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ABSTRACT

Recent research in chemotherapy has prioritized overcoming the multidrug resistance (MDR) of cancer cells. In
this work, liposomes that contain doxorubicin (DOX) and ammonium bicarbonate (ABC, a bubble-generating
agent) are prepared and functionalized with an antinucleolin aptamer (AS1411 liposomes) to target DOX-
resistant breast cancer cells (MCF-7/ADR), which overexpress nucleolin receptors. Free DOX and liposomes with-
out functionalization with AS1411 (plain liposomes) were used as controls. The results of molecular dynamic
simulations suggest that AS1411 functionalization may promote the affinity and specific binding of liposomes
to the nucleolin receptors, enhancing their subsequent uptake by tumor cells, whereas plain liposomes enter
cells with difficulty. Upon mild heating, the decomposition of ABC that is encapsulated in the liposomes enables
the immediate activation of generation of CO, bubbles, creating permeable defects in their lipid bilayers, and ul-
timately facilitating the swift intracellular release of DOX. In vivo studies in nude mice that bear tumors demon-
strate that the active targeting of AS1411 liposomes can substantially increase the accumulation of DOX in the
tumor tissues relative to free DOX or passively targeted plain liposomes, inhibiting tumor growth and reducing
systemic side effects, including cardiotoxicity. The above findings indicate that liposomes that are functionalized
with AS1411 represent an attractive therapeutic alternative for overcoming the MDR effect, and support a poten-
tially effective strategy for cancer therapy.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Despite its high antitumor activity, the effectiveness of doxorubicin
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(DOX) is severely limited by the development of the multidrug resis-
tance (MDR) of cancer cells that arises from the overexpression of
their plasma membrane P-glycoprotein (P-gp) transporters, which ac-
tively increases the drug efflux [1]. One strategy for solving this problem
is to bypass the efflux-mediated MDR effect by conjugating a targeting
ligand onto the surface of the delivery vehicles so that they can be
taken up by the tumor cells via receptor-mediated endocytosis.
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Liposomes that incorporate with polyethylene glycol (PEG)-
conjugated lipids have been used as a stable vehicle for carrying DOX
(i.e. the Doxil® formulation) for the treatment of various cancers
[2-5]. PEGylation has been shown to help prevent the rapid clearance
of liposomes by the reticuloendothelial system and prolong their
blood circulation time [6]. Systemically administered vehicles must
firstly flow through the vasculature towards the tumor and then extrav-
asate via the enhanced permeability and retention (EPR) effect [7],
eventually accumulating within the tumor. However, the release of
the drug from the Doxil® formulation is typically slow (<10% in 24 h),
owing to the lack of a triggering mechanism, considerably limiting its
cytotoxic effects on tumor cells [8-10].

To address the above concern, our group has recently developed a
thermoresponsive liposomal system that can locally control and rapidly
trigger drug release [11]. The key component of this liposomal system is
its encapsulated ammonium bicarbonate (ABC; NH4HCO3), which can
be used to establish the transmembrane gradient that is required for
the highly efficient encapsulation of DOX by remote-loading [12]. Fur-
thermore, upon mild hyperthermia at approximately 42 °C, the ABC
that is encapsulated in the aqueous compartment of liposomes decom-
poses rapidly to generate CO, bubbles, converting the liposome mem-
branes into permeable defects, which yield a high drug concentration
at the tumor interstitium. Clinically, local hyperthermia may be
produced by ultrasound energy, microwave, radiofrequency, or using
magnetic hyperthermia [13]. After diffusing into tumor cells and
eventually entering the cell nuclei, DOX molecules bind strongly to
nuclear DNA, killing the cells. Notably, most normal tissues remain
unhurt following treatment for 1 h at temperatures up to 44 °C [14].
The results of our previous animal study demonstrated that these
thermoresponsive ABC liposomes exhibited greater antitumor activity
than the temperature-insensitive liposomes that resemble the Doxil®
formulation, revealing the importance of the intratumoral release of
DOX from the delivery vehicles.

In this work, liposomes that contain DOX hydrochloride and ABC are
prepared and functionalized with an antinucleolin aptamer (AS1411)
for targeting DOX-resistant MCF-7 breast cancer cells (MCF-7/ADR)
that overexpress nucleolin receptors [15]. AS1411 is a 26-nucleotide
guanosine-rich DNA aptamer that can bind to the nucleolin proteins

on tumor cells and enter those cells when the nucleolin receptors are
shuttled from the plasma membrane into the cytoplasm [16]. Once the
liposomes have been internalized by the cancer cells, local heating gen-
erates CO, bubbles by the decomposition of ABC, rapidly triggering the
release of DOX from the liposomal carriers. The rapid intracellular
drug release significantly increases the amount of subsequently accu-
mulated DOX in the nuclei beyond the threshold to kill the cancer
cells (Scheme 1).

AS1411-functionalized liposomes (AS1411 liposomes) were charac-
terized using dynamic light scattering (DLS) and ultrasonography; their
drug release behavior, receptor-mediated cellular uptake, intracellular
trafficking, and subsequent accumulation of DOX were examined
in vitro by fluorescence microscopy, molecular dynamic (MD) simula-
tions, flow cytometry, and confocal laser scanning microscopy (CLSM),
respectively. The liposomes without functionalization with AS1411
(plain liposomes) served as a control. Following the establishment of
an MCF-7/ADR xenograft model in athymic nude mice, the in vivo
drug accumulation of each test liposomal formulation at the tumor
site and its therapeutic efficacy against locally heated tumors were
investigated.

2. Materials and methods
2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC) and polyethylene glycol
2000-distearoylphosphatidylethanolamine (PEG 2000-DSPE) were pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA); DOX was obtained
from Fisher Scientific (Waltham, MA, USA), and ABC and cholesterol
were acquired from Sigma-Aldrich (St. Louis, MO, USA). The DOX-
resistant MCF-7/ADR cell line was obtained from the Biomedical Tech-
nology and Device Research Laboratories, Hsinchu, Taiwan. All other
chemicals and reagents used were of analytical grade.

2.2. Preparation of test liposomes

In this work, test liposomes were prepared by film hydration
followed by sequential extrusion. To prepare the liposomes without

AS1411 Liposome

AS1411 Binding to Nucleolin
|

e

¢,

normal tissue

.—o—j

©=2Z DPPC
©® ABC

~as~ Cholesterol
@ DOX

1

I
receptor-mediated hyperthermia)
endocytosis treatment

_______,é_________

~

' A
NHHCO .y 2> NHy,p + H,0p + COy)

Scheme 1. Schematic illustrations displaying the structure of an AS1411 liposome and its specific binding to nucleolin on cell surface, subsequent receptor-mediated endocytosis, and
intracellular DOX accumulation activated by formation of CO, bubbles via thermal decomposition of encapsulated ABC. Consequent cytotoxicity inhibits growth of tumor cells. A TEM
micrograph of the AS1411 liposomes is also included.
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functionalization with AS1411 (plain liposomes), DPPC, cholesterol and
PEG 2000-DSPE in a molar ratio of 60:40:5 were dissolved in chloroform
and placed in a high vacuum to remove the residual organic solvent. The
lipid film thus obtained was then hydrated using an aqueous ABC solu-
tion (2.7 M) via sonication at room temperature, which was followed by
sequential extrusions at room temperature to control the size of the ob-
tained liposomes [17]. Our previously conducted small-angle X-ray
scattering analysis indicated that the as-prepared liposomes were
multilamellar vesicles with two or three lamellae [11].

To prepare the test liposomes that were functionalized with AS1411
(AS1411 liposomes), thiol-containing AS1411 was firstly conjugated to
maleimide-PEG 2000-DSPE, in a 1:5 molar ratio, via the formation of a
thioether linkage [18]. The unreacted AS1411 was removed by five
rounds of centrifugation using a membrane ultrafiltration filter tube
(Vivaspin 2, MWCO: 3 kDa; GE Healthcare, Buckinghamshire, UK). The
purified conjugates self-assembled into spherical micelles. These mi-
celles were then incubated with the above-mentioned plain liposomes
(in a 1:5 molar ratio of maleimide-PEG 2000-DSPE:PEG 2000-DSPE)
under sonication at room temperature for 30 min, allowing the micelle
components to be exchanged into the liposome bilayers [19].

To load the drug, DOX was mixed with the as-prepared liposomal
suspensions at a drug-to-lipid ratio of 0.05 (by w/w), which was main-
tained at room temperature for 24 h. The drug-loaded liposomes were
then passed through a G-25 column (GE Healthcare) to remove the
unencapsulated DOX.

2.3. Characterization of test liposomes

The mean particle size and zeta potential of the plain and AS1411 li-
posomes were measured by DLS (Zetasizer 3000HS; Malvern Instru-
ments, Worcestershire, UK), while the DOX encapsulation efficiency
and content in each test formulation were determined by making fluo-
rescence measurements (Spex FluoroMax-3; Horiba Jobin Yvon, Edison,
NJ, USA) after the test liposomes had been destroyed with Triton X-100.
The thermoresponsive characteristics of test liposomes were elucidated
by examining the formation of CO, bubbles in a test tube that contained
the liposomes in phosphate-buffered saline (PBS, pH 7.4) at body
(37 °C) and hyperthermic temperatures (42 °C). The test tubes that
contained the samples were immersed in a water-filled tank, and the
generation of CO, bubbles was studied using an ultrasound imaging sys-
tem (Z-one, Zonare; Mountain View, CA, USA).

The DOX release profiles were obtained by immersing the test lipo-
somes (10 mg/mL, 50 uL) in quartz cells that contained 1 mL PBS, which
were gently shaken in a thermostatic rotary shaker at 100 rpm and 37 °C
or 42 °C. Samples were removed at predetermined intervals, and an
equal amount of the same medium was added to maintain a constant
volume. The amount of DOX released from the test liposomes was ana-
lyzed using fluorescence spectrometry.

2.4. MD simulations of molecular interactions of AS1411 and nucleolin

MD simulations of the interactions between AS1411 and the
nucleolin receptor on the plasma membrane were conducted using
the program NAMD with parameters adapted from those of the
CHARMM 27 force field [20,21], and the binding energy of AS1411 and
the receptor was determined by performing geometrical route simula-
tions [22]. The details of the procedure can be found in our earlier
publication [23].

2.5. Receptor-mediated cellular uptake

MCF-7/ADR cells were maintained in Eagle's medium that was sup-
plemented with 10% fetal bovine serum, 1% L-glutamine, and 1% penicil-
lin streptomycin at pH 7.4 and 37 °Cin a humidified incubation chamber
with 5% CO,. The receptor-mediated cellular uptake of test liposomes
was analyzed by flow cytometry. The cells were treated with the DiO-

labeled plain or AS1411-functionalized liposomes. Following incubation
for predetermined periods at 37 °C, test samples were aspirated. To ver-
ify that the receptor-mediated endocytosis was mainly responsible for
the cellular uptake of AS1411 liposomes, a competitive assay in which
free AS1411 was pre-incubated with MCF-7/ADR cells prior to treat-
ment with the test liposomes, was conducted. The cells were then
carefully washed three times by pre-warmed PBS, fixed in 4% parafor-
maldehyde, and detached by 0.025% trypsin/EDTA. Finally, the detached
cells were introduced into a flow cytometer that was equipped with a
488 nm argon laser (Beckman Coulter, Fullerton, CA, USA) to determine
their uptake of the fluorescence-labeled liposomes.

2.6. Intracellular trafficking of test liposomes, accumulation of DOX, and
cytotoxicity

To monitor the intracellular trafficking of drug carriers, MCF-7/ADR
cells were seeded in 35 mm dishes with a cover-slip glass bottom
(1.5 x 10° cells/dish) and incubated overnight. Next, the cells were
rinsed twice with culture medium and treated with the DiO-labeled
AS1411 liposomes (1 mg/mL). After they had been incubated again for
predetermined durations, the cells were washed twice with PBS before
being fixed in 4% paraformaldehyde. The fixed cells were then examined
using immunohistochemical staining to identify nucleolin, endosomes
(EEA1), and lysosomes (LAMP2) and they were counterstained by
DAPI to visualize the nuclei, before being observed with a CLSM (Zeiss
LSM780, Carl Zeiss, Jena GmbH, Germany).

To evaluate the intracellular DOX accumulation, MCF-7/ADR cells
were treated with the test liposomes at both temperatures (37 °C and
42 °C). Following incubation, the cells were washed twice with pre-
warmed PBS and then fixed in 4% paraformaldehyde. The intracellular
accumulation of DOX was studied using CLSM. Additionally, the amount
of DOX accumulated in cells was quantified by flow cytometry, and their
cell viability was determined by the MTT assay [24].

2.7. Animal model

Nude mice (BALB/cAnN.Cg-Foxn1nu/CrINarl, 6-8 weeks old) were
acquired from the National Laboratory Animal Center, Taiwan. Use
and the care of experimental animals were in compliance with the
“Guide for the Care and Use of Laboratory Animals”, prepared by the In-
stitute of Laboratory Animal Resources, National Research Council, and
published by the National Academy Press. The Institutional Animal
Care and Use Committee of National Tsing Hua University approved
the study protocol (no. 10177). The MCF-7/ADR cells (5 x 10° cells
in 100 pL Matrigel; BD Biosciences, Franklin Lakes, NJ) were im-
planted subcutaneously in the left flank region of athymic nude
mice [25].

2.8. In vivo DOX accumulation and its antitumor efficacy

When the tumors had grown to a mean volume of around 200 mm?>,
the mice were divided into six groups and each was injected intrave-
nously in the tail under one of the following experimental conditions
(n = 6 per group): no treatment (untreated control); free DOX; plain li-
posomes alone; plain liposomes + hyperthermia treatment (42 °C);
AS1411 liposomes alone; or AS1411 liposomes + hyperthermia treat-
ment. In the hyperthermically treated groups, at 4 h following intrave-
nous injection, the tumor site was locally heated to 42 °C. A circulation
time of approximately 4 h has been reported to be ideal for liposomes
to allow them accumulating in a tumor through the EPR effect [26].
The dose of DOX under each test condition was 0.2 mg per kg body
weight once every 4 days for four times. Local hyperthermia treatment
was performed using a temperature-controller water mat. Periods of
hyperthermia (10 min) were alternated with 5 min cooling periods
three times. At 4 h after the treatment, the mice were sacrificed, and
their organs and tumors were harvested and visualized using an
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in vivo imaging system (IVIS; Xenogen, Alameda, CA, USA) to monitor
qualitatively the in vivo DOX accumulation. An aqueous solution
(10 mL) containing deionized water and ethanol (50:50 v/v) was
added to each test tissue. The mixture was then homogenized and cen-
trifuged at 14,000 rpm for 30 min; the supernatant was lyophilized and
resuspended in 1 mL deionized water. Finally, the fluorescence intensity
of the solution was quantified using a spectrofluorometer (F-2500;
Hitachi, Tokyo, Japan).

To evaluate the antitumor efficacy for each treatment modality, the
above process was repeated every four days and a total of four treat-
ments were conducted. The tumor sizes and body weights of each test
group were measured every other day and normalized to their initial
values. Tumor size was determined using a caliper, and tumor volume
was calculated using the following equation: V = (m / 6) x LW?,
where L denotes the long diameter and W represents the short diameter
[27].

At the end of the repeated treatments, the mice were fasted over-
night and then anesthetized with isoflurane (2% in 100% O,), before
being injected with 0.32 mCi '8F-fluorodeoxyglucose (®F-FDG) in
100 L of saline via the tail vein. A 10 min image acquisition was carried
out 1 h after '8F-FDG injection using a positron emission tomographic
(PET) scanner (Inveon™, Siemens Medical Solutions, Knoxville, TN,
USA). Finally, the mice were sacrificed, and the tumor tissues were re-
trieved and fixed in 4% neutral buffered formalin, embedded in paraffin,
sectioned, and stained with hematoxylin-eosin (H&E). TUNEL assays
were performed using an in situ cell death detection kit (Roche Diagnos-
tics GmbH, Mannheim, Germany).

2.9. Statistical analysis

All results are presented as mean + SD. The Student t test was con-
ducted to compare the means of pairs of groups. Comparisons of more
than two groups were made by one-way ANOVA followed by the
Bonferroni post hoc test. Differences were considered to be statistically
significant when P < 0.05.

3. Results and discussion

Recent research in chemotherapy has strongly prioritized mitigating
the MDR effect in cancer cells, which is responsible for the high recur-
rence rate in chemotherapy and its ultimate failure. Accordingly, a lipo-
somal formulation whose surface is functionalized with a DNA aptamer
(AS1411) is developed herein. The surface-functionalized AS1411 can
bind to nucleolin, a receptor protein that is overexpressed on the plasma
membrane of some drug-resistant tumor cells (such as MCF-7/ADR
cells), enhancing their uptake of liposomes; it therefore has the advan-
tages of bypassing the P-gp-mediated drug efflux and reducing the MDR
effect of cancer cells. To trigger a rapid drug release in cells, a
thermoresponsive bubble-generating agent, ABC, is also encapsulated
in the aqueous core of AS1411 liposomes. This study evaluates the effec-
tiveness of AS1411-functionalized liposomes in binding to the nucleolin
receptors of MCF-7/ADR cells and their ability to deliver DOX intracellu-
larly to build up a concentration that exceeds the cell-killing threshold.
Plain liposome counterparts, without functionalization with AS1411,
are used as a control.

Table 1

3.1. Characteristics of test liposomes

DLS was used to evaluate the sizes and surface potentials of the as-
prepared liposomes. AS1411 conjugation increased liposome size
(P<0.05; Table 1), suggesting that the presence of an additional hydro-
philic molecule on the liposomal surface increased the hydrodynamic
radius. Meanwhile, the negatively charged DNA aptamer reduced the
surface potential of the liposomes (P < 0.05). The remote-loading tech-
nique, which exploits the transmembrane gradient of ABC [25], revealed
an efficient and stable loading of DOX (>90% encapsulation efficiency)
into the aqueous compartment of each test liposomal formulation. Fur-
thermore, both test liposomes contained the same concentration of
DOX (P> 0.05), which was approximately 100 times the saturated con-
centration of DOX in water.

ABC is utilized as a raising agent in the food industry to produce gas
bubbles in baked goods [28]. Heating (>40 °C) causes ABC to decompose
rapidly into water, ammonia, and CO, bubbles [29,30]. Since gas bubbles
are hyperechogenic [31], the generation of CO, bubbles from the test li-
posomes that contain ABC can be observed using an ultrasound imaging
system. When stored at 4 °C, no CO, bubbles were observed from the
plain and AS1411 liposomes for at least 4 weeks. According to Fig. 1a,
a few CO, bubbles were detected in the samples of both test liposomes
at 37 °C (body temperature), while a large number of CO, bubbles were
observed immediately following heating of the environmental temper-
ature of the liposomes to 42 °C (hyperthermic temperature). These ex-
perimental results reveal that both plain and AS1411 liposomes
underwent a unique temperature-induced change by the thermal de-
composition of their encapsulated ABC, enabling the immediate forma-
tion of CO, bubbles, which created permeable defects in the lipid
bilayers of the liposomes, ultimately facilitating the swift local release
of DOX.

Fig. 1b presents the in vitro DOX release profiles of the plain and
AS1411 liposomes at both test temperatures, which were obtained by
measuring the increases in the fluorescence intensities of DOX in PBS
over time. At 37 °C, the amounts of DOX that were released from both
test liposomes were relatively low; however, when the local tempera-
ture was increased to 42 °C, significant amounts of encapsulated DOX
were quickly released. These results indicate that both plain and
AS14111 liposomes were relatively stable at body temperature. Howev-
er, when the environmental temperature was raised, the liposomes re-
leased the drug extremely fast, yielding a high local drug concentration.
Notably, the amount of DOX that was released from the AS1411 lipo-
somes was relatively higher than the plain liposomes, suggesting that
the surface-bound hydrophilic aptamer made the liposomes slightly un-
stable. Similar findings have been reported elsewhere [32].

3.2. MD simulations of binding of test liposomes to nucleolin

AS1411 is known to bind to nucleolin with high affinity; however,
the corresponding molecular interactions are still not well understood.
MD simulations were conducted to elucidate the mechanism by which
the liposome with or without AS1411 interacts with the nucleolin on
the plasma membrane. Fig. 2 shows pictures of complexes of the two
interacting molecules at the atomic resolution, and Table 2 presents
their corresponding binding energies. The formation of a stable DNA
(AS1411)-protein (nucleolin) complex depends on a negative binding

Characteristics of plain and AS1411 liposomes. Data are presented as mean =+ SD (n = 6 in each group). Encapsulation efficiency: (mass of DOX in liposomes / mass of DOX in initial

solution) x 100%; encapsulation content: (mass of DOX in liposomes / mass of lipids) x 100%.

Test samples Diameter (nm)

Zeta potential (mV)

Encapsulation efficiency (%) Encapsulation content (%)

127.1 £31.8
1722 +£43.9

0.5+ 0.1
—78+33

Plain liposomes
AS1411 liposomes

96.2 + 6.1
92.1 + 4.7

48 +£03
4.6+ 02




46 Z.-X. Liao et al. / Journal of Controlled Release 208 (2015) 42-51

-©-Plain Lips at 37 °C
-5-AS1411 Lips at 37 C

-8~Plain Lips at 42 C
-8-AS1411 Lips at42 C

37°C 42
o | 100
Q 0
e
£ £
) 8 60
3
[T}
¥ 40
>
8 20

(n=6)

AS1411 Lips

Time (h)

Fig. 1. (a) Ultrasound images of plain and AS1411 liposomes (lips) suspended in aqueous media, maintained at body temperature (37 °C) or hyperthermic temperature (42 °C),

(b) corresponding in vitro release profiles of DOX.

energy, and a more negative binding energy corresponds to an increase
in binding affinity [33].

According to Table 2, the binding energy for the PEG-nucleolin com-
plex was slightly negative, suggesting that the interaction between the
plain liposome and the nucleolin receptor was not that favorable. In
contrast, the AS1411-nucleolin complex had the largest negative bind-
ing energy of any of the investigated complexes, suggesting that the

interaction between the AS1411 liposome and the nucleolin protein
would be the most spontaneous and stable, as confirmed by the MD
simulation results. (See Supplementary Video.) AS1411 has a stable G-
quadruplex structure, allowing it to bind to its target protein with
high affinity and specificity [34]. Following pretreatment with AS1411,
the negatively charged DNA aptamer blocked the nucleolin receptor
on the plasma membrane, which thus became inaccessible to the

PEG—Membrane

-

Cell Membrane

PEG

S Y
AS1411 Nucleolin

Fig. 2. (a) Results of molecular dynamic simulations, showing conformation of two interacting test molecules.
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Table 2
Binding energies (kcal/mol) of molecular interactions between two test mole-
cules, determined by geometrical route simulations.

Test samples Binding energy

PEG-membrane —544+08
PEG-nucleolin —27.8 £27.2
AS1411-membrane —51.6 +22.8
AS1411-nucleolin —1711.0 + 36.9
AS1411-blocked nucleolin 60.5 + 5.6

AS1411 liposome (negatively charged, as shown in Table 1), as revealed
by the positive binding energy. The above results indicate that AS1411
may promote the high affinity and specific binding of test liposomes
to nucleolin receptors, enhancing their subsequent cellular uptake via
a receptor-mediated endocytosis pathway.

3.3. Receptor-mediated cellular uptake of AS1411-functionalized liposomes

After binding to the cell surface receptors, aptamers and their conju-
gated drug vehicles undergo endocytosis [35]. The possible role of
AS1411 in the receptor-mediated cellular uptake of test liposomes
was also explored in the study. The fluorescent intensities of the cells
that internalized the DiO-labeled plain or AS1411 liposomes were quan-
tified by flow cytometry. Based on Fig. 3a, the observed intensity of fluo-
rescence in the group that had been treated with the plain liposomes
was minimal throughout the study, suggesting that the plain liposomes
that contained PEG 2000-DSPE had difficulty in entering the tumor cells.
As is well known, the incorporation of PEG-lipids prolongs the circula-
tion half-life of liposomes but inhibits their cellular uptake [36,37].
Hence, upon hyperthermia treatment, the release of DOX from the
plain liposomes is mostly extracellular. Like free DOX, the extracellular
release of DOX at the drug-resistant tumor site may be prone to the
MDR effect, and an effective dose may not be deliverable intracellularly.

Conversely, the group receiving the AS1411-functionalized lipo-
somes produced an increased fluorescent intensity as incubation
progressed, revealing a considerably greater cellular uptake which is es-
sential to enhance the intracellular drug concentration. Following the
pretreatment of the cells with AS1411 (blocking their plasma mem-
brane nucleolin), the extent of the cellular uptake of AS1411 liposomes
became similar to that of plain liposomes (P> 0.05). These experimental
results demonstrate that conjugating AS1411 can significantly augment
the internalization of test liposomes, most likely via the nucleolin
receptor-mediated endocytosis pathway.

250 N.S.
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Lomn |
—_ mAS1411 Lips
= 200 . .
© mAS1411 Lips (Blocked Nucleolin)
> (n=6)
g 150 1 N.S.
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Time (h)

Fig. 3. Fluorescent intensities of MCF-7/ADR cells after they had been incubated with DiO-
labeled plain or AS1411 liposomes (lips) for predetermined durations, revealing extent of
cellular uptake; results for cells that had been pretreated with AS1411 to block nucleolin
membrane protein are also presented. N.S.: statistically insignificant; *statistical signifi-
cance at a level of P < 0.05.

3.4. Intracellular trafficking of internalized AS1411 liposomes, accumula-
tion of DOX, and cytotoxicity

The intracellular trafficking of the internalized particles was tracked
by the co-localization of intracellular organelles and the AS1411 lipo-
somes that had been labeled with DiO, which served as a fluorescence
probe to locate the test liposomes. The results thus obtained suggest
that AS1411-functionalized liposomes entered the cells after binding
to the nucleolin receptors at 10 min post-culture and transported to
early endosomes (EEA1) at 20 min and, finally, to lysosomes (LAMP2)
at 30 min (Fig. 4a).

The kinetics of the DOX accumulation in cells treated with the
AS1411 liposomes was also visualized by CLSM. As time passed, faint
red fluorescence signals (DOX) were detected in the nuclear region of
the MCF-7/ADR cells at 37 °C (Fig. 4b). In the absence of an external trig-
gering mechanism, the drug may be released from a liposomal carrier by
degrading the carrier in the late endosome or lysosome, and this process
is typically quite slow [38]. In contrast, subsequent to local hyperther-
mia treatment at 42 °C, a significant amount of DOX rapidly accumulat-
ed in the cell nuclei, and this process was activated by the formation of
CO, bubbles via the thermal decomposition of the encapsulated ABC.

Analyzed by flow cytometry, the quantitative results of DOX accu-
mulated in MCF-7/ADR cells that had been treated with free DOX,
plain liposomes or AS1411 liposomes are summarized in Fig. 4c. As
compared to the untreated control, the DOX fluorescence intensities
accumulated in the cells receiving free DOX or plain liposomes were
relatively low at both test temperatures, reflecting the drug efflux by
the P-gp transporters. Conversely, the accumulation of DOX in the
cells treated with the AS1411 liposomes at hyperthermic temperature
increased remarkably (P < 0.05). Above results indicate that AS1411 li-
posomes were less susceptible to the P-gp-mediated drug efflux and
thus can assist DOX accumulation in the cell nuclei, where it has its cy-
totoxic effect [39]. After treatments, the mitochondrial activity of living
cells was measured by the MTT assay. According to Fig. 4d, the cell via-
bility declined significantly when treating of the AS1411 liposomes with
local heating (P < 0.05).

3.5. In vivo DOX accumulation

The accumulation of DOX in tissues following an intravenous injec-
tion of free DOX, plain liposomes, or AS1411 liposomes via the tail
veins of tumor-bearing mice was examined. Following treatment, the
mice were sacrificed, and their organs, including the tumors, were har-
vested and then visualized using an IVIS system (Fig. 5a). The intensities
of their fluorescence were quantified using a spectrofluorometer
(Fig. 5b).

The tumors that received free DOX yielded much weaker DOX fluo-
rescence signals than did those treated with the plain or AS1411 lipo-
somes. Only the hearts of the free DOX-treated animals yielded a
detectable DOX signal, perhaps reflecting unacceptable cardiotoxicity
[40]. The DOX signals from the tumors in mice that received plain lipo-
somes at body temperature (37 °C) were relatively weak but increasing
the temperature of the tumor enhanced the intensity of its DOX fluores-
cence. The tumors in the groups that were treated with AS1411
liposomes yielded significantly stronger DOX signals at both test tem-
peratures, and especially when heated locally (P < 0.05). These findings
suggest that AS1411 liposomes were successfully delivered to the tumor
tissues and, upon mild heating, decomposition of their encapsulated
ABC facilitated the immediate thermal formation of CO, bubbles, lead-
ing to a possible intracellular accumulation of DOX.

3.6. Antitumor activity
Finally, the effectiveness of the various liposomal formulations in

suppressing the growth of MCF-7/ADR tumors in nude mice was ex-
plored. The group with no treatment and that received free DOX served
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as controls. Like the untreated control, free DOX exhibited minimal an-
titumor activity against the drug-resistant tumors (Fig. 6a). Treatment
with plain or AS1411 liposomes alone provided significantly less antitu-
mor efficacy than the respective treatment with local heating (P < 0.05).
Unable to release their encapsulated DOX promptly and adequately,
owing to the lack of a triggering mechanism, these stable liposomal for-
mulations had suboptimal cytotoxic effects on the tumor cells. With
mild local heating, the AS1411 liposomes suppressed tumor growth
more did the plain liposomes because the former caused more of the
drug to accumulate at the target tumor (Figs. 6a and b). Therapeutic ef-
fects are maximized only when the tumor cells are subjected to the
maximum concentration of a drug [41].

At the end of treatments, the antitumor ability of AS1411 liposomes
combined with local heating was further examined using a PET scanner
and by histological analyses of tumor sections. F-FDG has been exten-
sively employed as a contrast agent for the PET imaging of tumors [42].

The uptake of '8F-FDG by tumor tissue depends on its metabolic activity.
When tumor cells die, a decline in their '®F-FDG uptake is expected. '8F-
FDG images in Fig. 6b revealed a significant reduction in uptake by the
tumor that was treated with AS1411 liposomes with local heating
(2.81 £ 0.97% ID/g), compared to that of the untreated control
(5.45 + 0.68 ID/g) or the group that was treated with free DOX
(4.50 4+ 0.44 ID/g), revealing a reduction in metabolic activity of the
cells.

By comparison with the untreated control, tumor tissues that had
been treated with AS1411 liposomes + local heating — but not those
that received free DOX — exhibited signs of significant cell destruction,
including a low nuclear-to-cytoplasmic ratio (H&E stain) and a large
number of TUNEL-positive cells (Fig. 7). Furthermore, myofibrillar loss
and cytoplasmic vacuolization (H&E stain) with TUNEL-positive
cardiomyocytes were clearly observed in mice that had been treated
with free DOX. In contrast, little evidence of cardiomyocyte pathological
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changes in mice that received AS1411 liposomes + local hyperthermia inhibited tumor growth and reduced systemic side effects, including
treatment was obtained. These empirical data demonstrate that the en- cardiotoxicity, providing a potentially effective strategy for cancer
capsulation of DOX by AS1411 liposomes with mild local heating therapy.
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4. Conclusions

Functionalizing the surface of liposomes with an antinucleolin
aptamer (AS1411) significantly enhances their cellular uptake by cancer
cells. Encapsulating ABC, a bubble-generating agent, in their aqueous
core enables rapid drug release when triggered via local heating, mark-
edly increasing the subsequent accumulation of DOX in the cell nuclei
beyond the threshold for killing the cancer cells. The specific receptor-
mediated endocytosis together with a thermoresponsive drug release
mechanism in cells, which overcomes the MDR effect of cancer cells
that is afforded by the unique design of this liposomal formulation, re-
sult in improved therapeutic outcomes and reduced systemic toxicity.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2015.01.032.
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