as some structure–property–performance relationships. For example, only after
centrifugal sorting to control size had been mastered was it possible to show that
longer acyl chain lipids lead to better microbubble stability, acoustic longevity, and
in vivo circulation persistence.

However, more research is necessary to fully unlock the mystery of how lipid
composition and processing affect lipid domain microstructure. Moreover, it is
important to further establish the interrelationships between lipid shell microstruc-
ture and key microbubble physical properties, such as the shell elasticity and
viscosity. For example, the molecular mechanism for lipid shell friction must be
elucidated, so that we can better avoid or exploit acoustic damping effects on
microbubble performance in ultrasound imaging and therapy. Ultimately, greater
flexibility and control over the lipid coating microstructure coupled with a better
understanding of key microbubble structure–property relationships will enable true
innovations in biomedical ultrasound.
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