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ABSTRACT: The microwave and temperature sensitive liposomes
were fabricated successfully from 1,2-dipalmityol-sn-glycero-3-phosphocholine (DPPC), cholesterol, and 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000
(DSPE-PEG2000) with a molar ratio of 4:1:0.26 by co-encapsulating
NaCl and doxorubicin (DOX) through the thin-ﬁlm hydration
method to externally manipulate drug release at a predetermined
location in the body at a desired time in the right dosage for
combination microwave hyperthermia and chemotherapy of cancer to
aﬀord a synergistic therapeutic eﬀect. It was found that the
conﬁnement of the high concentration of NaCl ions inside the
small size of the liposomes led to a more-rapid temperature elevation
than the dissociative ions upon microwave treatment. More than
67.6% doxorubicin was released from the DOX and NaCl co-loaded liposomes (DOX&NaCl@liposomes) upon microwave
irradiation for 2 min. After incubation with 2 mg/mL DOX&NaCl@liposomes for 4 h followed by treatment with microwave for
2 min, the inhibition rate of human breast cancer cell MDA-MB-231 was evaluated as 76.1%, much higher than that for NaCl@
liposomes (29.8%) and DOX@liposomes (40.2%). The tumor growth inhibition was evaluated to be 73.4% after intravenous
injection of DOX&NaCl@liposomes followed by microwave irradiation, much higher than that with only NaCl@liposomes
(41.5%) or DOX@liposomes (45.5%) combined with microwave irradiation. Therefore, DOX&NaCl@liposomes could serve as
a promising thermochemotherapy nanomedicine for cancer treatment because of its excellent microwave susceptible property
and good biocompatibility.

■

INTRODUCTION
Nanoparticle (NP) anticancer drug delivery promises a
disruptive technology to improve cancer therapeutic eﬃcacies
and reduce side eﬀects.1−8 Unfortunately, a majority of
monotherapy nanomedicines have failed to obtain better
chemotherapeutic outcomes than conventional chemotherapy
in human clinical trials in spite of promising preclinical eﬃcacy
results.9,10 To address this issue, recent eﬀorts have been
devoted to design combination nanomedicines rationally to
accommodate the multiple drugs or therapeutic modalities with
temporally controlled release to aﬀord synergistic therapeutic
eﬀect for conquering the tumor heterogeneity and drugresistance issues.11−14
Because of current limitations in controlling drug release in
the body, along with increasing medicine use, it is of high
interest and a major challenge to externally control drug release
at a predetermined location at a predetermined time in the
right dosage. So far, a variety of modalities, such as
ultrasound,15−18 light,19−23 magnetic ﬁelds,24−26 and radiofrequency,27,28 have been applied for external manipulation of
the drug delivery. Each of them has its own disadvantages.
Ultrasound sources are typically placed on the skin’s surface.
Light has very poor tissue penetration due to strong scattering.
Magnetic ﬁelds are diﬃcult to focus and have short ranges.
© 2016 American Chemical Society

Nevertheless, microwave (MW) ablation is an alternative
noninvasive technology with deeper penetration than laser
and less collateral damage to healthy tissues than high-intensity
focused ultrasound (HIFU).
Microwave ablation employs electromagnetic waves (300
MHz to 300 GHz) to generate frictional heating via the
oscillation of polar molecules, ultimately producing tissue
necrosis within solid tumors. The advantages of microwave
ablation over radiofrequency and laser usage involve a larger
and faster volume of tissue heating with a given application.
Unlike radiofrequency, the use of microwaves does not depend
on an electrical circuit, which permits multiple applicators to be
employed simultaneously. As a result, microwave ablation has
recently emerged as one of the most popular thermotherapy
modality and an addition to the arsenal of minimally invasive
cancer care in clinic owing to its practical cancer cell-killing
capability with no surgical risks or chemotherapeutic toxicity.
It has been a major challenge to focus and concentrate
microwave energy at tumorous tissue areas deep within the
body and to heat them selectively without adverse impacts on
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Figure 1. Schematic representation of DOX&NaCl@liposomes as a nanocarrier for microwave-triggered local chemotherapy of cancer.

°C,41−43 where the ions passive permeability of lipid bilayer
membrane is markedly increased,44 contributing to the drug
release upon microwave irradiation. Cholesterol was introduced
to the liposomes to reduce the mobility of the lipid bilayer, and
DSPE-PEG2000 was used to prevent the liposomes from rapid
opsonization and uptake by the reticuloendothelial system
(RES) and further increase the circulation times.41,45
The physicochemical properties of the liposomes, including
morphology, size distribution, drug loading eﬃciency, microwave hyperthermia capability, and drug-release behavior, were
characterized. The hemolysis test, MTT assay in vitro, and
systematic toxicity test in vivo demonstrated that these
liposomes exhibited low toxicity. Upon microwave irradiation,
a fast heating rate was observed through optical ﬁbers’
temperature measurement system, and a rapid drug-release
rate can be achieved. In addition, the in vitro and in vivo
antitumor eﬃcacy of the liposomes was also evaluated using
cancer cells and tumor-bearing mice.

surrounding healthy tissue. Microwave ablation does have its
own limitations in living tissues, where one of the most limiting
factors is the inherent attenuation of the electromagnetic waves
spreading in tissues with high water content. For the eﬃcient
use of the received microwave energy, we have a pressing need
to specially design and fabricate microwave-sensitive nanocarriers to get localized high-intensity electric ﬁelds. By using
such nanocarriers, we can avoid prolonging the heating of the
body’s tissues while inducing enough heat in the nanocarriers
themselves for the external control of drug release at the target
sites.
Liposome is one of the most clinically used nanocarriers;
however, it was found that the use of liposomes merely reduced
toxicity but did not increase therapeutic eﬃcacy.9,10 The main
idea of the present paper is to fabricate the microwave- and
temperature-sensitive liposomes to externally manipulate drug
release at a predetermined location in the body at a desired
time in the right dosage for combination microwave hyperthermia and chemotherapy of cancer to aﬀord a synergistic
therapeutic eﬀect,19,29,30 resulting in the decreased systemic
toxicity15,31−37 and the improved therapeutic window of
chemotherapeutic treatments31,38 (Figure 1).
Such microwave- and temperature-sensitive liposomes were
fabricated successfully from 1,2-dipalmityol-sn-glycero-3-phosphocholine (DPPC), cholesterol (Chol), and 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000 (DSPE-PEG2000) with a molar ratio of 4:1:0.26 by
co-encapsulating NaCl and doxorubicin (DOX) through the
thin-ﬁlm hydration method.39,40 The encapsulation of NaCl is
used to induce hyperthermia and enhance the microwave
sensitivity of liposomes due to its excellent microwave
absorption. DPPC has a phase-transition temperature of 41.5

■

RESULTS AND DISCUSSION

Preparation and Characterization of the MicrowaveSensitive Liposomes. The liposomes were prepared from the
mixture of DPPC−Chol−DSPE-PEG2000 with a molar ratio of
4:1:0.26 by encapsulating NaCl, DOX, or both by using the
thin-ﬁlm hydration method.39,40 The average hydrodynamic
diameters of various liposomes were evaluated by using
dynamic light scattering (DLS) measurements to be 163.6,
156.3, 39.8, and 46.2 nm for the blank liposome, the NaClloaded liposome (NaCl@liposome), the DOX-loaded liposome
(DOX@liposome), and the DOX and NaCl co-loaded
liposome (DOX&NaCl@liposome), respectively (Figure 2a−
d). The encapsulation of DOX into liposomes was found to
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Figure 2. (a−d) Size distribution of various liposomes obtained from DLS. (a) Blank liposomes, (b) NaCl@liposomes, (c) DOX@liposomes, and
(d) DOX&NaCl@liposomes. (e−h)TEM images: (e) blank liposomes, (f) NaCl@liposomes, (g) DOX@liposomes, and (h) DOX&NaCl@
liposomes (scale bar: 200 nm).

lead to a signiﬁcant decrease in the diameter of the liposomes
due to the hydrophobic interaction between the lipid molecules
and the drug. The transmission electron microscope (TEM)
images showed that blank liposomes, NaCl@liposomes,
DOX@liposomes, and DOX&NaCl@liposomes were all nearspherical (Figure 2e−h), and their average diameters were
142.6, 140.7, 35.3, and 38.5 nm, respectively. The results were a
little smaller than those obtained from DLS. The diﬀerence in
the size measurement between TEM and DLS can be attributed

to the fact that DLS measures diameter of hydrated particles,
while TEM measures the size of dry particles.
To optimize the drug loading content (DLC) and
encapsulation eﬃciency (EE), DOX&NaCl@liposomes were
prepared at diﬀerent molar ratios of drug to lipid by hydrating
the thin lipid ﬁlm of DPPC−Chol−DSPE-PEG2000 using 10%
NaCl solution. At drug-to-lipid ratios of 1:10, 1:15, and 1:30,
the DLC of DOX&NaCl@liposomes was 1.79 ± 0.04, 1.56 ±
0.02, and 0.87 ± 0.08 wt %, and the EE was 64.72 ± 2.23%,
2933
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Figure 3. TG curves (a) and microwave-induced temperature elevation curves (b) of various NaCl@liposomes prepared by hydrating thin lipid ﬁlm
with diﬀerent concentration of NaCl solutions: 15, 10, 5, and 2 wt % NaCl solution. (c) Microwave-induced temperature-elevation curves: 0.9%
NaCl for control; DOX@liposomes, 59.34 wt % NaCl. (d) Release proﬁles of the DOX@liposomes and DOX&NaCl@liposomes after treatment
with microwave irradiation for 5 min or a water bath at 37 °C for 5 min.

77.74 ± 1.42%, and 85.81 ± 2.84%, respectively. Therefore, a
drug-to-lipid molar ratio of 1:30 was chosen with which to
prepare DOX&NaCl@liposomes to achieve maximum EE.
The NaCl@liposomes were fabricated through hydrating
thin lipid ﬁlm by varying the concentrations of NaCl solution.
The NaCl content of liposomes was tested by thermal
gravimetric analysis (TGA). As shown in Figure 3a, the
NaCl@liposomes exhibited a weight loss during the heating
process. After thermal decomposition, the residual content of
the NaCl@liposomes was attributed to the NaCl in the
liposomes. The weight loss of the NaCl@liposomes depended
on the concentration of the NaCl solution used for hydrating
thin lipid ﬁlm. The weight loss of the NaCl@liposomes
increased with a decrease in the concentration of the NaCl
solution. The NaCl content in the NaCl@liposomes was thus
calculated to be 64.63, 59.86, 56.86, and 54.17 wt % for 15, 10,
5, and 2 wt % NaCl solution, respectively.
Microwave-Induced Thermal Eﬀect and Triggered
Drug-Release Proﬁles of DOX&NaCl@liposomes. The
microwave-induced temperature elevations were investigated
using NaCl@liposomes loading 54.17, 56.86, 59.86, and 64.63
wt %, respectively. An optical ﬁber was ﬁxed in the middle of
sample holder to detect the temperature of the sample solution
during microwave irradiation. Upon exposure to microwave
irradiation with a frequency of 450 MHz and an output power
of 1.8 W, the temperature of the NaCl@liposomes dispersions
increased with microwave irradiation time (>12.5 °C for 2 min

and >18.5 °C for 5 min) (Figure 3b). The temperature
increased with the NaCl loading content (≤59.86 wt %).
However, further increasing the NaCl loading content (>59.86
wt %) resulted in almost no increase of temperature. Thus,
liposomes loading 59.86 wt % NaCl were used in the following
experiments. Interestingly, after the loading of DOX, the
temperature elevation of DOX&NaCl@liposomes was similar
to NaCl@liposomes because they loaded a similar amount of
NaCl (59.34 versus 59.86 wt %) (Figure 3c). Nevertheless,
both 0.9% saline and DOX@liposomes showed temperature
elevations lower than 12.5 °C after 5 min microwave
irradiation. These results indicated that the encapsulation of
NaCl into liposomes could improve signiﬁcantly microwaveinduced thermal eﬀects, and the NaCl-loaded liposomes could
act as an eﬃcient microwave converter in cancer treatment. As
we know, the microwave electric ﬁeld can induce Na+(Cl−)
motion, alignment, migration, and ionic polarization upon
microwave irradiation, and the direction of ionic polarization
can change with the rapidly alternating orientation of the
microwave electric ﬁeld.46 The absorbed microwave energy is
converted into the kinetic and interionic energies of ions and
stored as the Joule heating energy of salt ions by frequent ion
friction and collisions. After encapsulating NaCl into liposomes,
the shell of dense lipid bilayer can prevent salt ions from
diﬀusion. Due to the small size of liposomes, the high
concentration of NaCl ions are conﬁned in a small space.
This leads to more-exquisite friction and collisions between
2934
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Figure 4. (a) Photographs of hemolysis tests of NaCl@liposomes of diﬀerent concentrations. (b) Hemolytic percentage of erythrocytes after
incubation with NaCl@liposomes at various concentrations for 3 h at 37 °C. The concentration of the NaCl@liposomes ranges from 0 to 1000 μg/
mL. (c,d) Cellular uptake of the DOX&NaCl@liposomes to MDA-MB-231 cells: (c) ﬂuorescence micrographs and (d) the mean ﬂuorescence
intensity through ﬂow-cytometry analysis of the cells after incubation with DOX&NaCl@liposomes at diﬀerent concentrations for 4 h.

Figure 5. (a) Cell viability of HUVECs after incubation with diﬀerent concentrations of NaCl@liposomes. (b) Cell viability of MDA-MB-231 cells
after incubation with diﬀerent liposomal formulations for 4 h and treatment with a microwave for 2 min. The microwave-untreated groups were used
as the control. Both NaCl@liposomes and DOX&NaCl@liposomes contain 59.86 wt % NaCl and 59.34 wt % NaCl, respectively. All liposomal
formulations were dispersed in 0.9% saline. Data represent the mean ± standard deviation of quintuplicate experiments.

encapsulated DOX was hardly released from the DOX@
liposomes loading no NaCl and the DOX&NaCl@liposomes
with no microwave treatment. It indicated that microwave
irradiation induced in much-more-rapid drug release from
DOX&NaCl@liposomes than the treatment with a water bath
at 37 °C, and the encapsulation of NaCl into liposomes is
indispensable to achieving the microwave-triggered release.
Considering the results of temperature elevation experiment, it

ions and, hence, more-rapid temperature elevation upon
microwave treatment compared with that from the dissociative
ions in aqueous solution.
The release behavior of DOX from DOX&NaCl@liposomes
was investigated upon microwave irradiation for diﬀerent time.
From Figure 3d, it can be seen that the DOX&NaCl@
liposomes released 20.9% DOX in the ﬁrst 30 s, 51.8% in 60 s,
and more than 67.6% DOX in 2 min. In contrast, the
2935
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Figure 6. In vivo antitumor eﬃcacy study in MDA-MB-231 cells bearing xenograft tumor model after intravenous administration with 0.9% saline,
free DOX, DOX@liposomes, NaCl@liposomes, and DOX&NaCl@liposomes. (a)Temperature-change curves determined by an optical ﬁber probe
after treating the tumor-bearing mice with microwave irradiation (1.8 W, 450 MHz). (b) Tumor volume change curves after diﬀerent treatments. (c)
Representative photographs of tumors in mice before and after various treatments for 22 days. Triple asterisks indicate p < 0.0001, the statistical
diﬀerence of the relative tumor volume between the DOX&NaCl@liposomes + MW group and the control groups including the 0.9% saline group,
0.9% saline and MW group, free DOX group, free DOX and MW group, NaCl@liposomes group, DOX@liposomes group, and DOX&NaCl@
liposomes group. Double pound signs indicate p < 0.001, the statistical diﬀerence of the relative tumor volume between the DOX&NaCl@liposomes
and MW group and the NaCl@liposomes and MW group or the DOX@liposomes and MW group.

DOX&NaCl@liposomes. In addition, the microwave irradiation could produce reactive oxygen species (ROS) whose
oxidation ability was powerful and would further induced the
lipid peroxidation,47 which could induce the membrane
destabilization, resulting in fast drug release, too.
Cytotoxicity of the NaCl-Loaded Liposomes. All of the
NaCl@liposomes were dispersed in 0.9% saline, and their
hemolytic behavior was evaluated at diﬀerent concentrations

is proposed that microwave-triggered rapid release from
DOX&NaCl@liposomes may be due to both thermal and
nonthermal eﬀects. The phase-transition temperature of DPPC
is 41.5 °C.41−43 When the liposomes are heated to more than
this temperature by microwave irradiation, the conformational
of the alkyl chains of the DPPC changes.15 This would lead to a
remarkable increase in the permeability of lipid bilayer
membrane44 and, hence, a rapid drug release from the
2936
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liposomes only, 0.9% saline and MW, free DOX and MW,
NaCl@liposomes and MW, DOX@liposomes and MW, and
DOX&NaCl@liposomes and MW, respectively. Microwave
irradiation was carried out at 24 h after the intravenous
injection of diﬀerent agents at the dose of 5 mg/kg equivalent
DOX, ensuring the high accumulation of the nanoagents in
tumor tissue. The equivalent dose of DOX (5 mg/kg) was used
for all DOX formulations tread groups including free DOX,
DOX@liposomes, and DOX&NaCl@liposomes.
During the microwave treatment, the temperature of the bulk
tumor was recorded by optical ﬁber for 2 min after various
treatments to investigate the microwave-induced thermal eﬀect
(Figure 6a). Upon microwave irradiation, the temperature of
tumors increased to only 42 °C within 120 s for the nude mice
injected with 0.9% saline, free DOX, and DOX@liposomes. On
the contrary, for the nude mice injected with NaCl@liposomes
and DOX&NaCl@liposomes, the temperature of tumors
increased to 42 °C quickly within 30 s and further increased
to around 50 °C within 120 s. It demonstrated that both
NaCl@liposomes and DOX&NaCl@liposomes groups had
high microwave-thermal conversion eﬃciency in vivo, which
may be due to the dielectric hysteresis of the NaCl.46,50−53 In
addition, the higher elevated tumor temperature in the nude
mice treated with NaCl-loaded liposomes indicated that the
NaCl-loaded liposomes could accumulate in the tumor via the
enhanced permeation and retention eﬀect (EPR eﬀect) or the
endothelial leakiness (NanoEL) eﬀect.54−58 Thus, the obtained
DOX&NaCl@liposomes has the potential to enhance the
curative eﬀect of the DOX. The merit of diﬀerential DOX
delivery by NaCl@liposomes combined with the microwave
irradiation was further conﬁrmed by the inhibition of tumor
growth.
The therapeutic eﬀectiveness was evaluated by monitoring
the tumor growth after various treatments (Figure 6b). It was
seen that the tumors grew at a similar growth rate and tumor
volume increased rapidly from the original ∼400 mm3 to more
than 2000 mm3 within 22 days in the mice treated with 0.9%
saline only, free DOX only, DOX@liposomes only, NaCl@
liposomes only, DOX&NaCl@liposomes only, 0.9% saline and
MW, and free DOX and MW, respectively, indicating that no
apparent potentially destructive eﬀect was induced at the
experimental conditions. After treatments with NaCl@liposomes and MW or DOX@liposomes and MW, the tumor
growth was obviously inhibited to some extent. The tumor
volume increased to about 1200 mm3, suggesting an insuﬃcient
therapy. In stark contrast, the tumor volume of mice treated
with DOX&NaCl@liposomes in combination with microwave
irradiation was about 558 mm3 after 22 days. These results
demonstrated that the combined thermochemotherapy was
more cytotoxic to tumor cells than the microwave ablation or
the chemotherapy alone due to a synergistic eﬀect. The
microwave hyperthermia eﬀect can enhance greatly the
sensitivity of the cancer cells toward anticancer drugs,
contributing to the improved drug eﬃcacy. Moreover, the
hyperthermia eﬀect can also trigger a rapid drug release from
DOX&NaCl@liposomes to obtain a high eﬀective drug
concentration in the tumor. Therefore, DOX&NaCl@liposomes could be employed as a promising thermochemotherapeutic nanomedicine for the in vivo therapy of cancer.
After diﬀerent treatments, the weight change of tumorbearing mice showed no signiﬁcant weight decrease, and no
signiﬁcant diﬀerence was observed among these groups,
indicating that no obvious toxicity induced in our experimental

using 0.9% saline and deionized water as the negative and
positive controls, respectively. As shown in Figure 4a,b, no
visual hemolysis eﬀects were observed for experimental groups
and negative control groups; however, obviously broken
erythrocytes were visible for the positive control group. The
hemolysis rate (HR%) of the NaCl@liposomes was <10% at
diﬀerent concentrations ranging from 0 to 1000 μg/mL,
indicating that the NaCl@liposomes have good hemocompatibility.
The biocompatibility of NaCl@liposomes was investigated
using human umbilical vein endothelial cells (HUVECs). As
seen in Figure 5a, the viability of the cells was higher than 80%
after incubation with NaCl@liposomes for 24, 48, or 72 h, even
at the high liposome concentration of 10 mg/mL, indicating
that the NaCl@liposomes had good biocompatibility.
The cellular uptake of DOX&NaCl@liposomes was
characterized semiquantitatively by ﬂuorescence microscopy.
MDA-MB-231 cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) for visualization of cell nuclei (blue channel),
and the DOX were used for liposomes tracing (red channel).
After incubation with DOX&NaCl@liposomes for 4 h, the
ﬂuorescence signal of doxorubicin delivered to the cells via
DOX&NaCl@liposomes was seen in the cell nuclei and in the
cytoplasm (Figure 4c). As the DOX concentration of
DOX&NaCl@liposomes increased from 2 to 20 μg/mL, the
cell ﬂuorescence became brighter. To further quantitative
analysis of the cellular uptake eﬃciency of the DOX&NaCl@
liposomes, the ﬂuorescence intensity of the MDA-MB-231 cells
was measured through ﬂow cytometry analysis. As shown in
Figure 4d, the cellular uptake eﬃciency was found to be closely
related with the concentration of the liposomes, which was
consistent with the ﬂuorescence microscopy results.
To evaluate the synergistic eﬀect of the hyperthermia and
chemotherapy, the viability of MDA-MB-231 cells was
determined by using standard MTT assay after various
treatments. As seen in Figure 5b, upon microwave irradiation,
all groups including DOX, NaCl@liposomes, DOX@liposomes, and DOX&NaCl@liposomes exhibited higher cytotoxicity than that in the absence of microwave irradiation. In
particular, at a lipid concentration of 2 mg/mL (equivalent of
44.5 μg/mL DOX), the group of DOX&NaCl@liposomes
combined with microwave irradiation achieved the inhibition
rate of 76.1%, which was much higher than free DOX (17.8%),
free DOX combined with microwave irradiation (20.4%),
NaCl@liposomes combined with microwave irradiation
(29.8%), and DOX&NaCl@liposomes (29.0%), respectively.
The high cell-killing eﬃcacy with DOX&NaCl@liposomes
combined with microwave irradiation could be attributed to the
fast release of DOX from DOX&NaCl@liposomes and the
local hyperpyrexia after microwave irradiation. These results
indicated that the DOX&NaCl@liposomes combined with
microwave exhibited good synergistic therapeutic eﬃciency. It
is known that cancer cells are more vulnerable to heat than
normal cells. Even though normal cells may hold temperatures
of up to 47 °C, cancer cells can only hold temperatures of up to
42 °C.48,49 This makes cancer cells more sensitive to the eﬀects
of microwave radiation and certain anticancer drugs.
Antitumor Eﬃcacy of DOX&NaCl@liposomes Combined Microwave Irradiation. In vivo antitumor eﬃcacy was
investigated on MDA-MB-231 tumor-bearing nude mice. A
total of 10 groups of mice with average tumor size of ∼400
mm3 were treated with 0.9% saline only, free DOX only,
DOX@liposomes only, NaCl@liposomes only, DOX&NaCl@
2937
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Figure 7. (a) Representative histopathological analysis images of heart, liver, spleen, lung, kidney, tumor, leg, and brain sections of mice treated by
(A) 0.9% saline, (B) free DOX, (C) NaCl@liposomes, (D) DOX@liposomes, (E) DOX&NaCl@liposomes, (F) 0.9% saline and MW, (G) free
DOX and MW, (H) NaCl@liposomes and MW, (I) DOX@liposomes and MW, and (J) DOX&NaCl@liposomes and MW. (b) Body weight change
curves after diﬀerent treatments. Each data point in panels b and c was represented as the mean ± standard deviation (n = 6).

conditions (Figure 7b). We have further investigated the
potential toxicity of various treatments to the heart, liver,
spleen, lung, kidney, and brain and the metastasis of the tumor
to the leg through H&E-stained histological tissue sections. As
shown in Figure 7a, there were no apparent histological
changes with the normal organs, indicating no toxicity to the
normal tissues. No tumor cells were found in the legs,
suggesting that no metastasis of the tumor occurred in our
experiment. However, the tumor cells had reduced or even
disappeared after DOX&NaCl@liposome injection followed by
microwave irradiation. Overall, the preliminary results revealed
that DOX&NaCl@liposomes were a promising microwave
converter for combined thermal therapy and chemotherapy.

concentration of NaCl ions inside the small size of liposomes,
which induced microwave-mediated hyperthermia and DOX
release. The tumor growth inhibition was evaluated as 73.4%
after the intravenous injection of DOX&NaCl@liposomes
followed by microwave irradiation, which was much higher than
that of NaCl@liposomes (41.5%) and DOX@liposomes
(45.5%). Therefore, DOX&NaCl@liposomes could serve as a
promising nanomedicine with which to potentially produce
viable clinical strategies. These strategies could be used to
externally manipulate drug release at a predetermined location
in the body at a desired time in the right dosage for
combination microwave hyperthermia and chemotherapy of
cancer for the aﬀording of synergistic therapeutic eﬀects.

CONCLUSIONS
The microwave- and temperature-sensitive liposomes coencapsulating NaCl and DOX were fabricated successfully for
combination microwave hyperthermia and chemotherapy of
cancer to aﬀord a synergistic therapeutic eﬀect. The
DOX&NaCl@liposomes showed strong responsiveness to
microwave irradiation due to the conﬁnement of the high

MATERIALS AND METHODS
Lipids and Chemical Reagents. All chemicals and lipids
were commercially available and used as obtained. DPPC,
cholesterol, and DSPE-PEG2000 were purchased from
Shanghai Advanced Vehicle Technology Co., Ltd. DOX−HCl
was provided by Beijing Huafeng United Technology Co., Ltd.,
and hydrophobic DOX was obtained by treating DOX−HCl

■

■
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with triethylamine according to the reported method.14
Deionized water (DI water, resistivity of 18.2 MΩ·cm−2) was
obtained by the puriﬁcation of house-distilled water with a
Milli-Q gradient system.
Preparation of Various Liposomes. Liposomes were
prepared by the thin lipid ﬁlm hydration method39,40 from the
mixture of DPPC−Chol−DSPE-PEG2000 with a molar ratio of
4:1:0.26. Brieﬂy, the lipid mixture was dissolved in chloroform
and mixed with hydrophobic DOX in ethanol. Then, the
solvent was evaporated under reduced pressure at 35 °C to
form a thin lipid ﬁlm. The obtained lipid ﬁlm was hydrated with
2%, 5%, 10%, or 15% NaCl solution (w/w) at 55 °C for half an
hour, followed by sonication at 30 °C for 10 min to produce
multilammelar liposomes. Next, further ultrasonication with a
probe-type sonicator with a 35% amplitude for 10 min was used
to reduce and homogenize the size distribution of the vesicles.
The unencapsulated hydrophobic DOX was removed through
centrifugation. The free NaCl was removed through a Millipore
(50 kDa) ﬁlter and washed with DI water ﬁve times. Finally, the
obtained liposomes were lyophilized with a vacuum freeze-drier
(FD5-3, SIM).
Characterization of the Diﬀerent Liposomes. The size
distribution and ζ potential of the liposomes were analyzed by a
90Plus/BI-MAS dynamic light scattering analyzer (Brookhaven
Instruments Co.) with a helium laser at a wavelength of 632.8
nm and θ = 90°. All measurements were performed in a
temperature controlled chamber at 25 °C and repeated six
times. The morphology of liposomes was observed with
transmission electron microscopy (TEM, Hitachi H-7650)
using negative staining with 2% (w/v) uranyl acetate solution
for 30s.
Evaluation of the Drug Loading Content and
Encapsulation Eﬃciency. The concentration of DOX in
liposomes was measured by ﬂuorescence spectrophotometer at
590 nm with an excitation wavelength of 480 nm after being
dissolved in 1 mol· L−1 HCl solution. The EE and DLC of
liposomes was calculated using the following formulas:
EE (%) =

every 10 s. The temperature curve was determined by plotting
the measured temperature.
In Vitro Drug-Release Experiments Triggered by
Microwave Irradiation. The in vitro drug release behavior
of the DOX from DOX&NaCl@liposomes triggered by heat
and microwave irradiation was investigated through the method
reported in literature. Brieﬂy, 1 mL of the diﬀerent liposome
samples was added to a small plate at 37 °C, and then the plate
was heated through microwave irradiation (1.8 W, 450 MHz)
or a water bath; the group without heating was used as the
control. At predetermined time intervals, samples were taken
and cooled on ice to quickly stop drug release. Subsequently,
the released DOX was obtained through centrifugation, and the
obtained precipitate was dispersed into ethanol for ﬂuorescence
detection. The percentage of the released DOX was calculated
as the following formula:
release of DOX (%) =

We
Wliposomes

We

× 100%

where We is the amount of the DOX in the liposomes and Wp is
the weight of the precipitate.
In Vitro Hemolysis Test. Hemolytic activity is a requirement to be tested for any blood contacting samples. The test is
based on erythrocyte lysis induced by incubation with the
NaCl@liposomes. Hemolysis assay was carried out using the
fresh heart blood of nude mice to evaluate the blood
compatibility of the NaCl@liposomes in vitro. Brieﬂy, 1 mL
of blood was taken from the heart of the nude mouse, and 0.2
mL of 5 mg/mL heparin solution was added. The erythrocytes
were collected by centrifugation at 1500 rpm for 15 min and
washed three times with 0.9% saline to remove external and
lysed blood cells. After the supernatant liquid was removed, 1
mL of centrifuged erythrocytes was diluted to 50 mL with 0.9%
saline to obtain 2% erythrocyte solution. The NaCl@liposomes
dispersions were prepared in 0.9% saline at a wide
concentration range of 10−2000 μg·mL−1. A total of 0.5 mL
of NaCl@liposomes solutions was added to 0.5 mL of
erythrocyte solution, and the mixture was incubated at 37 °C.
After incubating for 3 h, the mixture was centrifuged at 10 000
rpm for 5 min. The percentage of hemolysis was measured at
570 nm via UV−vis of the supernatant. A total of 0.5 mL of
0.9% saline and 0.5 mL of DI water were used as the negative
and positive control, respectively. The hemolysis ratio was
calculated through the following formula:

We
× 100%
Wtotal

DLC (%) =

Wp

× 100%

where We was the amount of DOX in the liposomes after
centrifugation, Wtotal was the amount of DOX that we added at
the initial of the experiment, and Wliposomes was the weight of
the DOX&NaCl@liposomes.
The amount of NaCl in the liposomes was measured by
thermal gravimtric analyzer (SDT Q600). A given amount of
freeze-dried NaCl&DOX@liposomes in the alumina crucible
was heated from 30 to 690 °C under air atmosphere. The
amount of NaCl in the liposomes can be determined from the
weight remained (minus the amount of DOX).
In Vitro Microwave Heating Experiments. To evaluate
the temperature elevation eﬃciency of the as prepared
liposomes, the as-prepared liposomes were dispersed in 0.9%
saline to obtain solution of 10 mg/mL. Saline solution (0.9%)
and DI water were used as control groups. A total of 1 mL of
sample solution was added into a small plate and then
irradiated with microwave with an output of 1.8 W and a
frequency of 450 MHz. The temperature of all samples was
monitored and periodically recorded with an optical ﬁber probe

hemolysis ratio (%) =

As − A n
× 100%
Ap − An

In this formula, As is the absorbance resulting from the mixture
of liposomes and erythrocytes suspension, and An and Ap
represent the absorbance of negative and positive control,
respectively.
In Vitro Cellular Uptake Studies of the DOX&NaCl@
liposomes. To evaluate the cellular uptake eﬃciency of the
DOX&NaCl@liposomes, MDA-MB-231 cells (human breast
cancer cells) were seeded into six well plates at a density of
300 000 cells per well. After incubating overnight, the medium
was changed with diﬀerent concentration of DOX&NaCl@
liposomes, and the cells were further incubated for 4 h after
incubation. The medium was removed, and the cells were
washed three times with cold PBS to eliminate the free
liposomes in the wells. Subsequently, 0.2 mL of 0.25% trypsin
was added to digest the cells. The cells were collected, and the
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ﬂuorescence intensity of 10 000 cells was measured by ﬂow
cytometry (BD Company) with excitation at 488 nm and
emission at 575 nm.
For qualitative study, MDA-MB-231 cells were seeded into a
six well plate at a density of 300 000 cells per well. After
incubating for 24 h, the medium was replaced with diﬀerent
concentrations of DOX&NaCl@liposomes. After 4 h, the
medium was removed, and the cells were washed three times
with cold PBS to remove the liposomes that were not
internalized by the cells. Next, the cells were ﬁxed with 4%
paraformaldehyde for 15 min. The cells were washed twice with
cold PBS, and the nuclei were stained with DAPI for 5 min.
Finally, the cells were again washed twice with cold PBS and
observed by microscopy with a CCD camera (Leica 3000,
Germany).
In Vitro Biocompatibility of the Liposomes. Human
umbilical vein endothelial cells were used to evaluate the
biocompatibility of the liposomes. They were cultured in
RMPI-1640 cell culture medium using a thermostat incubator
at 37 °C in a humid atmosphere with 5% CO2. An MTT assay
was carried out in the procedure as below. HUVECs were
seeded into a 96 well plate at a density of 8000 cells per well
and incubated overnight. Next, the medium was replaced with a
wide concentration range of NaCl@liposomes diluted with
fresh medium. After further incubation for a period of time, 20
μL MTT (5 mg/mL) was added to each well. After another 4 h
of incubation, the supernatant was replaced with 150 μL
DMSO, and the absorption value at 490 nm was measured with
a microplate reader (Bio Tek Synergy HT). The cell viability
was calculated through the following formula:
cell viability (%) =

and MW group, the liposomes and MW group, the NaCl@
liposomes and MW group, the DOX@liposomes and MW
group, and the DOX&NaCl@liposomes and MW group.
Samples (0.2 mL) were injected via a lateral tail vein (20
mg/kg liposomes). A total of 24 h after injection, the mice were
anesthetized with pentobarbital sodium (2%, 0.2 mL) and
treated with microwave irradiation (1.8 W, 450 MHz) in the
tumor region for 2 min; the temperature change of the tumor
was recorded during the irradiation at every 5 s with an optical
ﬁber probe. All of the treatments were administered only once.
The tumor volume and body weight of the mice were measured
at the predetermined time. The tumor volume can be calculated
through the following formula:
tumor volume =

tumor length × tumor width2
2

Histological Studies. At the end of the study (day 21 or
2000 mm3 tumor volume), the mice were sacriﬁed, and the
major organs were obtained and ﬁxed in formalin solution
(10%) for 24 h. Next, the organs were embedded and sectioned
into thin paraﬃn sections (5 μm in thickness). The embedded
organs were stained with hematoxylin and eosin (H&E stain)
to identify the cell and organization structure. After that, the
paraﬃn sections of embedded organs were observed using
optical ﬂuorescence microscope (Leica 3000, Germany).
Statistical Analysis. Statistical analysis was used to make
the experiment more accurate and district. All data were
expressed as mean ± standard deviation from three or more
independent experiments.
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