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The Role of Cavitation in Liposome Formation
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ABSTRACT Liposome size is a vital parameter of many quantitative biophysical studies. Sonication, or exposure to ultrasound, is
used widely to manufacture artificial liposomes, yet little is known about the mechanism by which liposomes are affected by
ultrasound. Cavitation, or the oscillation of small gas bubbles in a pressure-varying field, has been shown to be responsible for
many biophysical effects of ultrasound on cells. In this study, we correlate the presence and type of cavitation with a decrease in
liposome size. Aqueous lipid suspensions surrounding a hydrophone were exposed to various intensities of ultrasound and
hydrostatic pressures before measuring their size distribution with dynamic light scattering. As expected, increasing ultrasound
intensity at atmospheric pressure decreased the average liposome diameter. The presence of collapse cavitation was manifested
in the acoustic spectrum at high ultrasonic intensities. Increasing hydrostatic pressure was shown to inhibit the presence of
collapse cavitation. Collapse cavitation, however, did not correlate with decreases in liposome size, as changes in size still
occurred when collapse cavitation was inhibited either by lowering ultrasound intensity or by increasing static pressure. We
propose a mechanism whereby stable cavitation, another type of cavitation present in sound fields, causes fluid shearing of
liposomes and reduction of liposome size. A mathematical model was developed based on the Rayleigh-Plesset equation of
bubble dynamics and principles of acoustic microstreaming to estimate the shear field magnitude around an oscillating bubble. This
model predicts the ultrasound intensities and pressures needed to create shearfields sufficient to cause liposome size change, and

correlates well with our experimental data.

INTRODUCTION

Liposome size is a vital parameter of many quantitative
biophysical studies, of liposomal drug delivery studies, and
of many other applications in both medicine and biology
(1-4). Several methods have been developed to manipulate
the size of manufactured liposomes such as detergent dialy-
sis (5), extrusion (6,7), alcohol injection (8), and sonication
(exposure to ultrasound) (9). Although sonication has been
used since the 1960s, little is known about the mechanism by
which the average liposome size decreases with exposure to
ultrasound. It has been postulated that ultrasonic energy ran-
domly and uniformly shatters larger liposomes into smaller
discoid sections called bilayer phospholipid fragments or
BPFs (10-12). These fragments fold up into thermodynam-
ically stable liposomes.

Cavitation, a principal effect of low-frequency sonication,
has been shown to be responsible for many biophysical
effects of ultrasound on cells (13). Acoustic cavitation is the
expansion and contraction of gas bubbles in a liquid exposed
to acoustic pressure waves. Repeatable bubble oscillation
without implosion is called ‘‘stable cavitation’’ and is pres-
ent at low intensities of ultrasound or when the resonance
frequency of the bubble is far from the applied frequency. As
ultrasound intensity increases, bubbles whose size is near
the resonant size for the applied frequency begin to oscillate
nonlinearly and eventually collapse. The collapse results in a
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violent implosion that produces extremely high tempera-
tures, high pressures, free radicals, and shock waves (14).
This type of cavitation is called transient, inertial, or collapse
cavitation. Given a distribution of bubbles exposed to ultra-
sound, some will experience stable cavitation, whereas other
bubbles may undergo collapse cavitation.

Both types of cavitation can be detected by analyzing the
acoustic radiation emanating from the bubble(s). Stable
cavitation is evidenced by the radiation of the fundamental,
higher harmonic, and sometimes subharmonic frequencies
(14-16). There is still some debate as to the origin of the
subharmonic frequencies. Collapse cavitation has been cor-
related with the presence of a strong subharmonic frequency
and additional noise in the baseline of the sound spectrum,
called broadband emission (14). Acoustic radiation due to
cavitation phenomena can be substantially reduced by rais-
ing the static pressure of the liquid medium. This technique
has been used previously to inhibit some of the bioeffects of
ultrasound (17,18).

By using pressure to inhibit cavitation and by listening to
bubble acoustic spectra to detect various cavitation modes,
this study explores the role of cavitation in manipulating
liposome size. We hypothesize that ultrasonic cavitation
phenomena play a key role in altering the size distribution of
liposomes processed in an ultrasonic bath. By correlating
changes in liposome size with cavitation emissions at various
acoustic intensities and static pressures, the role of the cavi-
tating bubble in liposome size manipulation is explored.

doi: 10.1529/biophys;.107.104042
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METHODS
Liposome preparation

Liposomes were prepared before sonication using detergent dialysis.
Escherichia coli polar lipid extract (Avanti Polar Lipids, Alabaster, AL)
was added to an n-octyl B-D-glucopyranoside solution and dialyzed as
described previously (19).

Experimental apparatus

An apparatus was built to listen to the liposome sample (and not the coupling
medium) under various ultrasound intensities and hydrostatic pressures. An
80-kHz cylindrical bath sonicator (Laboratory Supplies Company, Hicksville,
NY) was used to generate the ultrasound. This is a common sonicating bath
used to prepare liposome suspensions for biophysical studies (20,21). The
bath was powered by a variable AC transformer that allowed us to change
the voltage supplied to the bath and thus vary the intensity of the ultrasound.
The bath produced pulses of 80-kHz ultrasound at a 60-Hz repetition fre-
quency and a duty cycle of ~50%. Samples were sonicated at three inten-
sities of ultrasound: low (~0.01 W/cm?), medium (~0.04 W/cm®), and high
(~0.07 W/cm?). The three intensities were purposefully chosen so that low
intensity would have present neither the subharmonic nor broadband emis-
sion, medium intensity would have the subharmonic present but only a small
amount of broadband emission, and high intensity would have the sub-
harmonic and a large amount of broadband emission.

As seen in Fig. 1, the sample was suspended in the center of the bath by a
tube mounted under the lid. The sample was contained within a thin-walled
polyethylene bulb, which is nearly transparent to ultrasound. Water (450 ml)
was added to the ultrasonic bath before each experiment so that the bulb was
always immersed 18 mm below the water surface. Mounted inside the bulb
was a hydrophone (8103, Bruel & Kjaer, Neerum, Denmark) enabling us to
listen inside the sample. The bulb was pressurized with compressed air via a
small tube entering the bulb adjacent to the hydrophone, and pressure was
controlled with a pressure regulator. Samples were sonicated at 1 atm, 2 atm,
and 4 atm (absolute pressure).
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FIGURE 1 Experiment apparatus. A bath sonicator powered by a variable
AC transformer provided various intensities of ultrasound. The lipid
suspension surrounding the hydrophone was contained in a small polyeth-
ylene bulb. An inlet at the top of the bulb allowed the sample to be
pressurized. The lid sealed with the bath so that a vacuum could be drawn to
degas the coupling water before each experiment.
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Special care was taken to prevent impurities or dissolved gas from
nucleating cavitation bubbles in the water surrounding the sample and thus
interfering with the acoustic signal from the sample. The water used in the
bath was distilled, deionized to a resistivity of 18 MQ (ZyzaTech, Kent,
WA), and set in an incubator at 40°C for at least 6 h to partially degas. The
water was changed in the bath before every experimental run. The lid was
sealed on the top of the bath with a gasket, allowing us to draw a vacuum
over the surrounding water while the sample was in place. To provide a final
degasification of the surrounding water, a vacuum pump connected to the lid
was run for 1 min immediately before each sample was sonicated.

After each sample had been sonicated, sample temperature was measured
by a thermocouple within ~1 min. Typically, there was only a slight in-
crease in temperature, however at higher ultrasound intensities, temperatures
increased ~10°C (after 15 min of continuous processing). The lipids used
were already above their phase transition temperature at room temperature,
so no phase change took place during sonication. Therefore, we assume that
thermal effects on liposome stability were minimal in our experiments.

The signal from the hydrophone was sampled using a Microstar Labs data
acquisition card (Bellevue, WA) at a rate of 491,000 samples/s. The Fourier
transform of the digitized signal was calculated with DASYLab software
(DasyTech USA, Bedford, NH). Thirty Fourier transforms were collected
and mean-averaged every 8 s. Averages were saved to disk and analyzed as
described below.

Real-time light microscopy images of liposome suspensions were col-
lected using the real-time microscopy (RTM)-3 technology (Richardson
Technologies, Toronto, Ontario, Canada), which enhances conventional
light microscopy. The objective used for this work was an infinity-corrected,
100X, 1.4-NA, 0.17-coverslip, oil-immersion objective with plan-apochromatic
correction. The depth of field of the RTM images collected using the 100X
objective was 320 nm. The images were acquired using a Datacell Snapper
24-image capture card (Datacell, Finchampstead, UK) and OpenLab Version
3.1.5 software (Improvision, Coventry, UK).

Fourier transform analysis

The fast Fourier transform (FFT) data were analyzed using our own custom
MATLAB codes (The MathWorks, Natick, MA). In this study, we were
interested in two components of the FFT: the magnitude of the broadband
emission, and the integrated area of the subharmonic peak. To find the
magnitude of the broadband emission, the FFT data were sorted by mag-
nitude, and then the average of the lowest 25% of the values was taken. This
algorithm provided a value that matched the ‘‘eyeball’” or graphical estimate
of the baseline in preliminary experiments. Integration of the subharmonic
peak was performed by identifying the maximum amplitude within a certain
frequency window (near 40 kHz), and then integrating over a predetermined
width (10 kHz) centered on the frequency of the greatest amplitude. The
appropriate area of integration of the broadband emission was subtracted
from the peak integration to give a final adjusted peak area. The fundamental
emission (near 80 kHz) was integrated in a similar way. Fig. 2 shows an
example of the broadband emission magnitude and the limits of integration
as chosen by the custom MATLAB software. The other peaks in Fig. 2 are
fold-back peaks artificially generated by the numerical FFT of the digitized
acoustic waveform. Although analog filtering was used, some (attenuated)
fold-back peaks could not be avoided; therefore the fold-back (Nyquist)
frequency was carefully selected such that none of these fold-back peaks
were in the 40 kHz or 80 kHz window.

Dynamic light scattering

All aliquots of lipid solutions were first sonicated in the (pressurized) bulb
for 100 s, after which 100 uL were sampled for dynamic light scattering
(DLS) measurements. Following this sampling, sonication was resumed on
the same aliquot for an additional 900 s, producing a total of 1000 s of
sonication. Immediately thereafter, 100 uL of lipid solution were sampled
for sizing.
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FIGURE 2 Example of MATLAB Analysis of FFT data. The magnitude
of the broadband emission (arbitrary units) and limits of integration of the
fundamental (at 80 kHz) and the subharmonic (at 40 kHz) used by
MATLAB are shown by the dotted lines. The inset is the same data on a
larger y axis range.

Three 30 uL volumes were taken from every 100 uL sample and were
each diluted using their original buffer (150 mM KCl) in a 4-mL cuvette. All
DLS measurements were performed at a scatter angle of 90° using a
Brookhaven 90Plus particle sizer (Brookhaven Instruments, Holtsville, NY).
Preliminary measurements at 15° detected an insignificant amount of scatter
due to large (multimicron) particles. All parameters and algorithms used
were previously reported (20). Each cuvette was analyzed by performing ten
1-min “‘runs’’, totaling 30 min for each 100-uL sample obtained for sizing.
The data from the first two 1-min runs, which, based upon previous ex-
perience, tend to be inconsistent with the final 8 min of data, were discarded.
An effective diameter, d, was calculated by the software directly from the
measured translational diffusion coefficient, D, according to the equation
d = kgT/(3muD), where kg is Boltzmann’s constant, T is the temperature,
and p is the viscosity of the fluid (water). The NNLS (nonnegative least
squares) algorithm (22) makes no assumptions as to the shape of the distri-
bution, and therefore can predict the modality of the population. The NNLS
algorithm was also executed on the ensemble of eight 1-min samples. The
adjusted average of the three 8-min ensembles was mean-averaged and a
standard error of the mean was calculated.

Numerical modeling of bubble dynamics

The Rayleigh-Plesset equation for spherical bubble dynamics was used to
model the bubble behavior in the acoustic field (15):
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TABLE 1 Constants used in the Rayleigh-Plesset equation

py(T ) = vapor pressure of liquid at T = 2.34 X 10° Pa
pr. = density of liquid at T, = 998 kg/m’
k = polytropic constant of air = 1.33
v1, = kinematic viscosity of waterat To, = 1.0 X 107 m? /s
S = surface tension of the gas/liquid interface = 0.073 N /m
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where
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and p,(T <) = vapor pressure of liquid at T, (the temperature away from the
bubble), p.(f) = time-dependent pressure of the liquid, p.(0) = time
invariant pressure away from bubble, p;, = density of the liquid, Ry = initial
bubble radius, R(f) = time-dependent bubble radius, k£ = polytropic constant
of enclosed gas, R(f) = dR(t)/dt, R(t) = d*R(t)/d*, v, = kinematic
viscosity, and S = interfacial surface tension.

The values for some of these parameters are given in Table 1. All
parameters were taken at room temperature and assumed to be constant
throughout the duration of the experiment.

The dynamic behavior of the bubble radius as a function of time in stable
cavitation was predicted using the ‘‘ode45’” function of MATLAB, which
uses both fourth- and fifth-order Runga-Kutta algorithms to determine an
appropriate time step and to calculate the behavior. In all graphs shown, the
bubble dynamics were calculated for the first 8300 us (the entire ‘‘on”
period of a pulse of ultrasound) of exposure to a sinusoidal pressure input.
The initial conditions applied at t = 0 were that of the resting radius of the
bubble and zero radial velocity.

RESULTS

Prepared samples were sonicated at three different static
pressures: 1, 2, and 4 atm (absolute pressure) and three dif-
ferent acoustic intensities (0.01, 0.04, and 0.07 W/cmz) for a
total of nine sonicated samples. The effective mean diam-
eters of each sample after both 100 and 1000 s of sonication
are shown in Fig. 3.

At atmospheric pressure (1 atm), the expected trend of
decreasing liposome size with longer sonication exposure is
observed (20). Higher acoustic intensities produced smaller
vesicles by the end of the 1000 s exposure. However, at
higher pressures and lower acoustic amplitudes, the trend
was inhibited. For example, at 2 atm, the vesicles exposed
to the lowest-intensity ultrasound showed negligible size
change, whereas the medium-intensity exposure still pro-
duced a small decrease (Fig. 3 B). At 4 atm, the decrease in
vesicle size is almost completely inhibited at both low and
medium acoustic intensities. Thus, size decrease is inhibited
by raising the static pressure, but this inhibition can be
moderated by increasing the ultrasonic intensity.

Fig. 4 shows the effects of pressurization on the presence
of both the subharmonic and the broadband emission. As
mentioned previously, these two components of the FFT are
indicative of collapse cavitation. Note that pressurization
eventually inhibits both components of the acoustic spec-
trum (see Fig. 4), and therefore inhibits cavitation, as previ-
ously reported (17). The sudden increase in the subharmonic
intensity at high power density at 2 atm is an unexplained
anomaly that was reproducible. We can only hypothesize
that it is attributable to the dynamics of the bubbles in the
system, and speculate that pressurization perhaps brings
more bubbles close to resonant size.

An important correlation between Figs. 3 and 4 is that
liposome size reduction occurred at 1 atm, with neither
strong subharmonic nor broadband emission. In addition, the
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FIGURE 3 Effective diameter of sonicated liposomes at various intensi-
ties and hydrostatic pressures. The upper, middle, and lower plots show the
effect of ultrasonication on liposome diameter at 1, 2, and 4 atm (absolute
pressure), respectively. Low (¢, 0.01 W/cmz), medium (M, 0.04 W/cmz), and
high (A, 0.07 W/cm?) intensities are shown on each graph. Note that as the
hydrostatic pressure is increased, the effect of sonication on liposome size is
inhibited. Higher intensity counteracts this inhibition.

presence of a subharmonic and broadband emission in me-
dium and high intensities did not correspond to a drastically
greater size reduction. These observations provide strong sup-
port that the subharmonic and broadband components of the
acoustic spectrum are not correlated with decreasing liposome
size.

It may seem odd that the subharmonic and broadband
emissions are present at the low acoustic intensities used in
this study. The threshold predicted by Apfel and Holland
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FIGURE 4 Subharmonic integration and broadband emission at various
ultrasound intensities and hydrostatic pressures. The upper graph shows the
eventual inhibition of the subharmonic at low (¢), medium (M), and high
(A) intensities by increasing hydrostatic pressure. The abnormally high
increase in the subharmonic at 2 atm and high intensity is a repeatable yet
unexplainable anomaly. In the lower graph, broadband emission is also
inhibited with pressure. It is important to note that neither the subharmonic
nor the broadband emission was present at low intensities, where size change
was still seen.

(23) is much higher than those we report. This may be caused
by some of the lipids in our system acting as surfactants and
lowering the cavitation threshold. In addition, whereas cavi-
tation thresholds have been well defined for high-frequency
diagnostic ultrasound, the low-frequency ultrasound used
herein was at the low end of the frequency range used by
Apfel and Holland to develop their models of the threshold
of collapse cavitation. More importantly, their estimates of
collapse-cavitation thresholds were based on pulses of <10
acoustic cycles (23); yet in this work, the pulse is on the
order of 700 cycles, which allows much more time to excite
the bubbles to nonlinear behavior.

Deconvolution of the DLS signal with the NNLS algo-
rithm showed that those samples that exhibited a significant
size reduction typically had a distinct bimodal population
distribution. We have observed this phenomenon previously
with mildly sonicated liposomes, using three independent
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techniques to verify this bimodality (20). Any model of
vesicle size reduction due to cavitation must also account for
this bimodality.

DISCUSSION AND MATHEMATICAL MODEL

We have shown that increased static pressure, which inhibits
both stable and collapse cavitation, also suppresses the ef-
fects of sonication intensity in decreasing liposome size.
However, the classic indicators of collapse cavitation, the
presence of a subharmonic and broadband emission, do not
correlate with liposome size change. The absence of the
subharmonic and broadband emission does not imply that all
cavitation is absent; any gas bubble within a sound field will
oscillate to some degree and produce some stable cavitation.
Neither does the observation of broadband emission (and
therefore collapse cavitation) imply that stable cavitation is
absent. Because there is a distribution of sizes of gas bubbles
in these lipid solutions, some amount of stable cavitation will
always be present during sonication, no matter the intensity.

Thus the absence of collapse cavitation does not imply the
absence of strong forces in the lipid solution. Seemingly
small, stable oscillations can have surprisingly large effects
on nearby particles such as cells or liposomes (14,15,24-26).
Sound radiating from an oscillating bubble creates a local
pressure force (called the radiation pressure) which draws
toward the bubble any particle whose density is greater than
that of the surrounding liquid (27,14). Since these liposomes
can be pelleted, they are denser than their surroundings and
will be driven toward the bubbles by radiation pressure.

As the bubble’s radius expands and contracts on the
timescale of microseconds, convective flow patterns develop
near the surface of an oscillating bubble. The collection of
convective flow patterns produced by the oscillating bubble
is termed ‘‘acoustic microstreaming’’ (24,26,27). Such mi-
crostreaming exposes the attracted particles to extremely
high shear rates near the bubble surface. Wu has shown that
these shear forces are strong enough to perforate cell mem-
branes in the absence of any collapse cavitation (28). We
propose that these localized and very high shear rates are the
cause for the reduction in liposome size (20).

To determine the magnitude of the shear caused by stable
cavitation, the maximum wall velocities of the oscillating
bubbles at various power densities were calculated using the
Rayleigh-Plesset equation (Eq. 1). The original bubble size
distribution in the experiments was not known, but we
assumed that there were some bubbles near resonant size,
and that they are responsible for the majority of the shear
forces. For example, the Rayleigh-Plesset equation indicates
that wall velocities of bubbles near resonant size are at least
an order of magnitude greater than velocities of bubbles 10
times smaller or larger in diameter. Similarly, Wu has shown
theoretically that the shear generated by albumin-coated
microbubbles is largely dependent on size (28). The resonant
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bubble size (R,) was calculated using the following equation
developed by Phelps (29):

1 25\ 28 427"
f ——[Sk(f’o +—) ———Lz] E
2R\ /Py Ry) Ry pR

where p = liquid viscosity (=.001 kg/(m X s) for water),
Py = static pressure of the liquid, f, = resonant frequency,
and all other terms are as defined previously.

According to Eq. 3, the resonant bubble diameter at 1 atm
and 80 kHz is ~81 um. Using this value for the initial
bubble radius, the MATLAB codes applied to Eq. 1 calcu-
lated maximum wall velocities of 16, 26, and 34 m/s for low,
medium, and high (0.01, 0.04, and 0.07 W/cmz) acoustic
intensities, respectively. These maximum wall velocities
were then used in the following equations (25) to calculate
the magnitude of the liquid shear rate around the oscillating
bubble:

u
UL 27TfR()7 ( )
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where u, = velocity amplitude of bubble surface, U =
streaming velocity, 6 = velocity boundary layer thickness,
G = velocity gradient (shear rate), and all other terms are as
previously defined.

The calculated velocity gradients, or shear rates, are 6.6 X
10%,1.7 X 107, and 3.0 X 10” s~ ! for low, medium, and high
ultrasound intensities, respectively. To appreciate the ex-
treme magnitude of these shear rates, the lowest shear rate is
equivalent to the shear on fluid between plates separated by a
1-mm gap and having a differential velocity of 6600 m/s.

Previous studies have shown how liposomes deform under
shear flow (30-34), but there is little work (32) that shows
how liposomes might break up at high magnitudes of shear,
and, more importantly, what their resulting size might be.
Fortunately, a similar problem has been studied in the con-
text of droplet emulsions undergoing shear (35) wherein the
capillary number is used as the governing parameter. The
capillary number (Ca) is the ratio of the shear forces (or other
inertial forces) over surface tension forces, as shown by
Eq. 7:

Shear forces uGR’ _ MRG 7

Ca = —
a4 Surface tension forces SR S

where R is the radius of curvature of the interface, and all
other terms are as defined previously.

When a droplet is in a shear field, viscous shear forces tend
to stretch the droplet, whereas surface tension forces tend to
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keep it spherical. If the shear forces are much greater than
surface tension, the drop elongates into an unstable cylinder
and then breaks up into smaller drops, with smaller radii,
which are subsequently subject to smaller shear forces. Drops
continue to elongate and break up until they are sufficiently
small that the surface tension forces keep them from elon-
gating into unstable cylinders and then smaller drops. Thus,
droplet size reduction continues until the elongation and
restoring forces are balanced.

For lipid vesicles, the situation is a little different since the
vesicle is not a homogenous droplet, but a lipid-covered
solution. This will not change the fundamental forces ex-
perienced by the vesicle during shear, but may alter the
stability and break up of the elongated cylinders. In contrast
to stretched oil droplets, lipid tubes have several additional
properties that could increase stability, including inherent
curvature of different lipids, number of lipid molecules on
the inner and outer leaflet, and the fixed ratio of surface area
(lipids) to volume (trapped solution). The surface/volume
ratio could be changed through water entry into the vesicle,
but since there are membrane-impermeable ions in solution,
osmotic forces prevent this. The surface/volume ratio is
likely the most significant factor in lipid tube stability.

Previously, we obtained electrophysiological data consis-
tent with formation of a small percentage of stable lipid tubes
after sonication of lipid vesicles (36). Additionally, electron
micrographs (EM) confirm the existence of lipid tubes and
vesicles with extended tethers, even when fixed and stained
several hours after sonication (20,36). However, these data
are not convincing evidence in support of stable lipid tubes,
since the electrophysiological data is indirect and tubes
observed from EM may be artifacts of the fixing or staining
process. To determine whether stable lipid tubes do form
when subjected to ultrasound, we used RTM (Richardson
Technologies; see Methods) to observe lipid suspensions 1 h
after sonication (medium intensity at 1 atm). These obser-
vations were of vesicles in solution with a light microscope
that had a resolution of ~200 nm. Fig. 5 shows several
different images from RTM where lipid tubes were observed.
These tubes are 3—15 times larger than the typical tube
observed in EM, but we assume that tubes come in a range of
sizes, and that RTM does not have the resolution to resolve
smaller tubes. These structure of these larger tubes may be
less common than that of the small tubes (and vesicles)
observed in EM. Alternatively, the tubes observed using EM
may be altered in size due to the fixation or staining process.

The RTM data confirm that tubes are sufficiently stable
that some are still present after 1 h, but their presence does
not reveal the nature of their stability. However, one for-
tuitous observation of a lipid tube with RTM sheds light on
this question. As the tube was observed tumbling through
solution, it suddenly stopped moving (suggesting that it had
stuck to the glass slide) and rounded up into a sphere. This is
consistent with the hypothesis that the tube is primarily
stabilized by the fixed surface area/volume ratio, and that a
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FIGURE 5 High resolution (RTM) images of sonicated lipid vesicles in
solution. (A) Image showing two lipid tubes (arrows) among many large and
small vesicles. Scale bar, 2 um. (B) Same view as in A, but slightly later in
time. Because the tubes are tumbling in space, different sections of the tubes
are in focus at different times. (C) Another image of more lipid tubes and
vesicles. (Insef) Calibration image of 404-nm polystyrene beads using the
same optics. Moving images are presented in Supplementary Material.

small tear in the membrane allowed solute to enter and the
tube to expand into a round vesicle (see Supplementary
Material, Movie 1). Overall, stable tube formation after shear
of lipid vesicles appears to be a relatively rare but predictable
event.

In general, we assume that most shear elongation of lipo-
somes creates unstable cylinders that break up into smaller
liposomes. As an approximation, we can model a liposome
subject to high shear rates as a droplet with an effective
surface tension. Although there are limitations to this model,
we can use the capillary number to explore the relationship
between these two competing forces. When Ca is on the
order of unity, the forces are balanced, and a critical radius
can be calculated. A liposome with a radius less than the
critical radius will remain intact without further reduction.
Similar to a droplet, a liposome with a radius greater than the
critical radius will be stretched by shear forces, and even-
tually break into liposomes with radii closer to or below the
critical radius. Therefore, as more liposomes randomly enter
into the small volume of the high shear field adjacent to
oscillating bubbles, the population average of the liposome
size would gradually approach a limit near the critical radius.
The original population of larger liposomes would be de-
pleted, and a smaller population protected by surface tension
below the critical radius would increase and thus reduce the
average liposome size as the sonication proceeded.

Biophysical Journal 93(12) 4100-4107
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The size distribution that we observed in our samples
supports this hypothesis. Samples that exhibited a decrease
in effective diameter showed the presence of a bimodal pop-
ulation. We previously have studied the dynamics of these
two populations and note that with sonication, the larger-
diameter population is depleted, and the smaller-diameter
liposomes become the dominant population (20).

Using a value of 3 dyn/cm (37,38) for the maximum sur-
face tension of liposomes and previously determined values
for the shear rate, the critical diameters for low-, medium-,
and high-intensity ultrasound at 1 atm are 910, 350, and 200
nm, respectively. Assuming that liposomes with diameters
above these values will be broken up and liposomes with
diameters below these values will be preserved, they can be
compared with the experimental results of Fig. 3. At 1 atm,
the effective diameters after 1000 s of sonication are 240, 187,
and 138 nm for low, medium and high intensities, respec-
tively. Although these values differ by a factor of 2 to 4 from
the simplified theoretical values, they are within the same
order of magnitude and both follow the same trend (low in-
tensity causes the least size change). The discrepancies might
be attributed to the uncertainty in the value used for liposome
maximum surface tension, which depends on phospholipid
composition and sterol content, or perhaps on some of the
assumptions of our model (e.g., bubble size, gas content,
‘‘order-of-magnitude’” approximations made in deriving the
microstreaming equations (26), and the critical capillary
number being on the order of unity). In addition, even though
microstreaming may be the primary mechanism of size
reduction, it is likely that other noncavitational phenomena
might be occurring, such as shock waves, thermal effects, etc.

The microstreaming model is supported by experimental
results at higher static pressures as well. Equation 3 predicts
that the resonant bubble radii at 2 and 4 atm are 57 and 80 wm,
respectively. These bubble sizes and their corresponding
static pressures were incorporated into the Rayleigh-Plesset
equation, and the critical diameters for all static pressures and
intensities, calculated from Egs. 4-7, are shown in Fig. 6.

Fig. 6 shows the effects of both static pressure and
acoustic intensity on calculated critical diameters. According
to trends displayed in Fig. 3, static pressure and intensity play
competing roles in determining the critical diameter above
which liposomes are affected by the ultrasound. The smallest
vesicles (smallest critical diameter) are formed at the lowest
static pressure and highest acoustic intensity, whereas the
largest vesicles are formed at high pressure and low intensity.

Table 2 indicates which samples are predicted to be unaf-
fected by ultrasound according to the microstreaming model.
If the critical diameter was above the average diameter of
the sample before sonication (614 nm), it was labeled as
“‘unaffected’’. These results correlate moderately well with
the data in Fig. 3. All samples labeled ‘‘unaffected’’ did not
change >21% of their original size, with one exception. The
sample sonicated at low intensity and 1 atm was predicted
to be unaffected yet had considerable size change. It is im-
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FIGURE 6 Critical diameters calculated as a function of both pressure and
intensity. Both decreasing intensity (low, ¢; medium, ®; and high, A) and
increasing ambient pressure raises the critical diameter. This is supported
by trends in Fig. 3. The critical diameter is a limit above which liposomes
may be more vulnerable to break apart by shear forces.

portant to note that the critical diameter was found by assum-
ing that breakup occurred when Ca = 1. In droplet emulsion
applications, a critical Ca (not necessarily 1) must be experi-
mentally determined before a critical diameter can be calcu-
lated. The uncertainty of the critical capillary number, along
with approximations made in our calculations, still allows for
size change under low intensity and 1 atm static pressure.
The fact that the critical diameter is within the same order of
magnitude as resulting daughter liposomes is strong evidence
that the microstreaming is the responsible mechanism in ma-
nipulating liposome size. Furthermore, the model qualitatively
explains the effects that intensity and static pressure have on
this process.

CONCLUSIONS

It appears that pressurization during sonication inhibits the
decrease in liposome size, but increased intensity can coun-
teract the inhibition. Furthermore, increased static pressure
also inhibits the subharmonic and broadband emissions, but

TABLE 2 Prediction of the critical diameter of
ultrasonically-sheared liposomes

Process conditions 1 atm 2 atm 4 atm
Low intensity 614 nm 614 nm 614 nm
(unaffected)* (unaffected) (unaffected)
Medium intensity 350 nm 614 nm 614 nm
(unaffected) (unaffected)
High intensity 200 nm 450 nm 610 nm

*Vesicle samples whose critical diameter is above the original effective
diameter of the liposomes (614 nm) were labeled as ‘‘unaffected”’. Com-
pare to the change in effective diameter shown in Fig. 3.
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size change occurs even without either of these elements, and
neither type of acoustic emission is correlated with liposome
size change. Finally, our mathematical models show that
stable (noncollapse) cavitation, always present with or with-
out subharmonic or broadband emissions, can generate
sufficient shear through acoustic microstreaming to reduce
liposome size. These mathematical models of acoustic mi-
crostreaming can qualitatively explain the effects of pressure
and acoustic intensity on liposome size reduction.

These observations and mathematical models support the
hypothesis that it is microstreaming around oscillating bub-
bles, and not necessarily collapse cavitation events, that create
shear sufficient to reduce the size of the liposomes during ul-
trasonic processing.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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