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Abstract: The use of liposomes as carriers for chemo-
therapeutic agents in combination with ultrasound as a
stimulus to control the time and space of the drug release
is a promising approach for cancer treatment, as it can
reduce the side effects caused by conventional chemo-
therapy. This in vitro study investigated the triggered
release of calcein from stealth (PEGylated) and non-
stealth (non-PEGylated) liposomes, using ultrasound at
low (20 kHz) and high (1 and 3 MHz) frequencies, and at
different power densities. Release was monitored by the
increase in fluorescence due to relieving of calcein’s self-
quenching upon dilution when the model drug leaks out
of the liposomes. The results showed that, independent
of the power density, the release was highest at 20 kHz.
For the same frequency, release usually increased with
increasing power densities. Additionally, for release at
20 kHz, a comparison was done for PEGylated and non-
PEGylated liposomes, at two pH values: 5.2 and 74. The
results were then compared to previously published stud-
ies. In all cases, the mechanism of release seems to involve
cavitation events that either pierce a hole in or shear open
the liposomes, as all the determined power densities are
above the transient cavitation threshold.
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Introduction

Liposomes are small spherical nano or microsized carri-
ers composed of a lipid bilayer, similar to the cell mem-
brane, which surrounds an aqueous compartment. The
liposomal bilayer is composed of phospholipids, zwitteri-
onic molecules with polar hydrophilic heads correspond-
ing to glycerol and phosphate moieties, attached to long,
nonpolar, hydrophobic tails, comprised of fatty acids
(Figure 1), and containing other molecules such as choles-
terol, carbohydrates and proteins (1). Several groups have
reported the delivery of bioactive agents from liposomes,
and it has been observed that the encapsulation of agents
in these nanocarriers affects their pharmacokinetics and
bio-distribution, and thus can reduce the undesirable
side effects and improve the therapeutic effectiveness of
chemotherapy (2).

Liposomes and other nanoparticles extravasate
preferentially and accumulate in tumors, due to several
factors including the tumor pH, capillary size, enzymatic
concentration, leaky vasculatures and damaged lym-
phatic drainage systems (3, 4). This phenomenon, known
since 1986, is called the enhanced permeability and reten-
tion effect (EPR) and has immensely impacted the devel-
opment of drug delivery systems (DDS). The EPR effect
is also referred to as “passive targeting” and is aided by
increasing the circulation time of drug delivery vehicles
in the body.

Different structures of liposomes can be designed by
controlling the phospholipid components and choles-
terol content (5), surface charge (6), particle size (7, 8) and
steric stabilization (9). Sterically-stabilized liposomes,
named stealth liposomes, have been widely researched
in vitro and in vivo, as possible chemotherapeutic agents
(9-18). These liposomes have their surface decorated
with hydrophilic polymers, usually poly(ethylene) glycol
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Figure 1: The structure and composition of a liposome.

The liposomal bilayer is composed of phospholipids, molecules with polar hydrophilic heads (glycerol and phosphate moieties) and non-
polar hydrophobic tails (fatty acids). Chemotherapeutic drugs can be loaded into the liposome aqueous core, or into the bilayer, depending
on their polarity. Furthermore, the liposome surface can be functionalized with polyethylene glycol (PEG) which increases their stability and

allows the binding of ligands.

(PEG), which prevents protein adsorption and opsoniza-
tion, thus increasing their circulation time in the blood-
stream (15, 19, 20).

Beside their use in passive targeting, liposomes can be
“actively targeted” by conjugating ligands to their surface
that will allow their binding to receptors overexpressed
on the surface cancer cells (21-23). These ligands can be
antibodies — immunoliposomes (24), proteins (25), pep-
tides (26, 27), nucleic acids (28, 29), and small molecules,
including the widely researched folic acid (30-32). These
multifunctional liposomes can circulate in the body for
longer periods of time and, via passive and/or active tar-
geting, reach the desired location (i.e. the tumor site), and
release their enclosed cytotoxic agents. Temporal control
of release can be achieved by designing liposomes sensi-
tive to a certain stimulus or several stimuli. Several stimuli
have been researched and have shown promise in releas-
ing drugs from liposomes: changes in pH and enzyme
concentration, light, hyperthermia, magnetic fields, and
ultrasound (US) (33-35).

Ultrasound, a potential trigger for drug release from
nanocarriers, is gaining increasing attention in creat-
ing successful drug delivery systems (DDS). Liposomes
modified to respond to acoustic waves are called echo-
genic liposomes or acoustically activated liposomes

(AAL). These liposomes can be designed to respond to an
increase in temperature, to mechanical effects, or both
(36). The use of US to trigger drug release from liposomes
by disrupting their structure mechanically, thus allowing
for their contents to spill in or near the diseased area, has
been widely studied (10, 37-41). In this case, drug release
occurs due to the acoustic and/or thermal energy of the US
waves, which, at lower power densities, causes no harm
to the healthy tissues. The non-invasive nature of acous-
tic waves and their ability to penetrate deep into internal
tissue are added advantages to the use of this technique.
Drug release induced by low-frequency US (LFUS) is
mainly associated with mechanical effects (e.g. transient
cavitation), whereas high-frequency US (HFUS) is associ-
ated with both thermal and mechanical effects (42).
High-frequency US is less effective in inducing release
from normal and stealth liposomes, hence very high inten-
sities are usually required, which might not be tolerated
by the human body (43-45). However, HFUS is preferred
when it comes to biological applications, due to the fact
that it is more easily focused, which decreases the subjec-
tion area. This ensures a DDS with minimal side effects
caused by chemotherapeutic agents and/or US waves.
Studies reported in the literature have focused on measur-
ing release at either low or high frequencies. In this study,
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we report on the effects of a wide range of frequencies
(20 kHz-3 MHz).

Several liposomal formulations have been approved
for clinical uses. One of the best known is Doxil/Caelyx,
stealth liposome-encapsulated doxorubicin (Dox), which
was FDA-approved in 1995 for the treatment of Kaposi’s
sarcoma of AIDS patients, and is currently also used for
patients with ovarian cancer and multiple myeloma (2, 10,
46). Other liposomal Dox formulations currently used in
clinical settings include DaunoXome and Myocet (47).
Several other formulations, combining liposomes and
Dox or other drugs, have also been approved or are under-
going clinical trials (47). However, the use of liposomes in
conjunction with US as a trigger, has not reached the clini-
cal trial phases yet (https://clinicaltrials.gov).

The advantages of acoustically-triggered liposomes as
nanocarrier DDS, and the ongoing research on their use
in cancer treatment, make them a very promising DDS.
However, several factors still need to be optimized to
bring this system into clinical applications (37, 40). In this
paper, we present a comprehensive study on the effects of
varying frequency (high versus low), and power density
(at least four different power densities per frequency
examined) on the release kinetics of a model drug from
both stealth (PEGylated) liposomes and non-PEGylated
liposomes.

On the other hand, the preferred biological route by
which nanocarriers, including liposomes, can enter the
cancer cells and deliver the chemotherapeutics, is endocy-
tosis, a process which allows for macromolecules present
within the extracellular tissue fluid to be internalized by
the cancer cell. Endocytosis can be classified under two
main categories: pinocytosis and receptor-mediated endo-
cytosis. In pinocytosis, macromolecules are nonspecifi-
cally taken up by endocytic vesicles when these molecules
are in the proximity of the cell membrane. In contrast,
receptor-mediated endocytosis involves the binding of
these macromolecules to a specific receptor on the surface
of the cell membrane, which initiates a cascade of events
that starts via the inward folding of the cell membrane to
form a small vesicle. The resultant small vesicle eventually
fuses with other endocytic vesicles, and are all delivered
to acidic cell compartments known as endosomes. These
compartments then fuse with primary lysosomes to form
secondary lysosomes where the ingested molecules are
broken down into smaller compounds including sugars
and peptides, and are consequently eliminated from the
cells or tissue. The pH inside an endosome is approxi-
mately 5.0 (48), hence, in this paper we also examined the
acoustic release at this acidity to test the effect of pH (5.2
vs. 74) on drug release from the liposomes. All previously
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reported acoustic release studies were conducted at physi-
ologically neutral pH.

In all the studies presented in this paper, a careful
statistical analysis was performed, with the use of multi-
ple liposome batches and technical replicates. It is worth
mentioning that calcein was used instead of Dox, since
the use of the latter is not economically feasible when no
in vitro experiments with cell cultures are involved.

Materials and methods
Synthesis of pNP-PEG-pNP and DOPE-PEG-pNP

The PEGylated liposomes used in this work were prepared using
the amphiphilic PEG derivative DOPE(1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine)-PEG-pNP (para-nitro phenol), a group that
allows the subsequent attachment of protein ligands to the liposomes.
The first step in the procedure was the synthesis of (para-nitrophe-
nylcarbonyl-PEG-(para-nitrophenylcarbonyl) (pNP-PEG-pNP), by the
reaction of PEG with two molar equivalents of 4-nitrophenyl chloro-
formate (p-NPC) in the presence of dichloromethane and pyridine
(49). DOPE-PEG-pNP was prepared by the reaction of the previously
synthesized PEG-(pNP), with one molar equivalent of 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE, Avanti Polar Lipids, Inc.,
Alabaster, AL, USA) in dry chloroform in the presence of triethylamine
(TEA), in a modification of Torchilin and co-workers’ protocol (50).
The pNP-PEG-pNP was dissolved in 32.2 umol of DOPE in chloroform,
in a round bottom flask, followed by the addition of 80 uL of pure TEA
(99% concentration), and 5 mL chloroform. The mixture was incu-
bated overnight at room temperature, with stirring, under an argon
atmosphere. The chloroform was then removed in a rotary evapora-
tor, and 2 mL of a 0.01 M HCI-0.15 M NaCl were added to hydrate the
lipid residue. The solution was sonicated in a 40-kHz sonicating bath
(Elma D-78224, Melrose Park, IL, USA), at full power for 10 min and
the micelles were separated from the unbound PEG and released pNP,
using Sephadex G-25 PD-10 desalting columns (GE Healthcare Life
Sciences). The solution was evaporated in a rotary evaporator at high
speeds under vacuum for 2 h, and the DOPE-PEG-pNP was extracted
4 times with chloroform. The salt residues were precipitated on ice
and removed by centrifugation and the DOPE-PEG-pNP was stored at
—20°C as a chloroform solution, with a concentration of 8.4 mM.

Preparation of PEGylated and non-PEGylated liposomes

The PEGylated liposomes were prepared by the reaction of the DOPE-
PEG-pNP synthesized as described previously, with 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC, Avanti Polar Lipids, Inc.,
Alabaster, AL, USA) and cholesterol (AlfaAesar, Ward Hill, MA, USA),
using a molar ratio of 68:30:2 DPPC-Chol-(DOPE-PEG-pNP). The
DOPE-PEG-pNP attaches to the liposome via its phospholipid resi-
due and, as mentioned, the water-exposed pNP group can be used
to bind a variety of amino group-containing ligands and form sta-
ble and non-toxic bonds, making them a convenient tool for protein
attachment to the distal ends of liposome-grafted PEG chains (50).
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The liposomes were prepared by the lipid film hydration method.
Upon evaporation of chloroform, the film was hydrated with a solu-
tion of calcein at a self-quenching concentration (~30 mM), with the
pH adjusted to 5.2. The resulting solution was sonicated at 40 kHz
at full power for 15 min, and extruded three times (10-times each)
through 0.2 um polycarbonate filters using the Avanti® Mini-extruder
(Avanti Polar Lipids, Inc., Alabaster, AL, USA). Afterwards the
liposomes were resuspended in the buffer to be used in the release
assays, and cleaned using Sephadex G-25 PD-10 desalting columns
(GE Healthcare Life Sciences, Pittsburgh, PA, USA). The liposome
solution was stored at 4°C until use.

For the preparation of non-PEGylated liposomes, an identical
procedure was followed, but the DOPE-PEG-pNP was substituted by
DOPE, keeping the same molarratio (68:30:2DPPC:cholesterol: DOPE).

Determination of the liposome size

The size of the liposomes was determined using the DynaPro®
NanoStar™ Dynamic Light Scattering (DLS) instrument (Wyatt
Technology Corp., Santa Barbara, CA, USA). The samples were
appropriately diluted and filtered using 0.45 um nylon syringe filters
(Whatman® Puradisc, Sigma-Aldrich Co. St. Louis, MO, USA) prior
to the measurements. Dynamic light scattering autocorrelation data
were obtained and analysed using the software Dynamics7 — Static,
Dynamic, and Phase Analysis Light Scattering (Wyatt Technology
Corp., Santa Barbara, CA, USA).

Release kinetics at LFUS

Release experiments were performed at two different pH values: 5.2 (in
0.1 M sodium citrate buffer) and 7.4 (in PBS buffer). In all cases, release
of calcein was monitored by the increase in fluorescence caused by
the US-induced disruption of liposomes. The encapsulated calcein is
at a self-quenching concentration of 30 mM and once diluted in the
buffer upon release, its fluorescence will increase. A schematic of the
setting used in these experiments is depicted in Figure 2.

DE GRUYTER

Sonication was performed using a 20 kHz sonicating probe
Vibra-Cell (model VC130PB, Sonics & Materials Inc., Newtown, CT,
USA). The probe was inserted into a plastic test tube containing
the liposomal sample and the transducer was programed to deliver
pulsed US (20 s on, 10 s off) at several amplitudes (20%, 25%, 30%
and 40% power setting), corresponding to different power densities.
Samples were collected at several time points for a total insonation
time of 10 min. Release was monitored by the increase in calcein flu-
orescence due to the reduction of the model drug’s self-quenching,
using a Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA). The fluorescence levels were
determined using an excitation wavelength of 494 nm and emission
wavelength of 515 nm. These were determined from fluorescence
spectra of the calcein-loaded liposome solutions (results not shown).
The power densities were estimated using a Briiel & Kjaer Type 8103
Hydrophone (Neerum, Denmark). At the end of each sonication cycle,
the detergent Triton X-100 (Tx100) was added to each sample, to a
final concentration of 0.48 mM [the critical micellar concentration of
Tx100 is 0.24 mM (51)], to lyse any remaining liposomes, allowing the
determination of a fluorescence level that represents 100% release
(52). The percentage of fluorescence release at each time point was
normalized using the equation,

E
Drug release=—t—2-x100% [1]

max o

where, F=measured fluorescence intensity in the sample after a
given insonation duration (t); F ,=Iinitial fluorescence before insona-
tion (baseline); F, =maximum fluorescence intensity (after addition

of Tx100). Controls were measured at both pH, for PEGylated and
non-PEGylated liposomes, in the absence of US application.

Release kinetics at HFUS

A similar experimental procedure was followed when using HFUS but
all the measurements were made at pH 7.4, using PBS buffer to dilute
the calcein-loaded liposomal sample. The fluorescence levels were
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Figure 2: Sonication and fluorescence monitoring settings used in this work.
The settings for LFUS (20 kHz) and HFUS (1 MHz and 3 MHz) experiments are shown.
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measured using the QuantaMaster-30 Fluorescence System (Photon
Technology Int., Edison NJ, USA). Liposome samples were first diluted
in a glass beaker fitted inside a cold water bath to control the tempera-
ture of the sample during sonication (Figure 2). The 1-MHz and 3-MHz
ultrasonic probes were designed to specifications by H.G. Moussa at
the American University of Sharjah (Sharjah, UAE) and manufactured
by Precision Acoustics (Dorchester, UK). The probes were connected
to an AC High Voltage Amplifier (WMA - 300, Falco Systems, Amster-
dam, The Netherlands), which takes its input voltage from a function
generator (AFG 310, Tektronix, Beaverton, OR, USA). The probe was
fitted just below the surface of the water in the bath and aligned. The
sonication was performed in a continuous wave (CW) mode for a total
sonication time of 60 min divided into four intervals of 15 min each.
After each sonication interval, the fluorescence levels were measured.
After 60 min of US exposure, Tx100 was added to a final concentration
of 0.48 mM to lyse any remaining liposomes, allowing the calculation
of the total release, as described previously. The percentage of release
at each time point was calculated using Equation [1].

Statistical analysis

To assess the significance of the differences in release, pairwise com-
parisons were performed using two-tailed t-tests with the assumption of
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equal variances of the two samples, in Excel 2010. Two values were con-
sidered significantly different when p<0.05 (unless otherwise stated).

Results and discussion

In this work, we compared the US-induced release of the
model drug calcein from PEGylated and non-PEGylated
liposomes, at low frequencies-20 kHz (4 power densities),
and high frequencies-1 MHz (5 power densities) and 3 MHz
(6 power densities). The power densities at each fre-
quency were determined using a hydrophone. Addition-
ally, at 20 kHz, the release was compared at two different
pH values (5.2 and 7.4).

Liposome size

The size of both, the PEGylated and non-PEGylated
liposomes, was determined by DLS measurements.
The average radii of the PEGylated liposomes was

1.2
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Figure 3: Comparison of release curves of calcein from non-PEGylated liposomes at pH 5.2 (¢) and pH 7.4 (O).
Samples were sonicated at 20 kHz at different power densities: (A) 6.08 W/cm?, (B) 6.97 W/cm?, (C) 11.83 W/cm? and (D) 17.14 W/cm?.

Results are averagetstandard deviation of three measurements (one liposome batch) for release at pH 5.2 (0.1 M sodium citrate pH 5.2),
and nine measurements (three liposome batches) for release at pH 7.4 (PBS). The graphs were built from the raw data provided as supple-
mentary material.
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Figure 4: Comparison of calcein release curves (20-kHz US) from PEGylated liposomes at pH 5.2 (¢) and pH 7.4 (00).
Samples were sonicated at 20 kHz at different power densities: (A) 6.08 W/cm?, (B) 6.97 W/cm?, (C) 11.83 W/cm? and (D) 17.14 W/cm?.
Results are average+standard deviation of four measurements (three liposome batches) for release at pH 5.2 (0.1 M sodium citrate pH 5.2),

and 18 measurements (six liposome batches) for release at pH 7.4 (PB

130.12.+4.28 nm (n=10 batches of liposomes, at least
two technical replicates each), whereas that of the non-
PEGylated ones was 131.46%1.16 nm (n=3 batches of
liposomes, at least two technical replicates each). These
results indicate that both types of liposomes are large uni-
lamellar vesicles (LUV), with average diameters of 260.24
and 262.91 nm, respectively. A statistical two-tailed t-test
with the assumption of equal variances of the two samples
was conducted to compare the sizes of both liposomes and
it was found that the differences in size were not statisti-
cally significant (p>0.3).

LFUS-induced release

The release at 20-kHz US was performed using a soni-
cator probe. Results were obtained at pH 5.2 and pH 74
and were compared for PEGylated and non-PEGylated
liposomes. First, we compared release for the same type
of liposomes at different pH (Figures 3 and 4) and after-
wards, for each pH, we compared release from PEGylated

S).

and non-PEGylated liposomes (Figures 5 and 6). The
average final release percentages that were obtained at the
different frequencies and power densities are summarized
in the Supplementary Material (Table S.1). No release was
observed from non-PEGylated or PEGylated liposomes,
at any pH, when no US was applied. The detected fluo-
rescence was stable up to 60 min of monitoring. These
negative controls were performed to make sure that all the
observed release was due to the US application.

Non-PEGylated liposomes

The release profiles obtained from non-PEGylated
liposomes at pH 5.2 and 7.4 are shown in Figure 3, for each
power density at 20-kHz US.

At pH 5.2, for each power density at 20 kHz, the
release increases with insonation time, as expected, since
liposomes do not re-form between US pulses as is the case
with micelles (46, 53). Statistical analysis revealed that
the release values obtained using 6.08 and 6.97 W/cm?
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Figure 5: Comparison of calcein release curves at pH 5.2 (0.1 M sodium citrate buffer) from non-PEGylated (0) and PEGylated (O) liposomes.
Samples were sonicated at 20 kHz at: (A) 6.08 W/cm?, (B) 6.97 W/cm?, (C) 11.83 W/cm? and (D) 17.14 W/cm?. Results are averagetstandard
deviation of three measurements (one batch) for the nonPEGylated liposomes, and six measurements (three batches) for the PEGylated

liposomes.

power densities are not significantly different (p>0.05)
for any time point. The same situation was observed
when comparing release at 6.97 and 11.83 W/cm?. In con-
trast, the release obtained at the highest power intensity
used (17.14 W/cm?) was significantly higher (p<0.05) than
for any other power density. The maximum release after
10 min of insonation was obtained at a power density of
17.14 W/cm?, whereas the maximum releases at the other 3
power densities are very similar (Supplementary Material
Table S.1).

The US-induced release from non-PEGylated
liposomes was also studied at pH 74 (also shown in
Figure 3). All the curves show an increase in fluores-
cence as the total insonation time increases, as was also
observed at pH 5.2. However, the differences between
release at different power densities are more pronounced
at pH 74. A statistical analysis of the results revealed that
the release obtained at each power density is significantly
different (p<0.01) than at any other power at the same
time point, except for the similarity obtained in the case
of sonicating at 6.97 and 11.83 W/cm?

The comparison between the release obtained for
non-PEGylated liposomes at each pH studied, showed
that release at pH 5.2 is significantly lower (p<0.05) than
at pH 74 for all the power densities, and for all the time
points investigated (Figure 3A-D).

PEGylated liposomes

A similar study was conducted with PEGylated liposomes
and the comparison for each power density at 20-kHz US
is shown in Figure 4.

At pH 5.2, the release from PEGylated liposomes
increases with insonation time, for each US condition
used. No statistically significant difference (p>0.05)
was observed for release percentages obtained at 6.08
and 6.97 W/cm?, and 11.83 and 17.14 W/cm?. The most sig-
nificant differences (p<0.03) are between the intermedi-
ate power densities (6.97 and 11.83 W/cm?), after 3 and
5 min of sonication. The values for final release, obtained
after 10 min of total insonation time, are shown in
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Figure 6: Comparison of calcein release curves at pH 7.4 (PBS buffer) from nonPEGylated and PEGylated liposomes.
Samples were sonicated at 20 kHz at: (A) 6.08 W/cm?, (B) 6.97 W/cm?, (C) 11.83 W/cm? and (D) 17.14 W/cm?. Results are averagetstandard
deviation of: (i) nine measurements (three batches) for the non-PEGylated liposomes, (ii) 18 measurements (six batches) for the PEGylated

liposomes.

Supplementary Material Table S.1. The release at 20 kHz
and 6.08 W/cm? is significantly lower (p<0.05) than the
release at 17.14 W/cm? at the same frequency.

At pH 74, the highest release from PEGylated
liposomes was observed at the highest power density of
17.14 W/cm?. Under these conditions, the releases observed
at each time point are all significantly different (p<0.05),
(except for the points of initial and final release obtained
at 20 kHz, 6.97 and 11.83 W/cm?). The total release percent-
ages observed after 10 min of insonation are shown in the
Supplementary Material Table S.1, and are not statistically
different from the ones measured at pH 5.2.

The comparison of the release curves for each power
density at 20 kHz, at the two pH buffers investigated,
showed that there are no significant differences (p>0.05)
(Figure 4A, B and C), except for the highest power density,
when the release at pH 74 was significantly higher
(p<0.001) than at pH 5.2 (Figure 4D). This result is differ-
ent than the one obtained for non-PEGylated liposomes
(Figure 3), where the differences at the two different pH
were significant at several time points.

Comparison non-PEGylated versus PEGylated

Finally, we compared the release from non-PEGylated
and PEGylated liposomes, upon insonation with pulsed
20-kHz US, at different power settings, and at both pH. A
comparison between the temporal release curves at pH
5.2is shown in Figure 5, and at pH 7.4 is shown in Figure 6.
The levels of calcein released from non-PEGylated and
PEGylated liposomes at pH 5.2 are not significantly dif-
ferent (p>0.05), as can be observed from the almost
superimposed curves shown in Figure 5. The only statis-
tically significant difference (p<0.05) was observed for a
power density of 11.83 W/cm? (Figure 5C), showing that
the release from PEGylated liposomes is slightly higher
than from non-PEGylated ones at some data points. After
10 min of insonation, the release percentages for each
power density are not statistically significantly differ-
ent (p>0.05) for both types of liposomes (Supplemen-
tary Material Table S.1). However, the results obtained
at pH 74 are different. It was observed that the release
from the non-PEGylated liposomes is significantly higher
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(p<0.03) than when sonicating PEGylated liposomes
(Figure 6).

Lin and Thomas reported that the release from
PEGylated liposomes is higher than from the non-
PEGylated ones at 20-kHz US, in a HEPES buffer, pH
7.6 (54). However, their study is different from the one
presented here. The highest power density they used
was 3.8 W/cm?, which is lower than any of the power
densities used in this work. Also, they continuously
monitored the increase in fluorescence, which allowed
them to determine initial release rates. Here, we per-
formed a discrete kinetic study, following the release
from 1 to 10 min insonation. Additionally, they used
different methods for the synthesis of the liposomes,
with different composition and type of lipids used, as
well as different PEG-lipid to phospholipid ratios. Also,
the liposomes used in this study are larger in diameter
(~260 nm) than the one used by Lin and Thomas, with a
diameter of 100 nm. Another factor that differs between
the two studies is the use of batch replicates in this
study, whereas the previous study used only technical
replicates of the same liposome batch. Hence, with such
different experimental conditions, it cannot be said that
the study presented here contradicts the one reported by
Lin and Thomas (54).

HFUS-induced release

Two probes were specifically designed for the HFUS
experiments, with two different frequencies: 1 and 3 MHz.
Release experiments from PEGylated liposomes at HFUS
were performed at pH 7.4, using these frequencies, each at
different power densities (indicated in Figure 7), for a total
insonation time of 60 min.

Figure 7A shows the release curves obtained with the
1-MHz US probe. Similar to what was previously observed
at the lower frequencies, there is an increase in release
as the insonation time increases. Results obtained at this
frequency also show that as the power density increases,
from 10.5 to 50.2 W/cm?, the release also increases. The
release values obtained at the different power densities
are significantly different (p<0.05) for each time point.
The maximum release achieved after 60 min of sonication
at 1 MHz was approximately 57%, when the highest power
density was used (50.2 W/cm?).

For 3-MHz US, the release curves are not as well
defined, as can be seen in Figure 7B. Also in this case,
there is an increase in release over time for all power
densities. However, there is an overlap between the 158.5
and 173.3 W/cm? power densities. The highest release
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Figure 7: Calcein release kinetics from PEGylated liposomes at pH
7.4 using (A) 1-MHz US and (B) 3-MHz US.

Calcein release curves at different power densities: samples were
sonicated at 1 MHz (A) or 3 MHz (B) for a total time of 60 min,
using the power densities indicated in the legend. Results are
averagexstandard deviation of three different liposomes batches.

percentage achieved at 3 MHz was approximately 68%,
obtained at 183.0 W/cm?.

Comparison between release using LFUS and
HFUS

Here, we compare the release results from PEGylated
liposomes at pH 7.4, using three different US frequencies
—20 kHz, 1 MHz and 3 MHz - at different power densities.

As shown in Figure 8, the release levels reached when
using 20-kHz US are much higher than when using HFUS,
for much lower power densities and shorter insonation
times (10 min versus 60 min). Additionally, it can also be
observed that the level of release obtained at 1 MHz for
a certain power density, can only be obtained at 3 MHz
when using a higher power intensity. As an example,
the lowest release percentage obtained at 1 MHz was
4.18%+0.15%, very similar to the one obtained at 3 MHz,
4.32%+0.16%. However, the power density used at 1 MHz
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Figure 8: Comparison between the final release percentages of
calcein from PEGylated liposomes at 20 kHz, 1 MHz and 3 MHz, as a
function of power density.

Experiments were carried out at pH 7.4 in PBS buffer. Results are
averagetstandard deviation of 18 measurements (six liposome
batches) for 20-kHz US, and three measurements (three liposomes
batches) for HFUS.

was about five times lower than that at 3 MHz, 10.5 versus
50.6 W/cm?. Similarly, a comparison of similar power den-
sities at the two different frequencies (e.g. 50.2 W/cm? at
1 MHz and 50.6 W/cm? at 3 MHz), shows that the release at
1MHz is much higher than at 3 MHz: 55.43%%1.66% versus
4.34%+0.16%, respectively. Hence, the advantage of using
lower LFUS is that higher release can be achieved at lower
power densities. This result is in agreement with the fact
that the release decreases as the US frequency increases
(taking the intensity into consideration) (55, 56). As the
frequency decreases, so does the collapse cavitation
threshold, and thus, the mechanical index (MI; the peak
negative pressure of the US wave divided by the square
root of the center frequency of the wave) increases, which
leads to an increase in the release rate (taking the inten-
sity in consideration) (51).

Release mechanism

As mentioned in the Methods section, a hydrophone was
used to measure the power densities delivered to the
liposomes, at each frequency. Schroeder et al. previously
reported that the collapse cavitation threshold when
LFUS is used is ~1.2 W/cm? (56), whereas Lin and Thomas
refer to a value of 2 W/cm? (54). The lowest power density
used at 20 kHz frequency was 6.08 W/cm?, which indi-
cates that the release obtained using this US frequency
is mainly due to cavitation events and not due to US
thermal effects. The power density values measured for
HFUS, 1 MHz and 3 MHz, also indicate that the release
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observed is mainly due to collapse cavitation events,
since they are above the collapse cavitation thresholds. It
was previously described that the onset of collapse cavi-
tation occurs at a mechanical index of 0.3-0.4 (57). This
corresponds to power densities of 3-5.3 W/cm? for 1-MHz
US, and 9-16 W/cm? for 3-MHz US. All the power densities
determined in this work, for both HFUS frequencies used,
are above the referred thresholds.

We have previously concluded that micelles release
their contents acoustically due to cavitation effects
whereby cavitating bubbles reach the collapse cavitation
power densities (58). Upon the collapse of these micro-
bubbles, microjets and shock waves shear the micellar
structure open leading to the release of its anti-neoplastic
contents. We believe that a similar mechanism is at play
here, with the liposomes being pierced by a microjet or
sheared by a shockwave, with the subsequent release of
their contents.

Conclusion

Several drug delivery systems have been investigated to
reduce the side effects of chemotherapy by encapsulat-
ing the therapeutic agent in a synthetic nanosized carrier
until it reaches the tumor site. Many of these particles are
designed to be responsive to the mechanical and thermal
perturbations delivered by US.

In this study, we used non-PEGylated and PEGylated
liposomes, and performed a careful statistical analysis,
to compare the US-induced release of calcein, at low and
high frequencies. The release was successfully triggered
from normal and stealth liposomes, at the three frequen-
cies used. Several experimental problems were addressed,
including the solubility of calcein, a fluorescence model
drug widely used in in vitro studies, at different pHs, and
the determination of the variance between similar lipo-
some batches, which significantly affects the comparison
of the results. It was observed that the release at lower
frequencies is higher than that at high frequencies. At the
same frequency, as the power density increased, so did
the release of the encapsulated molecule.

Our results also showed that, for 20-kHz US at pH 7.4,
the release from non-PEGylated liposomes is significantly
higher than from PEGylated liposomes. It was previously
described that the initial US-induced (20 kHz, 3.8 W/cm?)
release rate from PEGylated liposomes is higher than
when using non-PEGylated liposomes (54). The differ-
ences between the two studies were discussed. More work
is currently being conducted in our group, to synthesize
liposomes that are both ligand-targeted and echogenic.
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