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is its encapsulated ammonium bicarbonate (ABC), which is used to actively load {03 NHyun 2H00+COx

doxorubicin (DOX) into liposomes and trigger a drug release when heated locally.

Incubating ABC liposomes with whole blood results in a significantly smaller decrease in the retention of encapsulated DOX than that by lysolipid liposomes,
indicating superior plasma stability. Biodistribution analysis results indicate that the ABC formulation circulates longer than its lysolipid counterpart.
Following the injection of ABC liposome suspension into mice with tumors heated locally, decomposition of the ABC encapsulated in liposomes facilitates the
immediate thermal activation of CO, bubble generation, subsequently increasing the intratumoral DOX accumulation. Consequently, the antitumor efficacy of
the ABC liposomes is superior to that of their lysolipid counterparts. Results of this study demonstrate that this thermoresponsive bubble-generating liposomal

system is a highly promising carrier for tumor-specific chemotherapy, espedially for local drug delivery mediated at hyperthermic temperatures.
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idely recognized for their ability to
Wincrease intratumoral accumula-
tion, PEGylated liposomes are em-

ployed as stable vehicles for carrying doxo-
rubicin (DOX; Doxil).' * However, the slow
and passive drug release from the Doxil
formulation (<10% in 24 h) significantly
inhibits its antitumor efficacy.>® Therefore,
an approach must be developed to actively
trigger a drug release from PEGylated lipo-
somes and enhance their therapeutic out-
come. A thermoresponsive liposomal formula-
tion (ThermoDox) has been developed that
rapidly releases DOX in regions where local
tissue temperatures are elevated. ThermoDox
contains three lipid components in a 90:10:4
molar ratio: dipalmitoylphosphatidylcholine
(DPPC); monostearoylphosphatidylcholine
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(MSPC), which is a lysolipid; and poly(ethylene
glycol) 2000-distearoylphosphatidylethanol-
amine (PEG 2000-DSPE).”®

The underlying mechanism of the rapid
drug release from the ThermoDox formula-
tion is that the lipids (DPPC and MSPC)
undergo a gel-to-liquid phase transition in
the region of their phase transition tem-
perature (T,,; approximately 41 °C).'° When
heated to 40—42 °C, temperature-induced
membrane instability increases the perme-
ability of liposomes, subsequently releas-
ing their encapsulated drugs. Related studies
have demonstrated that the ThermoDox for-
mulation performs superior to the Doxil for-
mulation in releasing encapsulated DOX.”'"'2

While proven effective in reducing tumor
volume in animal models,’~° ThermoDox
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has recently begun phase Il clinical trials for hepato-
cellular carcinoma treatment.”'? Despite the signifi-
cant therapeutic potential of ThermoDox, approx-
imately 50% of its encapsulated DOX is released within
1 h in physiological environments.'*'* As is widely
suspected, lysolipid dissociation from the liposomes
mediated by plasma proteins contributes to their
intravenous instability.'*

To resolve the above problem, our group recently
developed a thermoresponsive liposomal formulation
without lysolipids."® This thermoresponsive liposomal
formulation consists of DPPC, cholesterol, and PEG
2000-DSPE in a molar ratio of 60:40:5. As the key
component of this liposomal formulation, its encapsu-
lated ammonium bicarbonate (ABC; NH4HCOs) creates
the transmembrane gradient needed for a highly
efficient DOX encapsulation. Moreover, at a high
temperature of roughly 42 °C, ABC decomposition
generates CO, bubbles,'®"'® subsequently creating
permeable defects in the lipid bilayer and ultimately
inducing a rapid DOX release to instantly increase the
drug concentration locally. Notably, ABC is a raising
agent commonly found in the food industry to gen-
erate gas bubbles in baked goods.'® Physiologically,
bicarbonate ions are generated in red blood cells and
used to maintain a balanced pH; once completing
their task, these ions are released by the lungs as
C02.2°’21

This work evaluates the feasibility of using this
thermoresponsive bubble-generating liposomal sys-
tem (ABC liposomes) for tumor-specific chemotherapy
under mild hyperthermia. Clinically, local hyperthermia
may be produced by ultrasound energy, microwave,
radio frequency, or using magnetic hyperthermia.?
The thermosensitive ABC formulation is administered
intravenously via the tail vein in mice during hyper-
thermia treatment at roughly 42 °C, thereby triggering
the immediate release of the encapsulated drug within
the heated tumor. The released drug diffuses into the
tumor along a high drug concentration gradient, spe-
cifically attacking tumor cells (Figure 1). The control
groups consist of liposomes formulated in aqueous
ammonium sulfate (AS liposomes), a preparation that
resembles the Doxil formulation,"?* together with a
formulation that resembles that of ThermoDox (DPPC/
MSPC/PEG 2000-DSPE = 90:10:4 containing AS; lysoli-
pid liposomes). Moreover, the in vitro drug-release
profiles are quantified from test liposomes under mild
hyperthermia conditions. Their in vivo biodistribution,
pharmacokinetics, drug accumulation, and antitumor
activity against locally heated tumors are examined,
as well.

RESULTS AND DISCUSSION

Characteristics of Test Liposomes. The lysolipid, AS, and
ABC liposomes were prepared at room temperature by
using the lipid-film hydration method, followed by
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sequential extrusion. Based on their transmembrane
AS (or ABC) gradient, a remote-loading technique
was applied to load actively DOX into the test
liposomes.?*>?* Table 1 summarizes the important
formulation characteristics of the as-prepared lysolipid,
AS, and ABC liposomes. The three test liposomes had
comparable particle sizes, polydispersity indices, and
zeta-potentials (P > 0.05). An efficient and stable load-
ing of DOX into the aqueous phase of each liposomal
formulation (>90%) was attained; additionally, the en-
capsulated DOX content (approximately 5.0% wDOX/
wlipids) was around 100-fold higher than its saturated
concentration.?

According to the differential scanning calorimeter
(DSC) data, the phospholipid composition used to
prepare each liposomal formulation significantly influ-
ences its phase transition temperature (T,). While
having the same phospholipid components, the
AS and ABC liposomes had a significantly higher T,
(52.0 °C) than that of the lysolipid liposomes (41.3 °C;
P < 0.05). Notably, the T,, value of DPPC-based lipo-
somes is substantially increased when cholesterol is
incorporated into their lipid bilayers.”

In Vitro Drug-Release Profiles. Figure 2 shows the in
vitro DOX release profiles from the test liposomes at
37 °C (body temperature) and 42 °C (hyperthermic
temperature), which were determined by measuring
the increases of their fluorescence intensities in phos-
phate buffered saline (PBS) over time. As the AS
liposomes lacked a triggering mechanism, the amount
of DOX released at both temperatures was minimal,
indicating that the AS liposomal formulation is rela-
tively stable and its drug release is unaffected by
temperature. Incapable of releasing their encapsulated
drugs promptly and adequately, the cytotoxic effects
of stable liposomal formulations on tumor cells are
suboptimal.>®

The amounts of DOX released from the lysolipid
and ABC liposomes at 37 °C were relatively low. Never-
theless, when the environmental temperature was
heated to 42 °C, significant amounts of their encapsu-
lated DOX were released immediately (within 30 s).
This finding suggests that their membrane permeabil-
ity heavily depends upon the environmental tempera-
ture. Including lysolipids (i.e., MSPC) in the lipid bilayer
significantly increases the permeability of liposomal
membranes at their phase transition temperature.”®
Conversely, the ABC liposomes undergo a unique
temperature-induced change, triggering their loca-
lized drug release. Namely, upon heating to a tem-
perature of =40 °C, ABC decomposes quickly and
generates CO, bubbles, subsequently creating perme-
able defects in the lipid bilayer and ultimately facilitat-
ing the swift release of DOX.'®~ '8

Above results demonstrate that the ABC liposomes
were relatively stable at 37 °C and could retain their
encapsulated drug during blood transport. However,
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Localized DOX Release from ABC Liposomes under Mild Hyperthermia
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Figure 1. Schematic diagrams showing the composition of the thermoresponsive bubble-generating ABC liposomes with
their working mechanism of the action that delivers high concentrations of drug in a tumor region targeted with the

application of localized hyperthermia.

TABLE 1. Formulation Characteristics of the Lysolipid, AS, and ABC Liposomes Containing DOX?

test samples di (nm) polydispersity index zeta-p ial (mV)
lysolipid liposomes 150.9 £+ 11.5 0.16 & 0.04 0.56 + 0.01
AS liposomes 1514 £ 93 0.17 £ 0.02 —0.11 £ 0.01
ABC liposomes 150.5 4+ 121 0.15 + 0.03 —0.12 £ 0.01

encapsulation efficiency (%) encapsulation content (%) T (°Q)
934 + 52 47 £03 413+£05
946 + 73 47 £ 04 520 + 0.7
9.2 + 6.1 48 £03 520 + 0.5

“The data are presented as mean = SD (n = 6 in each group). Encapsulation efficiency: (mass of DOX in liposomes/mass of DOX in the initial solution) x 100%. Encapsulation
content: (mass of DOX in liposomes/mass of lipids) > 100%. T,: temperature at the transition peak maximum.

when the local temperature was heated to 42 °C, drug
release from the liposomes was extremely fast (50% of
the encapsulated DOX was released within 30 s;
Figure 2), subsequently counteracting the rapid blood
passage time and washout from the tumors."’
Biodistribution of Test Liposomes. Compared with its
counterparts without lysolipids, the lysolipid-contain-
ing liposomal formulation has a poor intravenous
stability, thus accelerating the plasma clearance.””
Radionuclide-based molecular imaging modalities
such as single-photon emission computed tomography
(SPECT) are highly effective for noninvasive visua-
lization, characterization, and quantification of bio-
logical processes in living subjects.?®?” To assess
their biodistribution, a direct technetium-99m (**™Tc,
a diagnostic radionuclide) labeling method, employing
N,N-bis(2-mercaptoethyl)-N',N'-diethylethylenediamine
(BMEDA),?® was applied to identify test liposomes.
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BMEDA, which is lipophilic at pH 7.4, functions as a
lipophilic chelator for **™Tc to transport the radio-
nuclide across the lipid bilayer of preformed liposomes.
Once within the more acidic liposome interior pre-
encapsulated with AS or ABC, the pH gradient provides
stable entrapment of the ™ Tc-BMEDA complex with-
in the test liposomes (**™Tc-liposomes).?® Free #°™Tc-
BMEDA was then separated from 2°™Tc-liposomes
using a gel filtration method.>® Notably, labeling test
liposomes with ™ Tc-BMEDA allows us to examine
their organ distribution, tumor accumulation, and
pharmacokinetics. According to our results, the label-
ing efficiencies of the lysolipid, AS, and ABC liposomes
were 96.9 & 3.3,98.0 + 3.1,and 97.6 & 3.5% (n =6 in
each group), respectively, as analyzed by the instant
thin-layer chromatography (ITLC).3"

Figure 3a shows the biodistribution of the
Tc-lysolipid, ®°™Tc-AS, and “°™Tc-ABC liposomes in

99m
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Figure 2. Release profiles of DOX from the lysolipid, AS, and ABC liposomes incubated in PBS at 37 or 42 °C. The lower left-
hand side of the figure displays a zoom-in image of drug release in the first couple of minutes, and the lower right-hand side of
the figure represents a zoom-in image of drug release in the lower y-axis values.

the coronal tomographic views after their intravenous
bolus injection in athymic nude mice bearing tumor
xenografts at various time intervals. Anatomic locations
were identified by superimposing the radioactivity
of P Tc-liposomes (SPECT images) on the CT images.
In the study, tumor xenografts were established in
the right flanks of nude mice by injecting them with
5 x 10° H460 human lung cancer cells sub-
cutaneously.3**3 Previous studies have reported sever-
alpromising results regarding regional hyperthermia in
combination with radiotherapy for local treatment of
selected lung cancers3** Figure 3b displays the per-
centages of injected dose per volume (% ID/mL) accu-
mulated in different organs and tumors.

Immediately after intravenous administration, the
radioactivity in test mice that received the “™Tc-AS or
99MTc-ABC liposomes was located primarily in the liver.
A related investigation has attributed the hepatic
uptake of liposomes to phagocytosis by Kupffer cells,
which are situated in the liver sinusoids.®® As time
progressed, the level of radioactivity in the liver
obviously declined, while high radioactivity in the
kidney and bladder was found. According to a related
study, liposomes do not permeate to any extent within
the kidney.?® Above results suggest that some of the
9MTc-BMEDA released from the metabolized lipo-
somes excreted through the kidney and bladder. A
related investigation has postulated that liposome

CHEN ET AL.

metabolism is mediated predominantly by Kupffer
cells in the liver.?’

In contrast, high levels of radioactivity were initially
observed in the liver, kidney, and bladder in mice
treated with the ™Tc-lysolipid liposomes. Although
their radioactivity in the liver diminished significantly
over time, those that accumulated in the kidney and
bladder increased relatively. Above findings suggest
that the removal of *™Tc-lysolipid liposomes from
blood and the excretion of their metabolized
99MTc-BMEDA via the kidney and bladder were signifi-
cantly faster than those of °™Tc-AS and *°™Tc-ABC
liposomes. Given their longer circulation half-life, the
level of radioactivity accumulated in tumors in mice
receiving the AS or ABC liposomes appeared relatively
stronger than those treated with the lyoslipid lipo-
somes. Success of the liposome uptake by tumors relies
mainly on the enhanced permeability and retention
(EPR) effect, which heavily depends on both the size of
test liposomes (ranging from 100 to 200 nm in
diameter) and their prolonged circulation half-life in
the blood.®

Plasma Stability. Plasma proteins and cellular mem-
brane pools may be responsible for the destabilization
of test liposomes and their drug leakage, thereby
affecting their circulation half-life.'® The stability of
different liposomal formulations under physiological
conditions was evaluated after incubation with whole
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Figure 3. (a) SPECT images showing the biodistribution of the **™Tc-lysolipid, ®™Tc-AS, and *™Tc-ABC liposomes in the coronal
tomographic views after their intravenous bolus injection in mice at various time intervals; the rainbow pseudocolor scale shows
the concentrations of test ™ Tc-liposomes accumulated in different organs and tumors. (b) This figure also shows the percentages
of injected dose per volume (% ID/mL) vs time profiles of test °™Tc-liposomes accumulated in the bladder (right y-axis), tumor, and
other internal organs (left y-axis). The decline in radioactivity observed at 240 min was due to the urination of test animals.

blood at 37 °C. In this study, the rat whole blood was limited (ca. 80 mL/kg) and is therefore inadequate for

used, as the average total blood volume of a mouse is this experiment.??
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Analytical results (Figure 4) indicate that incubation
of the lysolipid liposomes with whole blood signifi-
cantly decreased the retention of encapsulated DOX
(P < 0.05); only about 50% of initial DOX remained in
the test liposomes after 1 h of incubation. Conversely,
without the inclusion of lysolipids, the AS and ABC
liposomes retained approximately 90 and 85% of
the encapsulated DOX, respectively, at 1 h following
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Figure 4. Results of the plasma stability of the lysolipid, AS,
and ABC liposomes incubated in whole blood at 37 °C over
time.
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Figure 5. (a) Fluorescent images of DOX of the organs and tumors following intravenous injection of the AS and ABC
liposomes with or without hyperthermia treatment in mice and (b) their fluorescence intensities quantified by a spectro-

incubation with whole blood. Lysolipid dissociation
from circulating liposomes is typically mediated by
the plasma protein and cellular membrane pools, thus
reducing their circulation longevity.'*

In Vivo DOX Accumulation. Above experimental results
indicate that the AS and ABC liposomal formulations
had a greater liposome uptake by tumors than that of
the lysolipid liposomal formulation, owing to their
prolonged circulation half-life (Figure 3a,b). This study
also investigated how local hyperthermia treatment
influences the amount of DOX release from the AS and
ABC liposomes accumulated in tumors. Test liposomes
encapsulated with DOX were first injected intrave-
nously via the tail vein in tumor-bearing mice (5 mg
liposomes/kg). At 10 min after administration, the
tumor site was heated to 42 °C locally using a tempera-
ture-controller water mat.3**° Hyperthermia (10 min)
was interleaved with 5 min cooling periods; this pro-
cess was repeated for three treatments. At 4 h follow-
ing treatments, mice were sacrificed, and their organs
(including tumor) were harvested. Accumulations of
DOX in tissues were visualized by an in vivo imaging
system (IVIS; Figure 5a), and their fluorescence inten-
sities were quantified using a spectrofluorometer
(Figure 5b).

According to Figure 5a,b, the DOX delivered by the
AS and ABC liposomes was mainly accumulated in the
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fluorometer. *Statistical significance at a level of P < 0.05. HT: hyperthermia treatment.
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Figure 6. (a) Ultrasound images of the tumors treated with the AS or ABC liposomes at the body (37 °C) and hyperthermic
temperatures (42 °C). Area denoted by a square appears at a higher magnification in the inset. HT: hyperthermia treatment.
(b) Fluorescent images of DOX of the frozen tumor sections following intratumoral injection of the AS or ABC liposomes at the

body (37 °C) and elevated temperatures (42 °C).

liver and kidney with (42 °C) or without (37 °C) hyper-
thermia treatment. No apparent DOX signal in the
heart was detected for both test liposomes, suggesting
that DOX-related cardiomyopathy can be reduced
upon using liposomal formulations of the drug.*'

CHEN ET AL.

In mice receiving the AS liposomes, minimal DOX
fluorescence signals appeared in tumors at both test
temperatures, indicating that the release of their encap-
sulated DOX is limited and temperature-independent.
Conversely, in the group receiving the ABC liposomes
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Figure 7. Changes in relative (a) tumor volume and (b) body weight of mice bearing tumors after the intravenous
administration with different liposomal formulations under local hyperthermia treatment (HT).

without hyperthermia treatment, the strength of DOX
fluorescence was relatively low. However, increasing
the local temperature to 42 °C significantly enhanced
the fluorescence signal (P < 0.05). Theoretically, when
DOX is encapsulated at high concentrations in lipo-
somes, its fluorescence signal is quenched, and release
of the drug increases the fluorescence intensity.*?
These imaging findings demonstrate that DOX mol-
ecules are retained relatively tightly inside the ABC
liposomes at body temperature. However, when mild
heating was applied, decomposition of their encapsu-
lated ABC facilitated immediate thermal activation of
CO; bubble generation, leading to a marked release of
DOX molecules.

Despite an investigation of the thermal activation of
CO, bubble generation from the intratumoral ABC
liposomes by an ultrasound machine, no apparent
ultrasound signal was detected. This is likely because
the amount of ABC liposomes accumulated in tumors
was inadequate, explaining why the quantity of CO,
bubbles generated was below the sensitivity of the
ultrasound machine. As is well-known, the amount
of intravenously administered nanocarriers delivered
to tumor targets via the EPR effect is usually less than
5%.%

In Vivo Thermal Activation of O, Bubble Generation and DOX
Release. An attempt was made to confirm the ability of
the ABC liposomes to generate CO, bubbles at defined
sites in vivo under mild hyperthermia. Test mice were
intratumorally injected with an ABC liposomal suspen-
sion (5 mg liposomes/kg) after heating the tumor sites
locally to 42 °C for 10 min. Their AS counterparts served
as the control. No heat was applied during ultrasound
examination.**

According to Figure 6a and Supporting Information
video 1, no ultrasound contrast was apparent for the
group receiving the AS liposomes at both body (37 °C)
and hyperthermic temperatures (42 °C). Conversely,
upon the intratumoral injection of the ABC liposome

CHEN ET AL.

suspension, poor imaging signals were identified in the
ultrasound scan (denoted by the white arrowhead)
at 37 °C. Considerably stronger ultrasound signals
(1.5-fold stronger in intensity, as analyzed by ImageJ)
were observed when local temperature was heated to
42 °C (Supporting Information video 2). Above imaging
results reveal that decomposition of the ABC encapsu-
lated in liposomes facilitates immediate thermal acti-
vation of CO, bubble generation.

To investigate the intratumoral release of DOX from
the test liposomes, tumor sections were examined
histologically. In tumor sections receiving the AS lipo-
somes, minimal fluorescence signals existed at both
test temperatures, indicating that the release of their
encapsulated DOX was limited and temperature-
independent (Figure 6b). Conversely, in the group
treated with the ABC liposomes, a few fluorescence
spots were found at 37 °C; however, as local tempera-
ture was elevated to 42 °C, the strength and distribu-
tion of fluorescence signals increased. These imaging
findings demonstrate that DOX molecules were re-
tained relatively tightly inside the ABC liposomes at
body temperature; however, when mild heating was
applied, a marked release of DOX molecules occurred
locally. That is, the combination of local heating and
thermoresponsive ABC liposomes increased intratu-
moral free drug concentrations.

Antitumor Efficacy. Finally, the ability of different
liposomal formulations to suppress tumor growth in
mice was examined by using the same procedure in
the study of in vivo DOX accumulation. In contrast
to their counterparts without local heating, tumor
growth in the saline-injected mice with local hyper-
thermia was slightly suppressed yet statistically in-
significant (P > 0.05; Figure 7a), indicating that the
effect of local heating was negligible. The effect of
heat cytotoxicity can be isolated by examining the
saline groups with or without local hyperthermia
treatment.**
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Combined with local heating, the thermoresponsive
lysolipid liposomes had a better antitumor activity than
the temperature-insensitive AS liposomal formulation
(P < 0.05), indicating the importance of DOX release
from the carriers. According to the in vitro drug-release
study, the amount of DOX released from the lysolipid
liposomes (70%) was significantly higher than that
from AS liposomes (5%) under mild hyperthermia
conditions (Figure 2).

In the case of the ABC liposomes combined with
local heating, tumor growth was more significantly
suppressed than that of the ABC liposomes without
heat treatment (P < 0.05). This finding reveals that the
pharmaceutical effect of the ABC liposomes at elevated
temperature (42 °C) is more efficient than at body tem-
perature since considerably more DOX molecules were
released and accumulated in tumor cells (Figure 5a,b).
Maximum therapeutic effects can only be achieved
when tumor cells are subject to maximum drug
exposure.*® Notably, the antitumor efficacy of the
thermoresposive ABC liposomes was superior to that
of lysolipid liposomes (P < 0.05). This difference is
because the extent of drug accumulation at the target

EXPERIMENTAL SECTION

Materials. DPPC, MSPC, and PEG 2000-DSPE were purchased
from Avanti Polar Lipids (Alabaster, AL, USA), while DOX was
obtained from Fisher Scientific (Waltham, MA, USA). AS, ABC,
and cholesterol were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All other chemicals and reagents used were of
analytical grade.

Liposome Preparation. Test liposomes were prepared by using
the thin-film hydration method, followed by membrane
extrusion.*’*® Briefly, lipids were dissolved in chloroform and
placed under high vacuum pressure to remove the residual
organic solvent. The lipid film was then hydrated (10 mg/mL)
with an aqueous AS (350 mM) or ABC (2.7 M) solution via
sonication at room temperature, followed by sequential extru-
sions through 800, 400, 200, and 100 nm polycarbonate filters
(six times each) for size control at room temperature. The lipid
recovery rate following multiple extrusions was approximately
90%, determined by a lipid phosphate assay.*® The free AS or
ABC was removed by dialyzing against 10 wt % sucrose solution
with 5 mM NaCl. DOX was subsequently mixed with the
liposome suspension at a drug/lipid ratio of 0.05 (w/w) and
maintained at room temperature for 24 h. Finally, liposomes
were passed through another G-50 column (GE Healthcare,
Buckinghamshire, UK) to remove the unencapsulated DOX.

Characterization of Test Liposomes. The particle size, polydisper-
sity index, and zeta-potential of the test liposomes were
determined by dynamic light scattering (Zetasizer 3000HS;
Malvern Instruments, Worcestershire, UK). The encapsulated
DOX concentration in each liposomal formulation was mea-
sured using fluorescence measurements (Spex FluoroMax-3;
Horiba Jobin Yvon, Edison, NJ, USA) after destroying the lipo-
somes with Triton X-100. Finally, T,, of the lipid membranes was
evaluated with a DSC (Q2000 DSC; TA Instruments, USA) during
heating at 1 °C/min from 20 to 70 °C.>°

In Vitro Release of DOX from Test Liposomes. DOX release profiles
were obtained by immersing the test liposomes (10 mg/mL,
50 ul) in quartz cells containing 1 mL of PBS. The amount of
DOX released from the test liposomes at 37 or 42 °C was
determined by measuring its fluorescence intensity at 485 nm
using a fluorescence spectrometer at various time intervals.
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tumor delivered by the ABC liposomes was higher than
that via the lysolipid liposomes, as demonstrated in our
biodistribution study (Figure 3a,b).

The body weight of test mice was also evaluated
since it reflects the general toxicity of different delivery
formulations.*® The mice receiving the lysolipid lipo-
somes had a significantly higher toxicity (or lost more
original body weight) than those treated with the AS or
ABC liposomes (Figure 7b). Analytical results demon-
strate that the ABC liposomes, with their greater kinetic
stability, delivered DOX to the tumor more effectively
than the lysolipid formulation, thereby reducing the
toxicity caused by the nonspecificity of DOX.

CONCLUSIONS

This study demonstrates the feasibility of using the
proposed bubble-generating ABC liposomal system to
release drugs locally under mild hyperthermia. The
proposed system can also significantly improve DOX
accumulation in tumor tissues. The highly thermo-
responsive properties of the ABC liposomes con-
tribute to efforts to establish effective tumor-selective
chemotherapy.

Upon completion of each measurement, 5 uL of a 10% v/v
solution of Triton X-100 was added to a 1 mL solution in order to
disrupt the test liposomes. The percentage of DOX released was
calculated as (I, — Ip)/(lhoo — lp) X 100%, in which /I, denotes
fluorescence intensity at a specific time (t); lp represents fluo-
rescence intensity at t = 0; and /oo refers to fluorescence
intensity after adding Triton X-100.>°

Animals and Tumor Cells. Nude mice (BALB/cAnN.Cg-Foxn1nu/
CrINarl, 6—8 weeks old) were purchased from the National
Laboratory Animal Center, Taiwan. Use and care of experimen-
tal animals were in compliance with the “Guide for the Care and
Use of Laboratory Animals” prepared by the Institute of Labora-
tory Animal Resources, National Research Council and pub-
lished by the National Academy Press in 1996, and approved by
the Institutional Animal Care and Use Committee of National
Tsing Hua University (Protocol No. 10177). The human lung
cancer cell line H460 was obtained from the Bioresource
Collection and Research Center, Food Industry Research and
Development Institute, Hsinchu, Taiwan. The H460 cells were
maintained in RPMI 1640 medium supplemented with 10% fetal
bovine serum, pH 7.4 at 37 °C in a humidified incubation
chamber with 5% CO,. Finally, the H460 cells were implanted
subcutaneously (5 x 10° cells in 50 mL of PBS) in the right flank
region of athymic nude mice and grown for approximately
18 days to an average volume of 200 mm?3>'

SPECT/CT Imaging. Details of the methods to prepare the
9MTc-liposomes can be found elsewhere.? SPECT/CT imaging
was performed on a NanoSPECT/CT small-animal scanner
equipped with four 1.5 mm multipinhole collimators (Bioscan,
Washington, DC. USA). Test tumor-bearing mice were injected
intravenously with “°™Tc-lysolipid liposomes, “*™Tc-AS lipo-
somes, or °™Tc-ABC liposomes (n = 3 in each group, 300 uCi/
100 uL, 100 ulL); the SPECT/CT images were then taken at the
desired time points. Finally, the strengths of radioactivity accu-
mulated in internal organs were examined by using an image
analysis software (PMOD Technologies, Zurich, Switzerland) and
expressed as percentage of injected dose per milliliter (% ID/mL).

Plasma Stability Assay. Following incubation of the DOX-
loaded liposomes with rat whole blood (Sprague—Dawley,
6—8 weeks old) at various time intervals at 37 °C, blood cells

VOL.8 = NO.5 = 5105-5115 = 2014 K@N&NJK)\

WWwWW.acsnano.org

WL

5113



were first separated from plasma by centrifugation. The plasma
samples were then passed through G-50 columns to separate
free DOX released from liposomes. To disrupt the test liposomes
and evaluate the DOX plasma level, 10 uL plasma was diluted
with 990 uL acidified isopropyl alcohol, and the mixture was
incubated overnight at 4 °Cin darkness. The samples were then
centrifuged for 10 min at 12 000g. Finally, fluorescence intensity
of the solution was monitored with a fluorescence spectro-
meter, which was expressed as a percentage of DOX retained in
test liposomes.™
In Vivo DOX Accumulation. Test AS and ABC liposomes were
individually injected intravenously via the tail vein in mice
bearing H460 tumors. At 4 h after treatments, mice were
sacrificed, and their organs and tumors were harvested and
visualized by an IVIS imaging system (Xenogen, Alameda, CA,
USA). An aqueous solution (10 mL) containing deionized water
and ethanol (50/50 by v/v) was subsequently added to each test
tissue. The mixture was then homogenized and centrifuged at
14000 rpm for 30 min; the supernatant was lyophilized and
resuspended in 1T mL of deionized water. Finally, the fluores-
cence intensity of the solution was determined using a spectro-
fluorometer (F-2500, Hitachi, Tokyo, Japan).
Ultrasound/Fluorescence Imaging of Tumor Tissues. Tumor-bearing
mice were anesthetized using pentobarbital and placed on a
warm mat with 42 °C circulating water for 10 min prior to the
experiment.? The nude mice were then intratumorally injected
with a 10 uL ABC liposome suspension (10 mg/mL) before
ultrasound examination; the AS liposomes were a control (n = 3
in each group). Ultrasound imaging was performed with a
dedicated small-animal high spatial resolution imaging system
(Vevo 2100; VisualSonics, Toronto, Canada). An 18 MHz linear
transducer (gain = 25 dB; frame rate = 25 Hz; dynamic range = 25
dB) was attached on a rail system. Real-time imaging was obtained
at a frame rate of 10 Hz> After treatment, mice were sacrificed
and their tumors were harvested and frozen at —80 °C until further
sectioning. Accumulation of DOX in tumors was visualized by
fluorescence microscopy (Axio Observer; Carl Zeiss, Jena,
Germany) of frozen tissues cryo-sectioned at 5—7 um thicknesses.
Antitumor Efficacy Study. Test liposomes encapsulating DOX
were injected intravenously via the tail vein (5 mg/kg/week) for
3 weeks (n = 6 in each group) in mice bearing tumors. Tumor
volume and body weight were measured at regular intervals.
Tumor size was identified with a caliper. Tumor volume was
calculated using the following equation: V = (71/6) x LW?, where
L denotes long diameter and W represents short diameter.>*
Statistical Analysis. All results are presented as mean =+ SD.
Student t test was performed to compare the mean of two
groups. A comparison of more than two groups was analyzed by
one-way ANOVA followed by Bonferroni post hoc test. Differ-
ences were considered statistically significant when P < 0.05.
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