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The ability of low frequency ultrasound (LFUS) to trigger the release of drugs from nano sterically
stabilized liposomes (nSSL) in vitro, without affecting the drugs' chemical integrity or biological potency,
has been previously shown. Herein, the ability of LFUS to (a) trigger the release of cisplatin from nSSL in
vivo, and (b) affect the therapeutic efficacy by locally releasing the drug, was studied. For this, nSSL loaded
with the anti-cancer chemotherapeutic agent cisplatin were injected intraperitoneally (i.p.) to mice
bearing well-developed J6456 murine lymphoma tumors in their peritoneal cavity. Then, LFUS was
applied externally to the abdominal wall for 120 s, and drug release was quantified. Nearly 70% of the
liposomal cisplatin was released in tumors exposed to LFUS, compared to b3% in those not exposed to
LFUS. The effect of LFUS-induced localized drug release on the therapeutic efficacy was tested on BALB/c
mice with C26 colon adenocarcinoma tumors in a footpad. Mice were injected intravenously with nSSL
cisplatin, and 24 h later, the tumor was exposed to LFUS. The group treated by liposomal cisplatin
combined with LFUS, compared to all other groups (i.e., free cisplatin with or without LFUS, or liposomal
cisplatin without LFUS, or LFUS alone, or no treatment) had the best therapeutic score; tumors stopped
proliferating and then regressed over time.
This work presents a modality for the release of drugs from liposomes in vivo using LFUS. Implications of
these findings for clinical applications of LFUS-induced liposomal drug release are discussed.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Cisplatin is one of the most widely used agents in the treatment of
a variety of solid tumors, particularly genitourinary, head and neck,
and lung tumors [1–4]. However, the clinical use of cisplatin has been
limited both by its toxicity, particularly nephrotoxicity and cumulative
neurotoxicity, and by the emergence of intrinsic and acquired
resistance in many common tumor types. A variety of drug delivery
strategies to circumvent cisplatin-related toxicity, such as micro-
spheres [5], nanoparticles [6], unilamellar or multilamellar liposomes
[7,8], and polymeric micelles [9] have been reported, with varying
results.

Stealth cisplatin is a formulation of cisplatin encapsulated in nano
sterically stabilized liposomes (nSSL); these have a prolonged
circulation time [10] and are highly effective in targeting tumors
[11] and inflamed tissue [12], presumably due to “leakage” of the nSSL
small unilamellar vesicle; GPC,
ion spectroscopy; nSSL, nano

ll rights reserved.
through compromised tumor and inflammation vasculature [13,14].
Unlike other nSSL encapsulated drugs, such as Doxil™ for cancer
treatment [15], nSSL-encapsulated methylprednisolone hemisucci-
nate for rheumatoid arthritis treatment [16], that have high
therapeutic efficacy, Stealth cisplatin showed poor therapeutic
efficacy. Bandak et al. [17], using three murine tumor models, showed
that despite the fact that administered nSSL cisplatin had prolonged
circulation time and enhanced tumor uptake, poor therapeutic
efficacy resulted because of very low release kinetics of cisplatin
from the liposomes. Similar low levels of release were shown by
Zamboni et al. [18,19] after administration of Stealth cisplatin to mice
bearing melanoma tumor models. Another study, by Vail et al. [20],
showed that it was safe to administer high doses of Stealth cisplatin to
dogs with spontaneously arising osteosarcoma. However, in this case,
increasing the dose did not result in an improvement in the
therapeutic efficacy [20]. These data suggest that cisplatin was not
released from the liposomes at a sufficient rate for suitable bioavail-
ability [21,22]. Meerum et al. [23] and Veal et al. [24], investigating the
pharmacokinetics of Stealth cisplatin in humans, came to the
conclusion that cisplatin fails to release from the liposomes in vivo.

Ultrasound is used in the clinic for a wide range of applications:
imaging, flow analysis, physiotherapy, tumor and fibroid ablation,
kidney-stone shattering, and others. The ability to induce heating
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and/or mechanical effects by ultrasound has been used to release
drugs from different types of carriers [25,26], such as polymeric
assemblies [27], temperature-sensitive and temperature nonsensitive
liposomes [28], micelles [27,29] and drug delivery systems which act
also as contrast agent carriers [30,31]. Low frequency ultrasound
(LFUS), specifically, has been used to enhance the permeability of
biological membranes [26,32–35]. LFUS also increases the perme-
ability of liposomes, which have a phospholipid bilayer similar to
that of biological membranes [36]. A previous study, conducted in
our group, showed that LFUS is more effective than higher frequency
(1- and 3-MHz) ultrasound in releasing doxorubicin from liposomes
[37]. Lin and Thomas [38] showed that LFUS is capable of releasing an
encapsulated dye from liposomes in vitro. Another study, byMyhr and
Moan [39], suggested that there was a synergistic therapeutic effect
when mice with human colon cancer cell tumors were treated by
combined therapy of liposomal doxorubicin followed by exposure to
LFUS. However, the reasons for this synergism and its correlationwith
triggering drug release were not studied.

In a previous study [36] we showed that exposing Stealth cisplatin
to LFUS at an intensity of 3.3 W/cm2 for different periods of time (30
to 180 s), resulted in a time-dependent release, reaching ~62% after
180 s of LFUS irradiation. The chemical integrity and biological
potency of the drugwere not affected by LFUS [36]. Analyzing the drug
release data showed that LFUS-triggered cisplatin release follows first
order kinetics [36]. The proposed mechanism of LFUS-induced
liposomal drug release is the formation of transient pore like defects
in the liposome membrane, through which the drug is rapidly
released [36].

The aims of this study were to investigate (a) whether it is possible
to release a drug from its liposomal carrier at a tumor site and (b) to
determine whether such release will have a beneficial therapeutic
effect.

Our research approach was to inject a nSSL-encapsulated drug,
cisplatin, which is known to have extremely low release kinetics
[17–24], either directly to the tumor site, for quantifying release, or
intravenously (i.v.), enablingpassive targeting and accumulation at the
tumor site [14,40], for evaluating the therapeutic benefit. After nSSL
administrations, the area in the bodywith the lymphomaor C26 tumor
was immersed inwater (acting as a couplingmedium), and exposed to
ultrasound by bringing the probe in close proximity to the skin above
the tumor. The ultrasonic output intensity was held constant
throughout the experiments. It may be assumed that the actual LFUS
exposure intensity at the tumor site is slightly lower than at the source
due to ultrasound dissipation. The levels of drug release and tumor
proliferation were studied.

2. Materials and methods

2.1. Liposomes

Stealth™ cisplatin, generously provided by ALZA (Mountain View,
CA), consists of sterically stabilized nano liposomes (nSSL) b100 nm in
diameter, having a lipid composition of 51 mol% hydrogenated
soybean phosphatidylcholine (HSPC), Mw 750 (having an iodine
value of 3.0); 5 mol% polyethyleneglycol distearoyl-phosphoethano-
lamine (m2000PEG DSPE), Mw 2774; and 44 mol% cholesterol. These
liposomes were prepared and passively loaded with cisplatin, as
described by Peleg-Shulman et al. [41], to achieve a drug-to-
phospholipid mole ratio of 0.058. Stealth cisplatin was supplied as a
colloidal dispersion of 1 mg cisplatin/mL (57.5 mM phospholipid) in
an isotonic solution of 10% w/v sucrose, 1 mM sodium chloride and
10 mM histidine buffer, pH 6.5.

Nano liposomes, 100 nm in diameter, radiolabeled with 3H-
cholesteryl hexadecyl ether (CE, Perkin Elmer), 0.44 mol%, (0.5 µCi/
μmol total phospholipid) were prepared at a total phospholipid
concentration of 30 mM as previously described [12].
Liposome size distribution was measured by dynamic light
scattering (DLS) using an ALV NIBS/HPPS particle sizer equipped
with an ALV 5000/EPP multiple digital correlator, at a scattering angle
of 173° (ALV, Langen, Germany).

2.2. In vivo models

All in vivo experiments were conducted either in the animal
facility of the Shaare Zedek Medical Center or of the Hebrew
University-Hadassah Medical School, Jerusalem, under specific patho-
gen free (SPF) conditions, and were reviewed and approved by the
Institutional Animal Care and Use Committee of the Hebrew
University-Hadassah Medical Center.

2.2.1. Triggered release of cisplatin in J6456 murine lymphoma tumors

2.2.1.1. Tumor model. Approximately one million J6456 murine
lymphoma cells suspended in 200 µL of phosphate buffered saline
(PBS, Biological Industries, Beit Haemek, Israel), pH 7.4, were injected
i.p. [42] into thirteen 8 week old BALB/c female mice (Harlan
Laboratories, Ltd., Jerusalem, Israel). Two weeks after cell inoculation,
abdominal swelling due to ascites formation was observed, and
animals were divided into three test groups: (i) control (placebo), two
mice; (ii) Stealth cisplatin without LFUS, five mice; and (iii) Stealth
cisplatin plus LFUS, six mice.

2.2.1.2. Drug treatment. In groups ii and iii, nSSL cisplatin at a dose of
15 mg drug (50 µmol) per kg body weight (equivalent to ~17 µmol
phospholipid per mouse) diluted in 2 mL PBS was injected i.p. The
large injection volume enabled widespread drug distribution in the
peritoneal cavity, in a manner similar to that of clinical intraperitoneal
therapy. The control group (i) was injected with 2 mL PBS.

2.2.1.3. LFUS treatment. One hour after drug injection, animals of all
three groups were anesthetized using a ketamine–xylazine (85:15 by
vol) solution (0.25 mL/g body weight) injected i.p. For LFUS
treatment, the abdominal fur over the peritoneal cavity was removed
using a hair-removal cream (Depicare, Careline, Yeruham, Israel), and
a rubber cylinder (~16 mm in diameter), open at both ends, was
sealed to the abdomen over the tumor, using a silicone paste
(Baysilone, Bayer), and filled with water. A 20-kHz ultrasonic
processor (VC400, Sonics & Materials, Newtown, CT) was used. The
LFUS probe (13-mm diameter) was immersed in the water-filled
cylinder, b2 mm above the skin. LFUS irradiation was conducted at an
intensity of 5.9 W/cm2 for 120 s at a continuous mode. Ultrasound
intensity was determined calorimetrically [43], and reflects the
energetic output normalized to the surface area of the tip.

2.2.1.4. Determination of liposome encapsulated and released cisplatin.
About 3 h after drug injection, animals were sacrificed by ether
inhalation. Then an additional 2 mL of PBS was injected into the
peritoneal cavity, and the abdominal area was massaged to increase
recovery of ascitic fluid and to free tumor cells. The ascitic fluid was
aspirated with a syringe, and centrifuged (2000 rpm, 10 min) to
separate cells from extracellular fluid. The extracellular fluid was
chromatographed by gel permeation chromatography (GPC) to
separate released cisplatin from liposomes (see Section 2.3.1).
Cisplatin in the GPC fractions and in tumor cells was quantified by
atomic absorption specroscopy (AAS) (Section 2.3.2). The phospho-
lipid (PL) content of each fraction was extracted and quantified
(Section 2.3.3).

2.2.2. Release of cisplatin in C26 tumors in the footpad

2.2.2.1. Tumor model. C26 murine colon adenocarcinoma cell
medium consisted of 90 vol.% RPMI-1640 medium; 1 vol.% 0.2 mM
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L-glutamine; 8.9 vol.% fetal calf serum (virus-screened); and 0.1 vol.%
antibiotics (10 mg/mL streptomycinwith 10,000 units/mL penicillin),
all from Biological Industries, Beit Haemek, Israel.

Cells were grown under 5% CO2 at 37 °C in 15-mL flasks and
prepared for injection by first decanting the medium, and then adding
5 mL of Puck's saline solution (Biological Industries) containing
trypsin (0.25%) and EDTA (0.05%) in order to free adsorbed cells. Cell
medium (5mL)was added to the trypsin–EDTA cell dispersion (2mL),
and the mixture was centrifuged (2000 RPM, 5 min, 25 °C). After
removal of the supernatant, 2 mL PBS was added to the cell pellet. Cell
concentration was determined under a microscope using a cell
counting chamber (Neubauer, Marienfeld, Germany) and corrected
with PBS to achieve a final concentration of ~106 cells per 50 µL.

Approximately 106 cells were injected subcutaneously into a rear
footpad of 8-week-old BALB/c female mice (Harlan Laboratories, Ltd.,
Jerusalem, Israel). One week after cell inoculation, tumors were
observed, and animals were divided randomly into six test groups
(8mice per group): (i) control, saline (placebo) plus LFUS; (ii) control,
no drug and no LFUS; (iii) Stealth cisplatin without LFUS; (iv) Stealth
cisplatin plus LFUS; (v) free (non-liposomal) cisplatin plus LFUS;
(vi) free cisplatin without LFUS. The experiment was repeated twice.

Animalswereweighed (±0.1 g) and tumorswere sized (±0.01mm)
once a week.

2.2.2.2. Drug administration. All animals, treated with either free
(non-liposomal) cisplatin or with liposomal cisplatin, received 5 mg
cisplatin/kg body weight administered i.v. Drug administrations were
given one and three weeks after cell inoculation. This drug dose
correlates to 5.7 µmol phospholipid per mouse administered to mice
treated with the liposomal drug.

Free cisplatin (Pharmachemie, Haarlem, Holland) was supplied in
sterile injection vials of 1 mg cisplatin/mL.

2.2.2.3. LFUS exposure. 24 h after drug injection, in order to enable
liposome accumulation at the target site, LFUS-treated animals were
anesthetized using a ketamine–xylazine solution injected i.p. The foot
with the tumor was immersed in a water bath (24 °C) and the LFUS
probe was placed in the bath b2 mm from the skin. LFUS irradiation
was conducted at an intensity of 5.9 W/cm2 for 60 s at a continuous
mode. A shorter LFUS exposure timewas chosen, in comparison to the
treatment time for the treatment of the abdominal tumor, due to the
skin in this location being delicate.

2.2.3. Evaluating the effect of LFUS exposure on plasma levels of cisplatin
C26 tumors were developed in the footpad of BALB/c mice as

described above. Animals were divided randomly into four groups
(6 mice per group): (i) Stealth cisplatin without LFUS; (ii) Stealth
cisplatin plus LFUS; (iii) free (non-liposomal) cisplatin plus LFUS;
(iv) free cisplatin without LFUS.

2.2.3.1. Drug treatment. All animals in the drug treated groups received
a single dose of 2.5 mg cisplatin per kg body weight, injected i.v.

24 h after drug injection animals in LFUS groups were treated as
described above (see Section 2.2.2). Immediately after LFUS exposure,
while animals were still anesthetized, blood was collected into K-EDTA-
containing tubes by eye enucleation, followed by animal sacrifice by
cervical dislocation. Blood samples from animals not exposed to LFUS
were collected at the same time as blood samples from animals
exposed to LFUS. Cisplatin level in blood was determined by AAS
(see Section 2.3.2).

2.2.4. Evaluating the effect of LFUS on release of nSSL from the tumor
C26 tumors were grown in the footpad of BALB/c mice as

described above (see Section 2.2.2). Animals were divided randomly
into two groups (6 mice per group): (i) 3H(CE)-radiolabeled nSSL
with LFUS and (ii) 3H(CE)-radiolabeled nSSL without LFUS.
2.2.4.1. Drug treatment. All animals received the same dose of 50 µL
of the 3H(CE)-radiolabeled nSSL injected i.v. 24 h after nSSL injection,
and animals in the LFUS group were exposed to LFUS as described
above (see Section 2.2.2).

2.2.4.2. Extracting 3H(CE)-labeled liposomes from plasma and tissue.
Before or immediately after LFUS irradiation, blood was collected,
mice were sacrificed, and tumors were surgically removed. Tumors
and blood were prepared for radioactivity counting using a tissue-
dissolving agent (Solvable, Perkin Elmer, Waltham, MA), followed by
immersion in a liquid scintillation cocktail (Ultima Gold, Perkin
Elmer,), as described in the manufacturer's instructions [44].

Radioactivity level was determined using a β liquid scintillation
counter (Betamatic, Kontron, Finland) and normalized to tissue weight.

2.3. Analytical procedures

2.3.1. Determination of in vivo cisplatin release from nSSL
Tumor extracellular fluid (200 µL) was chromatographed by GPC

to separate free cisplatin from liposomes [17]. Columns were made of
10mL plastic pipettes packed with ~1 cm of glass wool at their narrow
bottom end (to prevent gel leakage) and loaded with Sepharose 6B
(Sigma). The mobile phase consisted of 15 mM HEPES in 5% dextrose
and physiological saline (9:1 v/v), pH 7.0. Onemilliliter fractions were
collected, using a fraction collector (Amersham Biosciences), and
quantified for their cisplatin content by AAS (see Section 2.3.2) and
phospholipid content by the modified Bartlett assay [45], as described
below (Section 2.3.3).

2.3.2. Cisplatin quantification
Levels of cisplatin remaining in the liposomes were quantified by

Pt AAS, at 2700 °C (λ=265.9 nm), using a Zeeman atomic absorption
spectrometer SpectAA300 (Varian), with a sensitivity of ±1 ng Pt/mL
(corresponding to ~±1.5 ng cisplatin/mL). A standard reference Pt
solution (BDH Chemicals, Poole, UK) was used for calibration.

2.3.3. Phospholipid extraction and quantification
Lipids of the GPC fractions were separated by extraction from

proteins, cisplatin and other water-soluble substances using the Bligh
and Dyer extraction procedure [45]. The chloroform-rich lower phase
(LP), which contained practically all the lipids, was separated from the
methanol/water-rich upper phase (UP) by centrifugation for 5 min at
10,000 rpm, and washed with a synthetic chloroform/methanol/
water (96:94:6 by vol) to remove traces of water-soluble compounds.
The phospholipids in the chloroform-rich washed LP were then
quantified by the modified Bartlett assay [45]. Although partition of
cisplatin and its solubility in the LP is minimal [46], Pt remnants in the
LP may still interfere with the modified Bartlett assay. Therefore,
phospholipid determination was confirmed using the Stewart assay
[47], in which Pt does not interfere.

3. Results and discussion

3.1. LFUS release of liposomal cisplatin in a J6456 murine lymphoma
model and tumor cellular level of cisplatin

Stealth cisplatin was injected intraperitonealy to J6456-lym-
phoma-bearing mice. The abdominal area was then exposed to LFUS
for 120 s. After exposure, tumor extracellular fluid and cells were
aspirated and separated. Extracellular fluid was fractionated by GPC to
separate liposomal from non-liposomal drug (only liposomes were
found in the void volume). Drug levels in GPC fractions of extracellular
fluid were determined by Pt analysis using AAS, and phospholipid
levels were determined by the modified Bartlett assay (Fig. 1) [45].
Cisplatin found in the GPC void volumewas considered to be liposome
encapsulated.



Fig. 1. Levels of cisplatin (dashed lines and hollow bars, right axis) and of liposomal
phospholipids (solid lines and full bars, left axis) in GPC fractions of the lymphatic
extracellular fluid of LFUS- (5.9 W/cm2, 120 s) exposed (■, □), and non-exposed
animals (▲, Δ) were compared. Levels of cisplatin were quantified by AAS, and of
phospholipids by the modified Bartlett assay [45] (for details see Methods).
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Measuring the drug-to-phospholipid mole ratio in liposomal
fractions (Fig. 1), and comparing it to the drug-to-phospholipid
mole ratio of the original Stealth cisplatin prior to injection
(0.0581 mol cisplatin per mol phospholipid) enabled us to determine
the amount of cisplatin released in vivo from the liposomes following
exposure to LFUS. The drug-to-phospholipid mole ratio in liposome
fractions of LFUS-exposed mice was 0.0176 (±0.0025, ±standard
deviation), in comparison to 0.0565 (±0.0007) in animals not
exposed to LFUS. These data show that LFUS applied in vivo induces
a release of 69.6% (±4.4) of cisplatin from the liposomes, in
comparison to almost no release (2.8%±1.1) in mice not exposed to
LFUS, an ~25-fold increase in release due to exposure to LFUS.
Irradiated liposomes in vivowere eluted at GPC fractions in agreement
with our previous in vitro study on LFUS-irradiated liposomal cisplatin
[36], and with other data regarding non-irradiated liposomal cisplatin
in vivo [17], thus suggesting that most of the liposomes in vivo remain
intact after LFUS irradiation. A summary of the drug release data
appears in Table 1.

Quantifying the total phospholipid content in all liposomal GPC
fractions shows a recovery of 74.6% (986±138 nmol PL/column) and
indicates that LFUS irradiation reduced the liposomal phospholipid
content by 25.4%, in comparison to non-irradiated mice, where almost
no loss (N98% recovery) of liposomal phospholipids occurred (1323±
116 nmol PL/column). Liposome phospholipid reduction after LFUS
Table 1
Effect of LFUS on cisplatin release from nano sterically stabilized liposomes — summary
of major results.

Intraperitoneal J6456 murine lymphoma tumor

With LFUS W/O LFUS

Percent of cisplatin released from
liposomes

69.6±4.4% 2.8±1.1%

Tumor cell content of cisplatin 1666±276 ng
cisplatin/g cell

616±164 ng
cisplatin/g cell

Footpad C26 tumor

Before LFUS After LFUS

Plasma levels of cisplatin in animals treated
with liposomal cisplatin

24±4 ng
cisplatin/mL
plasma

183±85 ng
cisplatin/mL
plasma

Levels of 3H-labeled liposome lipids in the
tumor

13833±3132
CPM/g tumor

10578±2163
CPM/g tumor

Levels of 3H-labeled liposome lipids in the
plasma

71.8±26.3
CPM/mL plasma

96.2±19.6
CPM/mL plasma
irradiation is similar to what we [36] (and others [48]) observed in
vitro, in which disassembly of ~23% of the liposomes by LFUS, to form
smaller phospholipid aggregates occurred [36]. The disassembly of
some of the liposomes by LFUS is supported by the presence of a tail of
phospholipids in GPC fractions of LFUS-exposed mice (Fig. 1), in
comparison to the GPC phospholipid distribution in mice not
exposed to LFUS (in which the phospholipid content is only in the
void volume).

The content of cisplatin in tumor cells of LFUS-exposed mice,
quantified by AAS of Pt, was 2.7-fold higher than in animals not
exposed to LFUS (1666±276 and 616±164 ng/g cell, respectively).
The high cellular cisplatin content in LFUS-treated animals seems to
be due to enhanced cisplatin bioavailability following its release from
the liposomes. Once cisplatin is released, it can diffuse and be taken up
by tumor cells, where it is expected to bind to the nuclear DNA and
exert anticancer activity [49]. However, the contribution of LFUS-
induced enhanced cellular permeability of tumor cells, which has
been shown in previous studies [33–35,50], cannot be ruled out.

As LFUS-induced cisplatin releasewas 25-fold higher than cisplatin
release without LFUS, we expected a higher than 2.7-fold increase in
cellular cisplatin level of LFUS-exposed animals [51]. This discrepancy
requires further investigation.

3.2. Plasma levels of drug and lipids following LFUS irradiation

The effect of exposure to LFUS on the level of cisplatin inplasmawas
tested before and immediately after LFUS irradiation. Animals with a
C26 tumor in a footpad were injected i.v.with either liposomal or free
(non-liposomal) cisplatin. Twenty-four hours later (enabling lipo-
somes to passively target the tumor [14,52]) the tumorwas exposed to
LFUS. In animals treated with liposomal cisplatin the levels of cisplatin
in the plasma increased after LFUS irradiation from 24±4 (before
LFUS) to 183±85 ng cisplatin/mL plasma after LFUS irradiation. These
levels correlate to ~0.06% and ~0.4% of the total injected cisplatin dose,
before and after LFUS irradiation, respectively. The maximal murine
tolerated dose of cisplatin is ~9 mg cisplatin/kg body weight [53–55],
which correlates with a plasma concentration of ~6000 ng cisplatin/
mL (calculated from [56] and [57]). Namely, the measured level of
cisplatin in plasma after LFUS exposure is ~3% of this value. The
Fig. 2. C26 tumors in the footpad of BALB/c mice were exposed to different treatments:
(i) control, no drug no LFUS (upper image in graph) (♦); (ii) control, saline (placebo)
plus LFUS (5.9 W/cm2, 60 s, -); (iii) nSSL cisplatin injected intravenously without LFUS
(×); (iv) nSSL cisplatin injected intravenously plus LFUS (upper image in graph)
(▲); (v) free (non-liposomal) cisplatin plus LFUS (–Δ–); (vi) free cisplatinwithout LFUS
(■). Insert — footpad of mice treated with nSSL cisplatin i.v., without (top) or with
(bottom) LFUS. At day 29, using Student's t-test, a statistically significant difference
(pb0.05) was demonstrated between animals in group (iv) and group (v), and
(pb0.006) between group (iv) and all other groups. Data points indicate mean footpad
thickness of six mice, in two experiments, ±SD.
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elevation of cisplatin level in plasma after irradiationmay be due to the
fact that liposomes reside in the tumor near blood vessels [14], thereby
enabling permeation of small amounts of released cisplatin into
circulation. Plasma levels of cisplatin in animals treated with free
cisplatin before and after LFUS irradiation remained low (b20 ng
cisplatin/mL plasma). These data are another indication of the ability
to release cisplatin from liposomes in vivo using LFUS.

To test whether the elevation in plasma level of cisplatin was
accompanied by the release of liposomes from the tumor matrix,
animals with C26 tumors in the footpad were injected i.v. with
liposomes labeled with the non-transferable non-metabolizable 3H
cholesteryl hexadecyl ether. Twenty-four hours later the tumors were
exposed to LFUS. It was found that the levels of 3H in the tumor and in
plasma, before and after LFUS irradiation, did not change significantly
(13,833±3132 and 10,578±2163 CPM/g tumor, before and after
LFUS irradiation, respectively, and 71.8±26.3 and 96.2±19.6 CPM/
mL plasma, before and after LFUS irradiation, respectively), thereby
indicating that although some of the drug is released to the
circulation, LFUS exposure of the tumor does not release the vesicles
(i.e., the liposomes) from the tumor site.

3.3. LFUS-induced tumor regression in C26 tumors in the footpad

The ability to affect the therapeutic efficacy by LFUS-induced
localized drug release was assessed on BALB/c mice bearing a C26
tumor in a footpad (see Fig. 2 insert). All animals in the control groups,
which included untreated mice, or mice exposed to LFUS and not
treated with liposomal cisplatin, or mice treated with liposomal
cisplatin without LFUS, had similar, fast-growing tumors (Fig. 2).
These data indicate that neither exposure to LFUS alone, nor treatment
with liposomal cisplatin alone, affects tumor proliferation.

The best therapeutic efficacywas achievedwhenmice treatedwith
liposomal cisplatin were then exposed to LFUS (Fig. 2). These data
indicate that localized release of a drug at the tumor site is
therapeutically beneficial, most likely due to enhanced bioavailability
of the drug at the tumor site. This treatment was superior to the
treatment with free cisplatin followed by an exposure to LFUS, and
even more so than free cisplatin alone (Fig. 2). The improvement in
the group treated by free cisplatin combinedwith LFUS, in comparison
to free cisplatin alone, may be due to increased cell/tumor perme-
ability and drug uptake induced by LFUS [32,33,35,58]. These data
confirm previously published in vitro data [36] showing that the
chemical integrity and biological potency of LFUS-released drugs is
retained after irradiation.

In Doxil (Caelyx™, in Europe), the anti-cancer drug doxorubicin is
loaded into liposomes having an identical lipid composition and
structure as the liposomes used in this study to encapsulate cisplatin.
Myhr and Moan [39] tested the synergistic effect of treating mice
bearing a tumor in the footpad with Doxil, administered intraperitone-
ally, and then exposing the tumor to LFUS for 30 min. Animals treated
with a dose of 3mg liposomal doxorubicin/kg bodyweight and exposed
1 h later to LFUS had smaller tumors than tumors treated with Doxil
alone [39]. However, animals treatedwith a higher dose of Doxil (6mg/
kg BW) had similar tumors in the LFUS-treated and untreated groups
[39], suggesting that the release level of doxorubicin from Doxil, even
without LFUS, was sufficient to achieve therapeutic efficiency. These
data suggest that LFUS should be applied primarily in cases that the
spontaneous drug release level at the tumor site is therapeutically
insufficient (as in the case of cisplatin), while in cases that the drug
releases from the liposomes at a therapeutically effective rate (as in the
case of Doxil) the use of LFUS may not provide any added value.

Other researchers, compared the release of doxorubicin from Doxil
and from thermo-sensitive liposomes (ThermoDox™, composed of
DPPC:MPPC:DSPE-PEG-2000 in a molar ratio of 90:10:4, respectively
[59]), using high intensity focused ultrasound (HIFU) [28]. They found,
in vitro, that using HIFU to elevate the temperature to 42 °C did not
result in doxorubicin release from Doxil but did release doxorubicin
from ThermoDox [28]. Similarly, combining Doxil with HIFU, in vivo,
did not result in an improvement in the therapeutic efficacy, while
combining Thermodoxwith HIFU did improve the therapeutic efficacy
[28]. The lack of release of doxorubicin from Doxil by local heating is
explained by the high mol% of cholesterol (~40 mol%) in its lipid
bilayer. At these cholesterol levels, the whole lipid bilayer is
transformed to the liquid-ordered phase [60], thus being highly rigid
and exhibiting extremely low permeability and temperature sensitiv-
ity [61,62].

4. Conclusions

This study shows the ability to release a drug locally in vivo from
nano sterically stabilized liposomes (nSSL) using low frequency
ultrasound (LFUS). It was demonstrated that a short exposure to
LFUS effectively releases the anti-cancer chemotherapeutic agent
cisplatin from nSSL, thereby improving the therapeutic efficacy
significantly. The local release of the drug in the tumor resulted in
an elevation in plasma drug concentration, most likely due to intra-
vasation of the released drug from the tumor to circulation. This study
on liposomal cisplatin is an indication of the ability to apply LFUS for
triggering the release of liposomal drugs having low in vivo release
rates, and points to its potential for increasing the therapeutic efficacy
of such liposomal formulations. As LFUS is difficult to focus, and
dissipates rather near the body's surface, the applicability of LFUS is
mainly for superficial tumors, as in the case of skin, and some head
and neck and gynecological cancers. For deeper tumors, HIFU, and
HIFU-responsive drug delivery systems, may be more suitable.

Acknowledgements

A.S. thanks the Israel Ministry of Science and Technology for an
Eshkol Fellowship. This study was supported in part by the Barenholz
Fund. Dinah Tzemach is acknowledged for her technical assistance in
the animal work, and Sigmund Geller is thanked with pleasure for his
help in editing the manuscript.

References

[1] M.S. Newman, G.T. Colbern, P.K. Working, C. Engbers, M.A. Amantea, Comparative
pharmacokinetics, tissue distribution, and therapeutic effectiveness of cisplatin
encapsulated in long-circulating, pegylated liposomes (SPI-077) in tumor-bearing
mice, Cancer Chemother. Pharmacol. 43 (6) (1999) 1–7.

[2] T. Boulikas, M. Vougiouka, Cisplatin and platinum drugs at the molecular level,
Oncol. Rep. 10 (6) (2003) 1663–1683.

[3] V. Marchan, V. Moreno, E. Pedroso, A. Grandas, Towards a better understanding of
the cisplatin mode of action, Chem. Eur. J. 4 (4) (2001) 808–815.

[4] R. Perez-Soler, Novel regimens for small cell lung cancer, Cancer Investig.18 (Suppl.1)
(2000) 94.

[5] L. Garcia–Contreras, K. Abu-Izza, D.R. Lu, Biodegradable cisplatin microspheres for
direct brain injection: preparation and characterization, Pharm. Dev. Technol. 2 (1)
(1997) 53–65.

[6] K. Avgoustakis, A. Beletsi, Z. Panagi, P. Klepetsanis, A.G. Karydas, D.S. Ithakissios,
PLGA-mPEG nanoparticles of cisplatin: in vitro nanoparticle degradation, in vitro
drug release and in vivo drug residence in blood properties, J. Control. Release 79
(1–3) (2002) 123–135.

[7] P.A. Steerenberg, G. Storm, G. de Groot, A. Claessen, J.J. Bergers, M.A. Franken, Q.G. van
Hoesel, K.L. Wubs, W.H. de Jong, Liposomes as drug carrier system for cis-
diamminedichloroplatinum (II). II. Antitumor activity in vivo, induction of drug
resistance, nephrotoxicity and Pt distribution, Cancer Chemother. Pharmacol. 21 (4)
(1988) 299–307.

[8] C. Xiao, X. Qi, Y. Maitani, T. Nagai, Sustained release of cisplatin frommultivesicular
liposomes: potentiation of antitumor efficacy against S180 murine carcinoma,
J. Pharm. Sci. 93 (7) (2004) 1718–1724.

[9] N. Nishiyama, S. Okazaki, H. Cabral, M. Miyamoto, Y. Kato, Y. Sugiyama, K. Nishio, Y.
Matsumura, K. Kataoka, Novel cisplatin-incorporated polymeric micelles can
eradicate solid tumors in mice, Cancer Res. 63 (24) (2003) 8977–8983.

[10] V.P. Torchilin, M.I. Papisov, Why do polyethylene glycol-coated liposomes circulate
so long? J. Liposome Res. 4 (1994) 725–739.

[11] A. Gabizon, R. Catane, B. Uziely, B. Kaufman, T. Safra, R. Cohen, F. Martin, A. Huang,
Y. Barenholz, Prolonged circulation time and enhanced accumulation in malignant
exudates of doxorubicin encapsulated in polyethylene-glycol coated liposomes,
Cancer Res. 54 (4) (1994) 987–992.



68 A. Schroeder et al. / Journal of Controlled Release 137 (2009) 63–68

N
A
N
O
M
E
D
IC
IN

E

[12] A. Schroeder, A. Sigal, K. Turjeman, Y. Barenholz, Using PEGylated nano-liposomes
to target tissue invaded by a foreign body, J. Drug Target.16 (7–8) (2008) 591–595.

[13] H.F. Dvorak, J.A. Nagy, J.T. Dvorak, A.M. Dvorak, Identification and characterization
of the blood vessels of solid tumors that are leaky to circulating macromolecules,
Am. J. Pathol. 133 (1) (1988) 95–109.

[14] F. Yuan, M. Leunig, S.K. Huang, D.A. Berk, D. Papahadjopoulos, R.K. Jain, Micro-
vascular permeability and interstitial penetration of sterically stabilized (Stealth)
liposomes in a human tumor xenograft, Cancer Res. 54 (1994) 3352–3356.

[15] Y. Barenholz, in: G. Gregoriadis (Ed.), Amphipathic Weak Base Loading into
Preformed Liposomes having a Transmembrane Ammonium Ion Gradient: From
the Bench to Approved Doxil, vol. 2, Taylor & Francis, London, 2007.

[16] Y. Avnir, R. Ulmansky, V. Wasserman, S. Even-Chen, M. Broyer, Y. Barenholz, Y.
Naparstek, Amphipathic weak acid glucocorticoid prodrugs remote-loaded into
sterically stabilized nanoliposomes evaluated in arthritic rats and in a Beagle dog:
a novel approach to treating autoimmune arthritis, Arthritis Rheum. 58 (1) (2008)
119–129.

[17] S. Bandak, D. Goren, A. Horowitz, D. Tzemach, A. Gabizon, Pharmacological studies
of cisplatin encapsulated in long-circulating liposomes in mouse tumor models,
Anticancer Drugs 10 (10) (1999) 911–920.

[18] W.C. Zamboni, A.C. Gervais, M.J. Egorin, J.H.M. Schellens, E.G. Zuhowski, D. Pluim, E.
Joseph, D.R. Hamburger, P.K. Working, G. Colbern, M.E. Tonda, D.M. Potter, J.L.
Eiseman, Systemic and tumor disposition of platinum after administration of
cisplatin or STEALTH liposomal-cisplatin formulations (SPI-077 and SPI-077 B103)
in a preclinical tumor model of melanoma, Cancer Chemother. Pharmacol. 53 (4)
(2004) 329–336.

[19] C. Zamboni William, C. Gervais Anne, J. Egorin Merrill, H.M. Schellens Jan, R.
Hamburger Deborah, J. Delauter Brian, A. Grim, G. Zuhowski Eleanor, E. Joseph, D.
Pluim, M. Potter Douglas, L. Eiseman Julie, Inter- and intratumoral disposition of
platinum in solid tumors after administration of cisplatin, Clin. Cancer Res. 8 (9)
(2002) 2992–2999.

[20] D.M. Vail, I.D. Kurzman, P.C. Glawe, M.G. O'Brien, R. Chun, L.D. Garrett, J.E.
Obradovich, R.M. Fred, C. Khanna, G.T. Colbern, P.K. Working, STEALTH liposome-
encapsulated cisplatin (SPI-77) versus carboplatin as adjuvant therapy for
spontaneously arising osteosarcoma (OSA) in the dog: a randomized multicenter
clinical trial, Cancer Chemother. Pharmacol. 50 (2) (2002) 131–136.

[21] D.I. Rosenthal, S.S. Yom, L. Liu, M. Machtay, K. Algazy, R.S. Weber, G.S. Weinstein, A.A.
Chalian, L.K. Miller, K. Rockwell, M. Tonda, E. Schnipper, D. Hershock, A Phase I study
of SPI-077 (Stealth liposomal cisplatin) concurrent with radiation therapy for locally
advanced head and neck cancer, Invest New Drugs 20 (2002) 343–349.

[22] K.J. Harrington, C.R. Lewanski, A.D. Northcote, J. Whittaker, H. Wellbank, R.G. Vile,
A.M. Peters, J.S. Stewart, Phase I–II study of pegylated liposomal cisplatin (SPI-077)
in patients with inoperable head and neck cancer, Ann. Oncol. 12 (2001) 493.

[23] M. Meerum Terwogt Jetske, G. Groenewegen, D. Pluim, M. Maliepaard, M. Tibben
Matthijs, A. Huisman, W. ten Bokkel Huinink Wim, M. Schot, H. Welbank, E. Voest
Emile, H. Beijnen Jos,M. Schellens Jan, Phase I and pharmacokinetic study of SPI-77,
a liposomal encapsulated dosage form of cisplatin, Cancer Chemother. Pharmacol.
49 (3) (2002) 201–210.

[24] G.J. Veal,M.J. Griffin, E. Price, A. Parry, G.S. Dick,M.A. Little, S.M. Yule, B.Morland, E.J.
Estlin, J.P. Hale, A.D. Pearson, H. Welbank, A.V. Boddy, A phase I study in paediatric
patients to evaluate the safety and pharmacokinetics of SPI-77, a liposome
encapsulated formulation of cisplatin, Br. J. Cancer 84 (8) (2001) 1029–1035.

[25] V. Frenkel, Ultrasound mediated delivery of drugs and genes to solid tumors, Adv.
Drug Deliv. Rev. 60 (2008) 1193–1208.

[26] W.G. Pitt, G.A. Husseini, B. Staples, Ultrasonic drug delivery — a general review,
Expert Opin. Drug Deliv. 1 (1) (2004) 37–56.

[27] N. Rapoport, Physical stimuli-responsive polymeric micelles for anti-cancer drug
delivery, Prog. Polym. Sci. 8–9 (2007) 962–990.

[28] S. Dromi, V. Frenkel, A. Luk, B. Traughber, M. Angstadt, M. Bur, J. Poff, J. Xie, S.K.
Libutti, K.C.P. Li, B.J. Wood, Pulsed-high intensity focused ultrasound and low
temperature sensitive liposomes for enhanced targeted drug delivery and
antitumor effect, Clin. Cancer Res. 13 (9) (2007) 2722–2727.

[29] Z.G. Gao, H.D. Fain, N. Rapoport, Controlled and targeted tumor chemotherapy by
micellar-encapsulated drug and ultrasound, J. Control. Release 102 (1) (2005)
203–222.

[30] N. Rapoport, Z. Gao, A. Kennedy, Multifunctional nanoparticles for combining
ultrasonic tumor imaging and targeted chemotherapy, J. Natl. Cancer Inst. 99 (14)
(2007) 1095–1106.

[31] Z. Gao, A.M. Kennedy, D.A. Christensen, N.Y. Rapoport, Drug-loaded nano/
microbubbles for combining ultrasonography and targeted chemotherapy, Ultra-
sonics 48 (4) (2008) 260–270.

[32] S. Mitragotri, J. Kost, Low-frequency sonophoresis. A review, Adv. Drug Deliv. Rev.
56 (5) (2004) 589–601.

[33] N. Rapoport, A.I. Smirnov, A. Timoshin, A.M. Pratt, W.G. Pitt, Factors affecting the
permeability of pseudomonas aeruginosa cell walls toward lipophilic compounds:
effects of ultrasound and cell age, Arch. Biochem. Biophys. 344 (1) (1997) 114–124.

[34] M. Duvshani-Eshet, L. Baruch, E. Kesselman, E. Shimoni, M. Machluf, Therapeutic
ultrasound-mediated DNA to cell and nucleus: bioeffects revealed by confocal and
atomic force microscopy, Gene Ther. 13 (2) (2006) 163–172.
[35] J. Sundaram, B.R. Mellein, S. Mitragotri, An experimental and theoretical analysis of
ultrasound-induced permeabilization of cell membranes, Biophys. J. 84 (5) (2003)
3087–3101.

[36] A. Schroeder, Y. Avnir, S. Weisman, Y. Najajreh, A. Gabizon, Y. Talmon, J. Kost, Y.
Barenholz, Controlling liposomal drug release with low frequency ultrasound:
mechanism and feasibility, Langmuir 23 (7) (2007) 4019–4025.

[37] D. Cohen-Levi, J. Kost, Y. Barenholz, Ultrasound for targeted delivery of cytotoxic
drugs from liposomes, MSc Thesis, Ben Gurion University, Beer Sheva, Israel, 2000.

[38] H.Y. Lin, J.L. Thomas, Factors affecting responsivity of unilamellar liposomes to
20 kHz ultrasound, Langmuir 20 (15) (2004) 6100–6106.

[39] G. Myhr, J. Moan, Synergistic and tumour selective effects of chemotherapy and
ultrasound treatment, Cancer Lett. 232 (2) (2006) 206–213.

[40] D. Papahadjopoulos, T.M. Allen, A. Gabizon, E.Mayhew, K.Matthay, S.K. Huang, K.D.
Lee, M.C. Woodle, D.D. Lasic, C. Redemann, Sterically stabilized liposomes: im-
provements in pharmacokinetics and antitumor therapeutic efficacy, PNAS 88 (24)
(1991) 11460–11464.

[41] T. Peleg-Shulman, D. Gibson, R. Cohen, R. Abra, Y. Barenholz, Characterization of
sterically stabilized cisplatin liposomes by nuclear magnetic resonance, Biochim.
Biophys. Acta 1510 (1–2) (2001) 278–291.

[42] A. Cabanes, D. Tzemach, D. Goren, A.T. Horowitz, A. Gabizon, Comparative study of
the anti-tumor activity of free doxorubicin and PEGylated liposomal doxorubicin
in a mouse lymphoma model, Clin. Cancer Res. 4 (1998) 499–505.

[43] C.R. Hill, J.C. Bamber, G.R. ter Haar (Eds.), Physical Principles ofMedical Ultrasonics,
vol. 1, John Wiley and Sons, New York, 2004.

[44] J. Thomson, Liquid Scintillation Counting (LSC) Application Note, Perkin Elmer Life
and Analytical Sciences, 2003.

[45] H. Shmeeda, S. Even-Chen, R. Honen, R. Cohen, C. Weintraub, Y. Barenholz, Enzy-
matic assays for quality control and pharmacokinetics of liposome formulations:
comparison with nonenzymatic conventional methodologies, Methods Enzymol.
367 (2003) 272–292 (Liposomes).

[46] G. Los, E.M.E. Verdegaal, P.H.A. Mutsaers, J.G. McVie, Penetration of carboplatin and
cisplatin into rat peritoneal tumor nodules after intraperitoneal chemotherapy,
Cancer Chemother. Pharmacol. 28 (3) (1991) 159–165.

[47] J.C. Stewart, Colorimetric determination of phospholipids with ammonium
ferrothiocyanate, Anal. Biochem. 104 (1) (1980) 10–14.

[48] H.Y. Lin, J.L. Thomas, PEG-Lipids and oligo(ethylene glycol) surfactants enhance the
ultrasonic permeabilizability of liposomes, Langmuir 19 (4) (2003) 1098–1105.

[49] U.M. Ohndorf, M.A. Rould, Q. He, C.O. Pabo, S.J. Lippard, Basis for recognition of
cisplatin-modified DNA by high mobility group proteins, Nature 399 (6737)
(1999) 708–712.

[50] J.L. Nelson, B.L. Roeder, J.C. Carmen, F. Roloff, W.G. Pitt, Ultrasonically activated
chemotherapeutic drug delivery in a rat model, Cancer Res. 62 (24) (2002)
7280–7283.

[51] V. Torchilin, Intracellular drug delivery: current status and challenges for future,
Bull. Tech. Gattefosse 96 (2003) 61.

[52] A. Gabizon, D. Papahadjopoulos, Liposome formulations with prolonged circula-
tion time in blood and enhanced uptake by tumors, PNAS 85 (1988) 6949–6953.

[53] M. Treskes, E. Boven, U. Holwerda, H.M. Pinedo, W.J. van der Vijgh, Time depen-
dence of the selective modulation of cisplatin-induced nephrotoxicity by WR2721
in the mouse, Cancer Res. 52 (8) (1992) 2257–2260.

[54] F.A. Chen, M.A. Kuriakose, M.X. Zhou, M.D. DeLacure, R.L. Dunn, Biodegradable
polymer-mediated intratumoral delivery of cisplatin for treatment of human head
and neck squamous cell carcinoma in a chimeric mouse model, Head Neck 25 (7)
(2003) 554–560.

[55] C.J. vanMoorsel, H.M. Pinedo, G. Veerman, J.B. Vermorken, P.E. Postmus, G.J. Peters,
Scheduling of gemcitabine and cisplatin in Lewis lung tumour bearing mice, Eur. J.
Cancer 35 (5) (1999) 808–814.

[56] A.E. Korst, E. Boven, M.L. van der Sterre, A.M. Fichtinger-Schepman, W.J. van der
Vijgh, Pharmacokinetics of cisplatin with and without amifostine in tumour-
bearing nude mice, Eur. J. Cancer 34 (3) (1998) 412–416.

[57] Profile of Cisplatin, NDIS — National Drug Information Service, Commonwealth
Department of Human Services and Health, Canberra (1985).

[58] T.K. McCreery, R.H. Sweitzer, E.C. Unger, DNA delivery to cells in culture using
ultrasound, Methods Mol. Biol. Gene Transf. Tech. (2004) 287–291.

[59] D. Needham, G. Anyarambhatla, G. Kong, M.W. Dewhirst, A new temperature-
sensitive liposome for usewith mild hyperthermia: characterization and testing in
a human tumor xenograft model, Cancer Res. 60 (5) (2000) 1197–1201.

[60] O. Garbuzenko, Y. Barenholz, A. Priev, Effect of grafted PEG on liposome size and on
compressibility and packing of lipid bilayer, Chem. Phys. Lipids 135 (2) (2005)
117–129.

[61] R.L. Biltonen,D. Lichtenberg, The use of differential scanning calorimetry as a tool to
characterize liposome preparations, Chem. Phys. Lipids 64 (1–3) (1993) 129–142.

[62] O.G. Mouritsen (Ed.), Life As a Matter of Fat. The Emerging Science of Lipidomics,
Springer-Verlag, Berlin, 2005, (vol.).


	Ultrasound triggered release of cisplatin from liposomes in murine tumors
	Introduction
	Materials and methods
	Liposomes
	In vivo models
	Triggered release of cisplatin in J6456 murine lymphoma tumors
	Tumor model
	Drug treatment
	LFUS treatment
	Determination of liposome encapsulated and released cisplatin

	Release of cisplatin in C26 tumors in the footpad
	Tumor model
	Drug administration
	LFUS exposure

	Evaluating the effect of LFUS exposure on plasma levels of cisplatin
	Drug treatment

	Evaluating the effect of LFUS on release of nSSL from the tumor
	Drug treatment
	Extracting 3H(CE)-labeled liposomes from plasma and tissue


	Analytical procedures
	Determination of in vivo cisplatin release from nSSL
	Cisplatin quantification
	Phospholipid extraction and quantification


	Results and discussion
	LFUS release of liposomal cisplatin in a J6456 murine lymphoma model and tumor cellular level o.....
	Plasma levels of drug and lipids following LFUS irradiation
	LFUS-induced tumor regression in C26 tumors in the footpad

	Conclusions
	Acknowledgements
	References




