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Sonication isa smple method for reducing the size of liposomes. We report the Size distribu-
tions of liposomes as a function of sonication time using three different techniques. Lipo-
somes, mildly sonicated for just 30 sec, had bimodal distributions when surface-weighted
with modes at about 140 and 750 nm. With extended sonication, the size distribution remains
bimodal but the average diameter of each population decreases and the smaller population
becomes more numerous. |ndependent measurements of liposome size using Dynamic Light
Scattering (DLS), transmisson eectron microscopy (TEM), and the nystatin/ergogterol
fuson assay all gave consstent results. The bimodal distribution (even when number-
weighted) differs from the Weibull distribution commonly observed for liposomes sonicated
at high powers over long periods of time and suggests that a different mechanism may be
involved in mild sonication. The observations are consstent with the following mechanism
for decreasing liposome size. During ultrasonic irradiation, cavitation, caused by oscillating
microbubbles, produces shear fields. Large liposomesthat enter these fields formlong tube-
like appendages that can pinch-off into smaller liposomes. This proposed mechanismis con-
sistent with colloidal theory and the observed behavior of liposomesin shear fields.

Keywords sonication, liposome, dynamic light scattering (DLS), transmission elec-
tron microscopy (TEM), acoustic microstreaming, colloidsin shear fields

Introduction

Due to the wide applications of liposomes in biophysics, physiology, and medicine, many
techniques have been developed to manufacture them. Among these techniques are
reverse-phase evaporation (Parente et al., 1984; Kim et al., 1981), detergent dialysis
(Szokaet al., 1980; Woodbury, 1989; Egelhaaf et a., 1996), and simple rehydration. After
liposomes are formed by any of these methods they may be reduced in size by extrusion
(Hunter et al., 1998; Szokaet al., 1980; MacDonald et al., 1991), high-pressure homogeni-
zation (Brandl et al., 1993), or sonication (Huang, 1969). Each technique has merit and
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can produce small vesicles (<150 nm in diameter) with afairly narrow size distribution,
but none produce a single, narrow population of larger liposomes. Sonication reduces
mean diameter, but there is great variability in final liposome size. Sonication could be an
effective method of producing liposomes of adesired sizeiif its effects were better charac-
terized. Size is a crucial parameter where liposomes are used as drug delivery vehicles
(Lin et al., 2003; Litzinger et a., 1994; Liu et d., 1992), in studies of amphiphysin and
other proteinsthat alter membrane curvature (Peter et al., 2004), and in biophysical studies
of channel proteins (Woodbury et al., 1988; Franklin et al., 2004). Not only does a knowl-
edge of liposome size allow calculation of the number of membrane proteins per liposome
(given the protein/lipid ratio), it also allows an accurate calculation of liposome content, a
parameter useful in drug delivery. Since most methods do not produce a narrow size pop-
ulation of liposomes, it is valuable to know the true distribution of liposome sizes.

Previous studies have shown that liposomes sonicated over along period of time have
a number-weighted distribution that is best fit by the Weibull distribution (Tenchov et al.,
1985; Tenchov et al., 1986; Maulucci et al., 2005). The Weibull distribution is a unimodal
population similar to the lognormal distribution, but isterminated on the lower-sizeend at a
fixed liposome size. The Weibull distribution is appropriate for liposomes that form from
fragments of bilayer sheets and has been used to characterize liposomes after exposure to
long, intense sonication. Such liposomes are thought to fragment into small pieces which
either reform into liposomes (Maulucci et al., 2005) or undergo secondary particle growth
where highly curved small liposomes fuse to form larger liposomes (Lasch et al., 2003).

Using dynamic light scattering (DLS) to measure liposome size, we observe that
mildly sonicated liposomes do not fit a Weibull distribution but rather are bimodal.
Fig. 1 shows the DL S-determined size distribution for a batch of liposomes prepared
by rehydration and sonication for 60 sec in a mild ultrasonic field. The DLS data
(deconvoluted by NNLS and CONTIN, see Methods) revealed a bimodal size distribu-
tion in most batches of liposomes. This suggests that a different mechanism of lipo-
some formation is occurring with mild sonication.

Little work has been done to characterize the effect of mild sonication on liposome
size distribution (Finer E.G. et a., 1972; Zasadzinski, 1986; Egelhaaf et al., 1996;
Maulucci et al., 2005). The aim of this paper was to use multiple techniques to measure
distributions. To compare results from different techniques, the biases of each technique
were taken into account, such as whether measurements are made on individual mem-
bers of the population or on group averages and on how the data are weighted. Since dif-
ferent assays intrinsically weight data differently, results obtained on the same sample
may disagree. To illustrate, Fig. 2A shows a unimodal (thin line) and a bimodal (thick
line) distribution that have identical means and standard deviations. For clarity in dis-
cussing bimodal populations, the smaller diameter population is termed the al pha popu-
lation and the larger diameter, beta. It is clear from Fig. 2A that determining just the
population mean and standard deviation are not sufficient to differentiate single-peaked
(unimodal) from double-peaked (bimodal) distributions. Furthermore, a true bimodal
population may be difficult to distinguish from a unimodal one using many common
experimental techniques. For example, in DLS, there is always the possibility that the
fitting algorithm will merge alpha and beta populations into a single broad distribution.
Likewise, avery broad unimodal population may be incorrectly split into a bimodal dis-
tribution (Morrison et al., 1985). Other techniques for measuring size distributions have
similar weaknesses, such as the loss of peak resolution by making histogram bins too
wide when measuring and counting liposomes from an electron micrograph (for an
exception see Egelhaaf et a., 1996).
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Figure 1. Typica Dynamic Light Scattering (DLS) histograms of sonicated liposomes made as
described in Methods. Top: The DLS autocorrelation function was deconvoluted using the Non-
Negative Least Squares method (NNLS). Bottom. The same data as above, deconvoluted using the
CONTIN agorithm (see Methods). Notice that both algorithms clearly indicate two peaks repre-
senting distinct size populations of liposomes. This sample of liposomes did not contain nystatin
and was sonicated for 60 sec.

Statistical weighting of distributions may also be misleading. For example, a bowl! of
nine grapes and one grapefruit can be described as 90% grapes and 10% grapefruit if the
distribution is number weighted, but it can also be described as 10% grapes and 90%
grapefruit if the distribution is mass-weighted (Hindes, 1999). A distribution can be
weighted by number, surface area, volume, or any other property of the particle being
measured. The hypothetical distributions shown in Fig. 2A and 2B represent the same
population of liposomes, but are number-weighted and surface area-weighted, respec-
tively. Figure 2A would be observed if the liposomes were counted by taking a picture
(e.g., with EM). Figure 2B shows what would be observed if liposomes were first sorted
by size (e.g., with column chromatography) and then each size fraction was assayed for
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Figure 2. Model comparing liposome populations. A. Mathematically generated lognormal distri-
bution of liposomes. The bold line shows abimodal distribution with means of 100 nm (SD = 20 nm)
and 400 nm (SD = 100 nm). The 100 nm diameter liposomes make up 75% (by number) of the total
population. Combined, these two distributions have amean of 180 nm (SD = 102 nm). The thin line
represents a hypothetical unimodal liposome population with the same mean and standard deviation
as the combined bimodal distributions. B. The same bimodal and unimodal populations asin A but
surface-area weighted (instead of number weighted). Notice how surface area weighting shifts the
distributions to larger liposome diameters. The mean of this SA-weighted bimodal distribution is
408 nm and for the unimodal distribution it is 322 nm. I nserts: The same data asin the main figures
but plotted on alogarithmic scale.
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total lipid. Since the few large liposomes each contribute a large surface area, the surface
area-weighted distribution is shifted to the right compared to the number-weighted distri-
bution. Different sizing assays, by their nature, provide different weighting characteristics.
Similarly, in different applications results may correlate better with one weighting method
than with another. Liposomal delivery of an encapsulated drug, for example, is best
described by a volume-weighted histogram to determine the liposome size at which most
of thedrug iscarried. Delivery of amembrane-bound molecule may be better described by
a surface-area weighted histogram.

Three methods with different weightings are used to measure the size distribution of
mildly sonicated liposomes. DL S, transmission electron microscopy (TEM), and the nys-
tatin-ergosterol fusion assay. The data show that liposomes formed by rehydration/sonica-
tion typically form a bimodal size population, and we introduce a simple model that
explains this observation.

M ethods

Preparation and Sonication of Liposomes

Liposome solutions (0.2 mL) were prepared using a mixture of lipids formed by
combining stock solutions (10 mg/mL chloroform) of L-phosphatidylethanolamine
(PE), L-phosphatidylcholine (PC), phosphatidylserine (PS), and ergosterol (Erg) in a
2:1:1:0.7 weight ratio (phospholipids from Avanti Polar-Lipids, Inc., Alabaster, AL).
Certain mixtures also contained nystatin (Sigma Chemical Co., St. Louis, MO) (2.5 mg/
mL methanol) at various concentrations (0—250 ug/mL final sample). Other batches
contained only PC as indicated. The mixtures were dried under nitrogen gas. A 0.2 mL
solution of 150 mM KCI and 8mM HEPES (pH 7.2—7.4) was added to the dried lipids.
The solution was then vortexed 6 minutes and sonicated 90 sec. Liposomes then under-
went 1-2 freeze-thaw-sonicate cycles (Pick, 1981) with the last sonication being 30-60
sec or as indicated.

All sonication was performed in acylindrical, 80 kHz bath sonicator with a diame-
ter of 104 mm (Laboratory Supplies Company, Inc., Hicksville, NY). The sonicator
was controlled by a variable transformer set to 75-80 V. The intensity of the sonic
waves in the bath is a sensitive function of depth and location. A hydrophone (Type
8103, Bruel & Kjaer) was used to measure the intensity of the ultrasound as a function
of position in the bath Sonicator filled with about 450 mL of water. Figure 3 shows that
the peak RMS intensity is near the center of the bath (insert). Moving down the central
axis of the bath, there are nodes of intensity corresponding to different depths. The sur-
face of the water acts as a node, and the minima and maximain the bath are presumably
due to standing waves of the ultrasound. For liposome sonication, samples were held in
the center of the bath at a depth of 5-8 mm. At this depth, liposomes are exposed to
approximately 0.7 kW/m?,

Polystyrene Beads and Carbon Black Preparation

As acontrol for bimodality, uniform polystyrene beads from Duke Scientific Corporation
(Palo Alto, Cdlifornia) of both 102 nm (+/-3) and 404 nm (+/—4) were mixed to a4:1 vol-
ume (mass) ratio in distilled water and prepared for either TEM or DLS analysis. These
beads were calibrated to standards from the National Institute of Standards and Technol-
ogy by the vendor and had hydrodynamic diameters of 100-105 nm and 421-435 nm,
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Figure 3. Intensity of ultrasonic energy generated by the bath sonicator as a function of the depth
of the sample in the bath. The amount of water in the bath was 430-470 mL and adjusted (tuned) to
produce slight splashing at the center of the bath during sonication. The intensity was measured by
placing a hydrophone in a 13 x 100 mm glass cuvette (same as used to sonicate liposomes) contain-
ing 0.5 mL water. The average of five measurements is shown. The cuvette was moved up and
down with a micromanipulator. The thick bar above the graph shows the depth used to in this study
to sonicate liposomes (5-8 mm deep). Note that the fluctuations in intensity with depth are about 5
mm apart; thisis 1/4 the wavelength of sound in water. Insert: A single measurement of intensity as
afunction of lateral displacement from the center at adepth of 6 mm. Note the peak intensity is near
the center.

respectively. As a unimodal control, a sample of Carbon Black was used which had a
well-established broad size distribution from 165 nm to 455 nm (Weiner et al., 2002). Car-
bon black samples were a generous gift of William Bernt (Particle Characterization Labo-
ratories, Novato, California) and were prepared as directed in a 0.1 vol% solution of
Triton-X 100 (Columbus Chemical Inc., Columbus, WI) followed by 20 min of bath
sonication.

Dynamic Light Scattering (DLS)

All dynamic light scattering (DLS) measurements were performed using a Brookhaven
90Plus Particle Size Analyzer (Brookhaven Instruments Co., Holtsville, New York). The
incident angle of the laser was 90° with a wavelength of 658 nm. Samples were diluted in
their original buffer in 4 mL cuvettes to count rates of 200—1000 kcps. Sample tempera-
ture was maintained at 22°C. The parameters used for the deconvolution algorithms with
DLS included 0.96 cP for viscosity. For all agueous solutions the refractive index was
1.33 and for particles, thereal refractive index was 1.53 (liposomes), 1.59 (beads), or 1.84
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(carbon black). The particle imaginary refractive index was set to 0 (beads and liposomes)
or 0.85 (carbon black). For liposomes, hundreds of samples were initially prepared and
analyzed by DL S to determine effective diameter. Follow up studies on over 80 liposome
samples were prepared, and 5-10 parallels of 2.5 min each obtained (over 500 runs). For
carbon black and bead samples, 16 parallel runs of 10-30 min each were obtained. Fresh
dilutions of the origina samples were prepared and the parallel runs repeated. Nearly
identical results were obtained both times.

The DLS autocorrelation function of scattered light was deconvoluted using the
Method of Cumulants, the Non-Negative Least Squares (NNLS) method, and a Con-
strained Regularization Method for Inverting Data (CONTIN) as implemented on the
90Plus Particle Size Analyzer. The Method of Cumulants assumes a unimodal popula-
tion and returns an average, or “effective” diameter of the distribution, and a unitless
measure of the width of the distribution (polydispersity) (Koppel, 1972). The NNLS
algorithm uses fewer assumptions and can identify bimodality well, but may incorrectly
separate a single broad population into multiple narrow populations (Morrison et al.,
1985). CONTIN isbased on NNLS, but has a smoothing feature to compensate for false
bimodality (Provencher, 1982; Morrison et al., 1985). Morrison reports that “ Our expe-
rience with CONTIN has been that the smoothing of the distribution works well when
smooth distributions are expected. However, the method works less well when multi-
modal distributions are expected.” That is, CONTIN may overcompensate and smooth
two peaks into one. Since we did not initially know what type of distribution to expect,
DLS data were initially analyzed by both procedures (e.g., Fig. 1). Unless otherwise
stated, all DLS population distributions shown in the figures were deconvoluted by
NNLS. This study focuses on liposome 20-2000 nm in diameter. Particles outside this
range made little contribution (typically <1%) to the total liposome population and
were irregularly observed. Particles smaller than 20 nm in liposome samples were also
ignored because curvature considerations prevent liposomes (with our lipid composi-
tion) in this size range (Israelachvili, 1985; Rovira-Bru et al., 2002; Lasch et al., 2003;
Epstein et al., 2005).

Transmission Electron Microscopy (TEM)

Polystyrene beads, Carbon Black, and liposome samples were prepared by negative-
staining in Urinyl Acetate as previously described (Woodbury, 1989). While other tech-
niques such as cryoelectron microscopy have certain advantages, negative-staining is a
fast, easy technique that does little to alter relative liposome size. Samples were ana-
lyzed at various magnifications using a JEM-2000FX electron microscope (JEOL USA
Inc., Peabody, MA). Resulting photographs of beads and liposomes were measured by
hand. Carbon black and beads were assumed to maintain their three-dimensional struc-
ture. Liposome diameters, however, were corrected by afactor of 0.707 due to flattening
by dehydration (Parente et al., 1984; Szoka et al., 1980). There is some controversy over
the use of this factor (Drechsler et al., 1995). In fact, our data (see Table 2) suggest that
afactor of 0.89 is more correct. Nevertheless, to be consistent with previously published
data we have retained the 0.707 factor (which does not ater the ratios given in the final
column of Table 2). Carbon Black, due to its irregular shape, was measured using
AlphakEaseFC software (Alpha Innotech Co., San Leandro, CA). The program distin-
guishes the borders of carbon black aggregates and returns a cross-sectional surface area
for each particle region. This surface area was transformed into an equivalent spherical
particle size (diameter) as d = 2/SA/ 7.
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For liposomes, size distribution histograms of the same TEM field at three different
magnifications yielded significantly different population modes. Further analysis
revealed that due to the transparent nature of liposomes, many smaller liposomes are
only visible at higher magnifications, while many large liposomes extend out of field
and are easily missed (e.g., compare Fig. 9A and 9B). Therefore, caution must be exer-
cised when analyzing liposome size distributions at only one “optimal” magnification.
The histogram (Fig. 9C) was created from the combined data of the three magnifications
(x1,700, x5,000, and x17,000). The histograms were spliced together in such a way that
the higher magnification data were used for small sizes until a bin size was reached that
had the same number of liposomes as that obtained at lower magnifications. The abso-
lute number of liposomes in this bin was used to scale the two data sets (the high mag-
nification EMs aways scored more liposomes in the same field then lower
magnifications).

Nystatin-Ergosterol (Nys/Erg) Fusion Assay

The nyslerg fusion assay (Woodbury, 1999; Woodbury et al., 1990) was used to detect the
fusion of single liposomes to a lipid bilayer. At appropriate concentrations, nystatin and
ergosterol form ion channels in liposomes. When liposomes fuse to a planar membrane, a
sharp increase in membrane conductance can be detected with each fusing liposome. The
spike decays quickly as the liposome's nystatin channels become unstable in the ergos-
terol-free membrane. The current signal is proportional to the number of nystatin channels
in the liposomes' membrane. The channels are assumed to be evenly distributed through-
out all liposomes. Since each liposome fusion event is detected by the assay, the raw data
is number weighted; however the diameter of the fusing liposome is proportiona to the
square root of the current spike height. Conductance measurements were acquired with a
standard data acquisition system (Woodbury, 1999), and the spike height of each fusion
event was measured by hand. Higher [nys] were used in some experimentsto help resolve
alpha liposomes (the nys channel is too small to detect a single channel, so alpha lipo-
somes with only afew channels can not be detected). Likewise, betaliposomes with many
nystatin channels produce a current that saturates the voltage-clamp amplifier and again
cannot be measured. Liposomes with many channels may aso be too leaky to fuse
(Woodbury et al., 1988). Therefore, some experiments were performed with alower nys-
tatin concentration to ensure that large liposomes could be detected. Each fusion experi-
ment was run for 10 min (Woodbury, 1999).

Statistical Methods

To compare size distribution histograms from different techniques the data must be
weighted similarly. Transformations between weightings are easily done assuming spheri-
cal particles. Surface area weighting is then proportiona to the square of the number
weighted data; volume is proportional to the cube, and so forth.

All histograms, unless otherwise specified, are presented as surface area-weighted
distributions with logarithmic size bins (normalized with width of bin). Surface area-
weighted histograms are presented because when sizing liposomes, total lipid is pro-
portional to liposome surface area. DL S is inherently an intensity-weighted technique,
that is, the primary measurement is the intensity of light scattered from liposomes dif-
fusing through the laser light path. However, this raw data can be transformed (with
built-in software) to give a surface-area weighted histogram. The nys/erg fusion assay
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is a number-weighted technique that reports liposome surface area (i.e., each fusion is
detected or counted independently, but the size of the signal is proportiona to
liposome surface area). EM is number weighted (liposomes or particles are counted
independently) and liposome diameter is determined directly or estimated from the
cross-sectional area. A second advantage of using surface area-weighted data is
because it is intermediary between number- and volume-weighted data. When a popu-
lation distribution is transformed over several spatial dimensions, the shift in weighting
can cause one size to appear to dominate the population, or it may misleadingly disap-
pear (see Fig. 2).

All “peak” valuesreferred to in the results are the mode of the distribution unless oth-
erwise specified. Modes were chosen over means due to their insensitivity to outliers and
ease of detection. However, it is clear from the figures that in most cases, the mode
approximates the mean.

Results

In our initial studies we were interested in general trends in population size as a
function of both sonication and the antifungal agent nystatin. We prepared hundreds
of samples and used DL S Method of Cumulants to determine effective (mean) diam-
eter and polydispersity (a measure of standard deviation). Although further analysis
later determined that most of these samples had bimodal population distributions
(see below), the effective diameter (which gives a weighted mean based on all vesi-
cles) still provides a simple and reliable measure of average vesicle size and how it
changes in response to sonication. Figure 4 shows the effective diameter from over
500 samples of liposomes prepared in our lab, determined by DLS. As expected,
with increased sonication time, there is a decrease in both effective liposome dia-
meter and polydispersity. Liposomes were prepared with various concentrations of
nystatin. This antifungal agent did not alter the effects of sonication on liposome
size (Fig. 4).

As noted above, further liposome analysis by DL S revealed that the size distribution
is bimodal, not unimodal, and that the effective diameters shown in Fig. 4 are an over-
simplification of the effect of sonication on liposome size. Figure 2 shows that effective
diameter and polydispersity are inadequate to properly describe a bimodal population.
Together these data suggest that the decrease in mean diameter observed in Fig. 4 could
be due to atrue decrease in the size of most liposomes, or a shift of afew liposomes from
a beta (larger) population to an alpha population. A third possibility is a combination of
both processes.

To better understand the true size distribution of the liposome populations, the DLS
autocorrelation function was deconvoluted using NNLS and CONTIN (see Fig. 1 and
Methods). We expected a single, broad lognormal or Weibull distribution, but consis-
tently observed two distinct peaks within the appropriate size range. A typical example
is shown in Fig. 5 and shows that the decrease in mean size (Fig. 4) is due to both a
decrease in the size of most liposomes and the shifting of liposomes from the beta popu-
lation to the alpha population. Typically with sonication, the peak representing the beta
population of liposomes is more variable and decreases in diameter and percentage of
the total population. The apha population of liposomes decreases slowly in size and
grows in percentage to dominate the total population. Both peaks seem to approach a
lower size limit of around 50 and 150 nm, respectively. Bimodal populations in lipo-
somes are observed even after 1h of sonication. Note that the ratio of the peaksis greater
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Figure 4. Effect of sonication time on mean diameter and polydispersity of liposomes as measured
by DLS. The mean is determined from the whole population of vesicles and does not imply a uni-
modal distribution. For each sample, 4 to 7 DL S runs (~2.5 min each) were performed on liposomes
exposed to various durations of sonication. The average of these runs is plotted. Over 500 samples
were analyzed. Insert: Polydispersity (unitless measure of distribution breadth) of the same data
set. Note the downward trend in both plots. There was no significant correlation between liposome
size and nystatin concentration: O = 28-56 pg/mL Nys, A = 75-85 pg/mL, [0 = 113-153 pg/mL.

than two, which is the lower limit of DLS peak resolution (Korgel et al., 1998; Finsy
et a., 1993).

To compare the DL S data from all 82 liposome samples, a modification of the pro-
cedure purposed by Frantzen et al. (2003) was used. DL S parallel runs (5-10) of 2.5
min were made on each sample and the NNLS-determined distribution that appeared
most frequently was recorded. As reported in Table 1, over 85% of liposome samples
were bimodal (with the remainder split equality between unimodal and trimodal). Several
of the samples listed as unimodal were bimodal, but with a small second population in
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Figure 5. One typical experiment showing the decreasing trend of liposome size with duration of
sonication. Note that there are two populations detected (except at t = 960 sec). The mode of the
alpha (larger-size) population is shown on the main graph with open circles and the beta (smaller-
size) population with closed circles. Consistent with Fig. 4, increasing sonication time (x-axis)
causes a gradual decrease in liposome size. Inserts: Selected individual DL S histograms (analyzed
by NNLS and weighted by surface area) at indicated sonication times. The inserts clearly show that
with no sonication the population of large liposomes accounts for amagjority of the total population.
Following sonication, the smaller-sized liposomes become the dominate population. (As described
in methods, the “no sonication” liposomes were actually sonicated for 90 sec and then frozen; with-
out this treatment, an even larger fraction of liposomes have diameters >1000 nm.)
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Tablel
Modality of liposome populations determined using DLS (NNLS). Table combines data
from 82 sample and includes 500 parallel runs

# Liposome samples with distribution shown

Unimodal Bimoda Trimodal Total
Results from all parallels 6 70 6 82
(5-10 per sample)
Results excluding parallels 3 68 6 77
with residuals>10 and

sampleswith <4 parallels

the range excluded (>2000 nm). An additional criteriarecommended by Frantzen et al.,
isto exclude parallels with residuals >10. With this constraint, 8.6% of the 500 runs are
excluded. This constraint only slightly altered the results (Table 1) and was not used.

Beads and Carbon Black

One concern with using DLS to determine the size distribution of particles is that the
deconvolution algorithms may misinterpret the data. To independently confirm that DLS
can correctly detect two known and distinct populations close in diameter (Korgel et al.,
1998), a mixture (4:1 mass ratio) of 100 and 400 nm polystyrene beads was prepared and
analyzed. Figure 6 shows that the NNLS deconvolution algorithm clearly resolves two
distinct peaks. According to DLS, the alpha peak had amode of 92 nm (SD = 10 nm). The
beta peak had a mode of 431 nm (SD = 41 nm). These values agree well with the hydrody-
namic diameters (100-105 nm and 421435 nm) reported by the vendor for these beads
and are consistent with more extensive studies done with mixtures of smaller beads
(Frantzen et al., 2003).

It also was a concern that the observed bimodal distribution of liposome sizes could
be a misrepresentation of avery broad but unimodal population divided by the deconvo-
lution algorithm into two populations. To determine if DLS can properly detect unimo-
dal distributions with a broad standard deviation, a specific carbon black sample was
analyzed with a previously reported unimodal size distribution spanning the same size
range as the beads. DL S data were acquired (duplicate sets of 16 parallels of 10-30 min)
from the carbon black sample. Deconvolution by CONTIN and NNLS reported a broad
unimodal population with particles ranging from 75 to 500 nm in diameter. With CON-
TIN all parallel runs were unimodal; NNLS also gave a unimodal distribution (recorded
in 70 percent of the parallels). Fig. 7A is an example from one DLS run using NNLS
analysis.

Transmission Electron Microscopy (TEM)

TEM is another way of validating the population distributions observed using DLS.
TEMSs of carbon black (Fig. 8A and 8B) show many irregular particles. The effective
size of the particles was computed automatically as described in methods. Fig. 7B
shows the size distribution of the particles in Fig. 8. This distribution, determined by
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Figure 6. Bead cdlibration of DLS. A 4:1 mixture of 102 nhm and 404 nm polystyrene beads was
diluted and sized using DL S. One typical measurement is shown (4 h sampletime). DLS consistently
distinguished two separate populations that were only 300 nm apart. I nsert: Electron micrograph of
102 nm polystyrene beads taken at x34,000. The length of the bar is 500 nm.

TEM, is alittle broader than that determined by DLS (Fig. 7A), although the means are
similar and match the previously reported distribution (Weiner et al., 2002). The hint of
a beta population in Fig. 7B could be a counting artifact. The irregular shape of carbon
black particles made it possible to mistake two overlapping particles as one larger parti-
cle thus producing a spurious beta population in the size distribution histogram. This
indication of bimodality in the TEM-determined distribution is not observed in the
DL S-determined distribution. Taken together, these data show that the NNL S deconvo-
lution algorithm is not biased toward producing a bimodal distribution from a broad uni-
modal distribution.

Liposomes with 30 seconds of sonication were also analyzed by TEM (Fig. 9). The
histogram (Fig. 9C) was created from the combined data of three different magnifications
(see Methods) and indicates a bimodal population with modes of 110 and 600 nm. These
values support those obtained by DL S at 30 sec sonication (Fig. 5) of 140 and 750 nm.

Nys/Erg Assay

The nys/erg assay provides a third method to determine the size distribution of the lipo-
some population, although only relative sizes can be measured. The assay was per-
formed on >100 liposome samples with several different concentrations of nystatin. The
assay detects the fusion of liposomes with a planar lipid bilayer. Each fusion event is
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Figure 7. A. Carbon black calibration of DLS. A typical DLS run of carbon black is shown.
According to DLS (NNLS deconvolution shown), carbon black particle sizes form a unimodal dis-
tribution and range from 75 nm to 350 nm with a mode of 123 nm (surface areaweighted). Thisisin
agreement with results on this type of carbon black previously published (Weiner et a., 2002). B.
Histogram of carbon black particle size by TEM. The particles in Fig. 8A were analyzed as
described in Methods. Note the broad distribution of sizes from <30 nm to 600nm. The absence of a
second population in DLS measurements (A) gives credence to the bimodality observed in lipo-
somes. I nserts: Same data but weighted by volume, as reported by Weiner (Weiner et al., 2002).
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Figure 8. Electron micrographs of carbon black. A. Typical carbon black micrograph taken at
%x10,000. B. Enlarged view of areaoutlined in A. Although large particles appear to be aggregates of
smaller globules, they must be fused together since treatment by detergent, sonication, and dilution
did not separate them. In each micrograph, the length of the bar is 500 nm.

marked by a sudden spike in bilayer conductance proportional to the number of nystatin
channels in the liposome membrane. Thus, the conductance increase is a measure of
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Figure 9. Electron micrograph of liposomes. Liposomes (56 pg/mL nystatin) were sonicated for
30 sec and then analyzed with TEM. A shows a typical micrograph taken at x5000. B shows the
field outlined in part A at x17,000. Arrows highlight some of the liposomes with diameters of about
100 nm which are not visiblein A. In each micrograph, the length of the bar is 500 nm. C. TEM his-
togram of liposomes. Multiple corresponding visual fields were counted by hand three times (by
different observers) from micrographs taken at <1700, x5000, and x17,000. All data from micro-
graphs (~320 liposomes counted three times) were combined to produce this histogram. The lines
show two lognormal distributions that fit the data. Note that the means of these two distributions
(110 and 600 nm) agree well with the DLS datain Fig. 5 at 30 sec.
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liposome surface area. Most experiments contained 50-150 spikes. The spike heights
from all experiments were combined into the normalized distribution shown in Fig. 10.
Different data symbols are used for the different nystatin concentrations since higher
[Nys] will give larger signals for the same size liposome. To align the data with differ-
ent [Nys] we assumed that the Nystatin conductance has a sixth-order dependence on
concentration (nystatin channels form by aggregation of six or more nystatin mono-
mers) (Moreno-Bello et al., 1988). The fit was not greatly altered if a higher-order
dependence was assumed. The distribution is number-weighted (since each liposome
fusion is detected independently) but the binning is by surface area (proportiona to
spike height).

The data are well fit with a bimodal distribution (see figure legend for parameters of
fit). Note that the lower [Nys] concentration was optimal for observing the al pha population
of liposomes and the higher [Nys] was best for observing the beta liposome population.

10 .
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Figure 10. Freguency distribution of fusing liposomes based on nystatin conductance. Using the
Nys/Erg Fusion Assay, liposomeswith alow (¢ =28 and 56 ug/mL), medium ((J = 85 and 113 pug/
mL), and high (A = 250 ug/mL) concentrations of nystatin, were fused to a planar bilayer. The
spike in bilayer conductance when a liposome fuses was recorded and binned for each concentra-
tion. The frequency was then normalized to produce thisfigure. The x-axisis the square root of con-
ductance and is proportional liposome diameter. The three data sets, have been shifted along this
axis based on the assumption that conductance is a sixth-order function of [Nys] (see methods).
Insert shows the cumulative distribution for all three data sets overlaid (x axisis same as main fig-
ure). The best cumulative fit was found with the following parameters: Equilibrium constant for for-
mation of Nystatin hexamer channel Ke = 0.03; for high [Nys] the percent of liposomestoo large to
observe = 40%, for low [Nys] the percent of liposomes too small to observe = 35%, and for med
[Nys] the percent of liposomes too large to observe = 25% and too small to observe < 2%.
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Although the data are somewhat crude and do not give absol ute sizes, the observed distri-
bution is consistent with the bimodal distributions observed with DLS and TEM.

Discussion

Liposomes are usually described by their mean size; however, we show that mildly soni-
cated liposomes generally have abimodal size distribution and are not well described by a
single mean. The bimodality of sonicated liposomes is confirmed using multiple inde-
pendent techniques. Although the bimodality was most apparent using DLS (Table 1 and
Fig. 1 and 5), both TEM (Fig. 9) and the nys/erg fusion assay (Fig. 10) gave supportive
results. Table 2 summarizes our datafor 30 sec of sonication.

We were concerned that the DL S data could be biased in the deconvolution algorithm
and that the true population distribution was simply very broad but unimodal. To test this
possibility a sample of carbon black (soot) with aknown broad unimodal size distribution
was analyzed by both TEM and DLS. TEM analysis (Fig. 7B) supported a unimodal dis-
tribution for the carbon black, but also contained a small shoulder that could indicate a
second (beta) population. Nevertheless, DLS analysis (Fig. 7A) consistently gave a broad
unimodal distribution, strongly supporting the conclusion that the bimodal distribution of
liposomes observed with DLSis not an artifact of the deconvolution algorithms.

This conclusive evidence of a bimodal population of liposomes led us to explore the
mechanism whereby mild sonication reduces liposome size. Current theories postul ate that
sonication, as with other methods of liposome formation, randomly fragment multilamellar
vesicles (MLV) into what are termed bilayer phospholipid fragments (BPF) (Korgel et al.,
1998; Lasic, 1987; Lasic, 1988). These disc-like fragments are thought to fold up into ther-
modynamically stable liposomes (Fromherz, 1986; Fromherz et al., 1985). Alternatively,
tiny unstable liposomes, formed during sonication, may fuse together to form dightly
larger, stable liposomes (Lasch et a., 2003; Brandl et al., 1993). The result of such random,
uniform fragmentation can be fit using the Weibull distribution, which describes the size
distribution of particles undergoing such a process. Other theories have also been presented
(Zasadzinski, 1986; Finer E.G. et a., 1972), but the BPF mechanism seems to describe best
the phenomena of liposome formation by high-energy sonication (Lasic, 1988).

The populations dynamics observed in this study cannot be described by such amech-
anism. We observe two separate size popul ations. The beta population starts out as a broad
population with a large diameter while the alpha population is smaller and narrower. As
shown in Fig. 5, sonication appears to create alpha liposomes from the larger beta ones,
perhaps by causing alpha-sized liposomes to pinch or bud off from beta liposomes. In

Table2
Three techniques were used to determine liposome size (DL S, TEM, and the Nys/Erg
assay). Due to the nature of the Nys/Erg assay, the absolute size of the alpha and beta
populations cannot be determined; however, their existence is observed and the ratio
between them can be calculated

Liposome size following 30 sec of sonication

Sizing method o-Population [B-Population Ratio /o
DLS 140 nm 750 nm 5.36
TEM 110 nm 600 nm 5.45
NYSERG - - 3.2
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addition, the mean size and width of both alpha and beta populations slowly decrease and
the effective mean diameter of the alpha approach 40-50 nm after an hour of sonication.
Thisreduction in size of the alpha population may be due to BPF.

In one of the first papers on the sonication of liposomes, Huang hints at similar popu-
lation dynamics (Huang, 1969). Using chromatography, he found that sonicated PC lipo-
somes can be separated in two fractions: a large beta population that eluted with the void
volume, and asmall, homogeneous a pha popul ation of about 25 nm. Huang also observed
the relative amounts of the fractions depended on the time of ultrasonic irradiation. The
alpha population became the major fraction after longer periods. He states that under no
conditions was the beta population completely absent after sonication. Finer (Finer E.G.
et a., 1972) and others found similar trends. Nevertheless, Huang and most workersin the
field have discounted this larger population as a remnant or artifact and its existence is
largely ignored.

The bimodality shown by this study and by others suggests that a mechanism other
than uniform fragmentation is involved when liposomes are exposed to mild sonication.
Before proposing a new mechanism it is useful to review the known effects of sonication.
During sonication, a rapidly oscillating transducer produces ultrasonic (>20 kHz) waves
that travel through water. These pressure waves interact with microbubbles of air. The
high-pressure cycle compresses the bubbles to a fraction of their origina size. The bubble
expands in the low-pressure cycle of the wave, and the bubble continues to oscillate with
each passing wave. This oscillation of microbubbles is known as cavitation. If the ultra-
sonic intensity ishigh, or if the bubble size is near resonance for the applied frequency, the
bubble can be compressed adiabatically to a very small volume, causing local tempera-
tures and pressures up to 10,000 K and 1,000 bar (Nyborg, 2001; Sundaram et al., 2003).
Such violent compression is called “collapse” or “inertial” cavitation.

One possible mechanism for the formation of apha liposomes comes from a consid-
eration of cavitation forces. It has been established that dense particlesin asound field are
attracted to the source of sound. During cavitation, oscillating microbubbles set up their
own local sound field and exert an attractive force, called radiation force, on nearby parti-
cles. Theoretical calculations show that atypical oscillating bubblein a2 MHz sound field
can induce accel erations of 300,000g on local particles (Nyborg, 1982).

We propose that this radiation force is responsible for the first step in aphaliposome
formation by sonication. Since the liposomes used in these studies can be pelleted in an
ultra centrifuge, the lipid shell is denser than the surrounding water. A bubble 80 um in
diameter (the resonant size for 80 kHz ultrasound, see Eq. 4 in Nyborg, 2001), could eas-
ily have an attractive force on beta liposomes. These liposomes would be quickly drawn
closer to the large cavitating bubble by the radiation force.

The second step we propose in aphaliposome formation occurs near the surface of the
oscillating bubble. The flow of liquid around a sphere expanding and contracting at ultra-
sonic frequencies is quite complex. This flow has been characterized using simple models
such as oscillating cylinders (Nyborg, 1968), wires (Williams et a., 1970), and visual
observations of hemispherical bubbles (Elder, 1959). As shown in Fig. 11, a symmetrical
pattern of circular eddies is setup near the surface of the bubble. These patterns of flow,
referred to as acoustic microstreaming, produce very large velocity gradients. The resultant
shear fields deform and shear liposomes (Marmottant et al., 2003). It has been shown that
hemolysis can be induced by the shear forces from microstreaming without other effects of
sonication (Williams et a., 1970). Nyborg (Nyborg, 1968) showed dependency of the shear
field on frequency, amplitude and other parameters of the ultrasound. We propose that
these shear fields are responsible for the formation of alpha liposomes from beta liposomes.
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Figure 11. Illustration of aliposome entering the shear field of a cavitating bubble. The large bub-
ble (left) is oscillating (bolded arrows). Smaller, curved lines with arrows represent the variable
flow of fluid caused by such oscillation (acoustic microstreaming). Microstreaming is postulated to
drive tube formation (right).

Recent research in fluid dynamics provides some details of how liposomes are altered by
shear fidds (Kraus et al., 1996; Mendes et al., 1997; Shahidzadeh et al., 1998; Abkarian et dl.,
2002). Shahidzadeh (1998) observed that in shear fields, small tube-like structures extend
from the liposome surface. Colloidal theory and basic physical chemistry describe what hap-
pens to such structures as they lengthen. An immiscible fluid column inside another fluid may
be stable depending on the velocity of the stream and the length of the column. However,
when the inertia forces are overcome by surface tension, a tube-like structure will separate
into small, somewhat uniform spheres. As shown in Fig. 11, we propose that protrusions from
aliposome, produced by shear, become longer until inertial forces are overcome by thelipid's
own surface tension. As they become unstable, they pinch off into smaller apha liposomes.
Hence the large beta population is diminished in both size and number as the uniform apha
population emerges to dominate the distribution. This mechanism is consistent with the popu-
lation dynamics shown in Fig. 5. In such a process, some lipid tubes may be stable and remain
long after the sonication process, providing evidence of the previous exposure to shear fields.

In 1989, we reported an observation with TEM of stable long, tube-like lipid struc-
tures following sonication of liposomes (Woodbury, 1989). Upon using TEM to count
liposomes for the size distributions reported here, similar structures were again observed
(Fig. 12A). Additionally, some images showed long undulating tube-like structures with
smaller liposomes apparently pinching off of one end (Fig. 12B and 12C). Note that in
Fig. 12B the tube undulations and nearby liposomes are 50-100 nm, consistent with the
size of the alpha population of liposomes. These tubular structures may be artifacts of lipid
layers hydrating on the surface of a MLV as reported previously (Lasic, 1988). Another
possibility is that these tubes and undulations are artifacts of the TEM staining/drying pro-
cess. However, we have also observed stable lipid tubes in agueous liposome samples
using enhanced light microscopy (data not shown). This proves that liposome tubes exist
before the sample is prepared for TEM imaging.

The tube-like structures reported in both shear fields and sonicated liposomes are of
various diameters, even in the micelle range. This may be attributed to the different shear
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Figure 12. A. Electron micrograph of tube-like structures among sonicated liposomes. These lipo-
somes contained 56 pg/mL of nystatin (although similar tubes were observed in nystatin-free lipo-
somes). B and C. Evidence of “pinching-off” mechanism. In both B and C liposomes are shown
with long undulating tube-like protrusions that appear to be pinching off to form smaller liposomes
(arrows). Notice that the size of the forming liposome is on the order of 100 nm. These liposomes
contained no nystatin. The length of the bar in all micrographsis 100 nm and were taken at x17,000.

rates used (Cristini et al., 2003). We observe significant variability in tube diameter even
within the same sample (Fig. 12). This may be due to the irregularities of the shear field
surrounding cavitating microbubbles, the various sizes of such microbubbles, and the dis-
tance that the liposomes are located from the microbubble when pinch-off occurs. Also,
lipid composition likely plays an important role in the length and diameter of these shear-
induced tubes. As tubes form, specific types of lipid, originally present in the liposome
membrane, may differentially partition into or out of the lipid tube based on curvature
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constraints (Evans et al., 1987; Mukherjee et al., 1999). This could provide the lipid tubes
with increased stability, which explains their presence many minutes after sonication. At
the same time, as these tubes pinch off, the beta liposomes may develop alipid mix that
becomes resistant to tube formation, thus guaranteeing the long-term survival of betalipo-
somes, even in the presence of continued sonication.

While the pinch-off mechanism of colloids in a shear field has been well-defined, as
well as the shear field produced by cavitation, there is little work connecting the two.
Much investigation is still needed to verify this relationship. It should be possible to fur-
ther test our hypothesis by using a mathematical model based on ultrasound parameters
and the resultant shear field to predict liposome size and distribution. Changing ultrasound
intensity or frequency would affect the strength of the shear field and perhaps the asymp-
totic liposome size observed. Successful production of liposomes with a desired size
would prove useful in many biomedical, biophysics, and physical chemistry applications.

In conclusion, our goal was to meticulously characterize the size distribution of soni-
cated liposomes, and propose a model for their formation. We show that sonication can
produce a fairly uniform population of smaller alpha liposomes, but a second population
of beta liposomes remains even after 1h of bath sonication. Although the beta population
may be small in humber, it should not be disregarded. The presence of these larger lipo-
somes will alter measurements dependent on total lipid and trapped volume.
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