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ABSTRACT: The therapeutic effectiveness of chemotherapy was hampered
by dose-limiting toxicity and was optimal only when tumor cells were
subjected to a maximum drug exposure. The purpose of this work was to
design a dual-functional thermosensitive bubble-generating liposome (BTSL)
combined with conjugated targeted ligand (folate, FA) and photothermal
agent (IR780), to realize enhanced therapeutic and diagnostic functions. This
drug carrier was proposed to target tumor cells owing to FA-specific binding,
followed by triggering drug release due to the decomposition of encapsulated
ammonium bicarbonate (NH4HCO3) (generated CO2 bubbles) by being
subjected to near-infrared (near-IR) laser irradiation, creating permeable defects
in the lipid bilayer that rapidly release drug. In vitro temperature-triggered
release study indicated the BTSL system was sensitive to heat triggering,
resulting in rapid drug release under hyperthermia. For in vitro cellular uptake
experiments, different results were observed on human epidermoid carcinoma
cells (KB cells) and human lung cancer cells (A549 cells) due to their different (positive or negative) response to FA receptor.
Furthermore, in vivo biodistribution analysis and antitumor study indicated IR780-BTSL-FA could specifically target KB tumor cells,
exhibiting longer circulation time than free drug. In the pharmacodynamics experiments, IR780-BTSL-FA efficiently inhibited tumor
growth in nude mice with no evident side effect to normal tissues and organs. Results of this study demonstrated that the constructed
smart theranostic nanocarrier IR780-BTSL-FA might contribute to establishment of tumor-selective and effective chemotherapy.
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1. INTRODUCTION

Currently, chemotherapy is still the treatment of choice for many
types of tumors. However, the major obstacle in current
antitumor chemotherapy has been low tumor selectivity due to
the nontargeted delivery of the drug, producing considerable
adverse effects. A wide range of biocompatible, nontoxic
nanocarriers such as liposomes, polymeric micelles, and
nanoparticles have been developed to selectively accumulate in
the tumor compartment via a passive targeting mechanism
termed the enhanced permeability and retention (EPR) effect.1

Nevertheless, these delivery systems have displayed several
intrinsic limitations due to the lack of specificity. Great efforts
have beenmade to overcome the limitations. For example, tumor
microenvironment sensitive nanocarriers that responded to
changes in environmental conditions, such as temperature,
pH value, electromagnetic fields, and light, have received great
attention for their advantages in application for targeted drug
delivery.2−4

Various types of nanocarriers with stimuli-sensitive properties
have been studied to increase local concentration of therapeutic
molecules at the target tissues. A typical example was
thermosensitive liposomes (TSL), which could immediately
release encapsulated drugs in response to mild hyperthermia in

tumor sites. TSL showed three main advantages compared with
the conventional long-circulating PEGylated liposomes. First,
TSL released the drug at hyperthermic temperature (40−42 °C)
in such a rapid way which could resist fast blood passage time and
wash out of the encapsulated drug from the tumor. Second, the
TSL drug delivery system remained stable at 37 °C; thereby it
could keep the drug within the liposomes during blood transport.
Finally, TSL in combination with mild hyperthermia could
selectively increase the local drug concentration and lead to an
evident improvement in therapeutic efficacy.
In recent study, a cationic liposomal carrier that contained

ammonium bicarbonate (NH4HCO3) was developed.5 The
NH4HCO3-containing thermosensitive liposome was denoted as
bubble-generating thermosensitive liposomes (BTSL). The key
component NH4HCO3 could be readily incorporated into an
aqueous compartment of liposomes. Upon heating to a high tem-
perature (40−42 °C), it could quickly decompose to generate
CO2 bubbles. As a result, on one hand, after the internalized
liposomes went through endocytosis and intracellular trafficking
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to lysosomes, they could be hyperthermia-triggered to generate
CO2 bubbles, which were formed and grew transiently followed
by collapse of the bubbles. Accordingly, the lysosomal mem-
branes were disrupted to release proteases into the cytosol,
leading to cell necrosis. On the other hand, after CO2 bubbles
generation and collapse, the produced disruptive force
subsequently created permeable defects in the lipid bilayer and
ultimately induced a rapid drug release to instantly increase the
drug concentration locally.
Although BTSL could improve the targeting drug delivery to

some extent by physical heating, there were still some problems
to solve, such as actively transporting drug to specific tumor sites
after intravenous injection, the triggered release method, and so
on. For the first problem, the introduction of various biological
ligands or antibodies into drug delivery systems provided the
opportunity for selectivity drug delivery to the tumor cell.6−8

Folate (FA) was a small molecular ligand which has high affinity
(Kd ∼ 0.1−1 nmol/L) for the folate receptor (FR).9−12 Studies
have shown FA-targeted drug delivery could bypass the efflux
pump of P-glycoprotein (P-gp), thereby improving the drug

accumulation in a tumor to increase multidrug resistance (MDR)
reversing effect.13,14 In this study, FA would be used to modify
the surface of BTSL to elevate its targeting ability to tumor cells.
For the second problem, in recent years, significant attention
has been paid to develop near-IR dyes as a photothermal agent in
tumor treatment.15−19 IR-780, a representative stable hydro-
phobic near-IR fluorescence dye, was capable of fluorescent
imaging and photothermal heating which combined diagnostic
and photothemal therapies together.18

On the basis of the above background, in this work, we
hypothesized to construct a smart-triggered drug delivery system
(IR780-BTSL-FA) which integrated targeting, therapeutic, and
diagnostic functions together, providing many potential advan-
tages (a schematic of the new system was shown in Scheme 1):
(1) The BTSL would be used as a smart carrier, which was stable
in the blood circulation and was triggered via heat stimulus in
the tumor site; (2) IR780-mediated photothermal heating could
trigger the drug release from the temperature-sensitive
membrane of BTSL as well as in vitro and in vivo imaging; (3)
FA ligand would be conjugated with the surface of the BTSL as

Scheme 1. Illustration of the Constructed Theranostic Liposomes (a) Illustrating the Photothermal Therapy of IR780 Liposomes
Following Near-IR Light Irradiation (Showing the Structure of IR780-BTSL-FA and the Mechanism of Localized Drug Release As
Triggered by Heat); (b) Specific Targeting Effect of IR780-BTSL-FA and Cellular Uptake Procedure
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the active targeting moiety positioning to the specific tumor cells.
The most commonly used antitumor agent doxorubicin (DOX)
was treated as a model drug in this work. Accordingly, the
objective of this work was to study the targeting accumulation
effect and to evaluate the antitumor efficiency of the new carrier
both in vitro and in vivo.

2. MATERIALS AND METHODS
2.1. Materials. DOX (99%) was obtained from Beijing Huafeng

United Technology Co., Ltd. (Beijing, China). The heptamethine
indocyanine dye IR-780 iodide was obtained from Sigma-Aldrich Co.
LLC (St. Louis, MO, USA). Dipalmitoylphosphatidylcholine (DPPC),
1,2-distearyl-sn-glycero-3-phosphoethanaolamine-N-[methoxypoly-
(ethylene glycol)-2000] (DSPE-PEG2000), DSPE-PEG2000-FA, and
cholesterol (Chol) were purchased from Avanti Polar Lipids (Alabaster,
AL, USA). Fetal bovine serum (FBS) and FA were provided by
HEOWNS Biochemical Technology Co., Ltd. (Tianjin, China). The
nuclei dye 4′,6-diamidino-2-phenylindole (DAPI) was obtained from
Tianjin Real Sungene Biotechnology Co., Ltd. (Tianjin, China). Other
chemicals and reagents were of analytical grade.
2.2. Preparation of Liposomes. Liposomes colloidal suspensions

were prepared by using thin-film hydration method, followed by
membrane extrusion.20,21 IR780 and lipid mixtures (see Table 1) were
dissolved in a mixed solvent of chloroform and methanol. Then the
organic solvent was removed with rotavapor to generate a thin lipid film
on the glass vial. The lipid film was then hydrated with an aqueous
(NH4)2SO4 (300 mM) or NH4HCO3 (3 M) solution via sonication at
room temperature and followed by sequential extrusions through 800,
400, 200, and 100 nm polycarbonate filters (five times each). The free
(NH4)2SO4 and NH4HCO3 were removed by dialysis method (10 wt %
sucrose solution with 5 mM NaCl). DOX (drug:lipid = 1:10, w/w) was
subsequently mixed with the suspension and incubated at room
temperature for 24 h. Finally, the unencapsulated DOX was removed by
passing through a Sephadex G-50 column (GE Healthcare, Chalfont St
Giles, U.K.). After separation, the amount of DOX entrapped within the
liposomes was determined by fluorescence spectrometer method. The
entrapment efficiency (EE%) of liposomes was expressed according to
the following equation:

= ×W WEE/% ( / ) 100encapsulated total

where Wencapsulated was the amount of entrapped DOX and Wtotal
represented the total amount of DOX.
2.3. Characterization of Test Liposomes. The mean diameter,

particle size distribution, and ζ potential were measured by Malvern
Zetasizer Nano (Malvern Instruments Ltd., Malvern, U.K.). Particle
morphology was detected by a JEM-100CXII transmission electron
microscope (TEM, JEOL, Tokyo, Japan) followed by negative staining
procedure using phosphotungstic acid. Atomic force microscopy (AFM,
Nanowizarc, JPK Ltd., Berlin, Germany) was used to further observe the
surface morphology of BTSL and BTSL-FA. The liposomal formulation
was diluted with distilled water and was then spread on a mica sheet,
dried at room temperature.
The temperature profile of IR780-BTSL-FA during near-IR laser

irradiation (780 nm, 1 W/cm2) was obtained with a thermocouple
needle.
2.4. In Vitro Temperature Triggered Release of Liposomes.

DOX released from IR780-TSL, IR780-BTSL, and IR780-BTSL-FA
(at 37 and 42 °C) was performed using a dialysis technique. DOX
release behavior from IR780-BTSL-FA with and without laser

irradiation for 5 min at initial time of the experiment was also
investigated (780 nm, 1 W/cm2). Generally, an aliquot of each
DOX-loaded liposome (0.5 mL) was placed into a dialysis tube (MW =
8−14 kDa) and immersed in 30 mL of PBS (pH 7.4) containing 10%
FBS, followed by magnetic stirring at 50 rpm. At predetermined time
points, 0.5 mL of release medium was sampled and replaced with an
equal volume of fresh release medium. The amount of DOX released
was determined by fluorescence intensity using a fluorescence
spectrometer (Ex = 485 nm, Em = 570 nm) at each time intervals.

2.5. Cell Cultures. In this work, KB cells and A549 cells were used to
evaluate the targeting effect of the constructed nanocarrier, as the two
cell lines were reported to be of FR overexpression (positive cell model)
and lack FR expression (negative cell model), respectively. The
DMEM, RPMI 1640 solution, and medium supplement with 10%
FBS, 100 IU/mL penicillin, and 100 μg/mL streptomycin were utilized
as the cell culture medium. Cells were cultivated at 37 °C in a 5% CO2
atmosphere.

2.6. In Vitro Cellular Uptake. To observe the cellular delivery of
DOX-loaded liposomes with or without FA-targeting delivery system,
KB and A549 cells were seeded at a density of 1 × 10 5 in 6-well plates,
respectively. After 24 h incubation at 37 °C, the culture medium was
replaced by fresh medium containing the PBS (control), free DOX,
IR780-TSL, IR780-BTSL, and IR780-BTSL-FA (after the liposomal
formulations were added, the medium was heated to 42 °C for 30 min)
at the same dosage of DOX. For competitive binding studies, 20 μL of
free FA (1 mM) was added to each well 2 h before the addition of
liposomes. After 4 h, the cells were rinsed twice with PBS and then
detached with trypsin. Finally, the cells were resuspended in PBS and
subjected to a FACScan flow cytometry (BD FACSCalibur).

The fluorescent images of cells were analyzed using a laser scanning
confocal microscope (Olympus, Tokyo, Japan). The cells were washed
three times with PBS (pH 7.4) and then fixed in 4% formaldehyde
in PBS (pH 7.4), followed by nucleus staining with DAPI (blue) for
20 min at room temperature. The fluorescence signal was imaged
at λEx (485 nm) for DOX and at λEx (633 nm) for IR780.

2.7. In Vitro Cytotoxicity. Cytotoxicity of each formulation was
evaluated by MTT assay with KB cells and A549 cells. The cells were
seeded into a 96-well plate for 24 h (5 × 103 cells/well) and then
incubated at 37 °C with 5% CO2. The supernatants were discarded, and
the cells were washed twice with PBS (pH 7.4). Free DOX, DOX-loaded
liposome (IR780-TSL, IR780-BTSL, and IR780-BTSL-FA), or blank
IR780-BTSL-FA was put into the culture medium for 4 h at a DOX
concentration of 10, 20, 40, 80, or 100 μg/mL, respectively. The culture
medium without DOX (PBS) was put in the wells for control groups.
Then 20 μL of MTT solution (5.0 mg/mL) was added to each well, and
the cells were further incubated for 4 h at 37 °C. Next, the medium was
removed, and then 200 μL of dimethyl sulfoxide (DMSO) was put in the
well to dissolve the formazan crystals formed by the living cells. The
absorption was recorded at 570 nm using a microplate reader (Thermo
Scientific Varioskan Flash,Waltham,MA, USA). The in vitro efficacy and
in vitro toxicity of free DOX and DOX-loaded or blank liposomes were
expressed as cell viability, defined by the following equation:

= − ×I I Icell viability/% [( )/ ] 1000 1 0

where I0 was the absorbance of the cells incubated with the culture
medium and I1 was the absorbance of the cells incubated with different
formulations (the presence or absence of near-IR irradiation of 780 nm,
1 W/cm2 laser irradiation for 15 min).

2.8. Animals and TumorModel. Female BALB/c nudemice (20±
2 g, 4−6 weeks old) were purchased from the Institute of Radiation

Table 1. Composition of Different DOX-Loaded Liposome Formulationsa

formulation DPPC (mol) Chol (mol) DSPE-PEG2000 (mol) DSPE-PEG2000-FA (mol) IR780 (mol)

IR780-TSL 65 30 5 2
IR780-BTSL 65 30 5 2
IR780-BTSL-FA 65 30 4 1 2

aFA, folate; TSL, thermosensitive liposomes ((NH4)2SO4); BTSL, bubble thermosensitive liposomes (NH4HCO3); BTSL-FA, FA-modified BTSL,
respectively.
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Medicine, Chinese Academy of Medical Sciences (Tianjin, China). The
mice were raised to establish solid tumor models. KB cells (1 × 107)
were administered by subcutaneous injection into the flank region of the
mice. Tumor volume was calculated as (tumor length) × (tumor
width)2/2.
When the tumors reached about 200 mm3, the mice were randomly

divided into eight groups (n = 6) and received intravenous
administration of saline, free DOX, IR780-TSL (with and without
laser), IR780-BTSL (with and without laser), and IR780-BTSL-FA
(with and without laser) at 10 mg of DOX/(kg of body weight) via tail
vein, respectively. For the groups with laser irradiation, the mouse’s left
leg was subjected to 780 nm, 1 W/cm2 near-IR laser irradiation for
15 min. The tumor volume and body weight were calculated every day
after the first injection.
2.9. In Vivo Imaging and Biodistribution Analysis. The in vivo

imaging and distribution of the liposomes was analyzed by a noninvasive
in vivo optical imaging technique.22 The tumor model was developed as
described in section 2.8. The mice were treated with free DOX, IR780-
TSL, IR780-BTSL, and IR780-BTSL-FA (10 mg of DOX/(kg of body
weight)) by iv injection, respectively. Eachmouse’s left leg was subjected
to 780 nm, 1 W/cm2 near-IR laser irradiation for 15 min. At 2 and 12 h
postinjection, the in vivo near-IR fluorescence imaging was performed
with a Kodak IVIS Spectrum system (500−750 nm emission
fluorescence). The excitation and emission wavelength of IR780 was
704 and 730−750 nm, respectively. At 12 h postinjection, the mice were
sacrificed and the organs including heart, liver, spleen, lung, and kidneys
were also collected for imaging and in vivo biodistribution analysis. The
excised tumors and organs were fixed in formalin, embedded in paraffin,
sectioned into slices, and further stained with hematoxylin and eosin
(H&E) to observe organ defects.
2.10. Statistical Analysis. The data from each treatment group and

control are presented as mean ± SD. Student’s t test and one-way
analyses of variance (ANOVA) were performed in statistical analysis.
The differences were considered significant when p < 0.05, and highly
significantly when p < 0.01.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Liposomes.
Three types of liposomes including IR780-TSL, IR780-BTSL,
and IR780-BTSL-FA were fabricated via film evaporation
method, followed by sequential extrusion. A loading technique
was applied to actively load DOX into test liposomes based on
transmembrane NH4HCO3 (or (NH4)2SO4) gradient. Table 1
listed the composition of each liposomal formulation. Table 2
summarized the important characteristics of the liposomes,
includingmean diameter, EE, and PDI value. All of the liposomes
showed good homogeneity, with PDIs below 0.350 and average
particle sizes between 104 and 135 nm. The constructed
PEGylated liposomes with the appropriate particle size facili-
tated the vesicles to be transported in the vasculature of the
tumor tissue and accumulated in the tumor site by the EPR
effect.1,23,24

Furthermore, an efficient loading of DOX into the aqueous
phase of each formulation (EE > 75%) was attained. The
TEM study showed the regular circular shape of the liposomes
(Figure 1) without any differences between IR780-BTSL and
IR780-BTSL-FA. AFM was further used to confirm the particle

surface morphology of the liposomes modified with FA ligand
(as shown in Figure 1d−g). The results suggested the surface of
nontargeted liposomes (IR780-BTSL) was relatively smooth,
while the FA-targeted liposomes had small globular protrusions,
which really verified the successful modification of liposomes
with FA ligand.25

To evaluate the photothermal effect of IR780-BTSL-FA, we
determined the temperature changes under laser irradiation
in vitro. The maximum temperature of free IR780 or IR780-
BTSL-FA increased to 54.9 or 68.2 °Cwith the laser irradiation at
780 nm (1W/cm2 for 300 s), while PBS as a negative control did
not trigger significant temperature increase (Figure 2a). As a
result, the quickly increased temperature (over 42 °C) of IR780-
BTSL-FA under near-IR irradiation could lead to irreversible cell
damage.26−34

3.2. In Vitro Temperature-Triggered Release. Figure 2c
illustrated the in vitro DOX release profiles from the test
liposomes at 37 °C (physiological temperature) and 42 °C
(hyperthermic temperature), respectively. The data implied drug
release from various liposomes exhibited temperature-dependent
characteristic (release was considerably lower at 37 °C, but
higher at 42 °C). Furthermore, drug release from the IR780-
BTSL system was approximately 90% at 42 °C, which was
significantly higher than that from IR780-TSL (53%).
When the local temperature was heated to 42 °C, IR780-BTSL

exhibited considerable fast drug release within 10 min (>60%)
(Figure 2c). Nevertheless, less than 10% DOX was released from
IR780-TSL in 10 min at 42 °C, in spite of significant amounts of
DOX (above 50%) being released in 24 h. In addition, although
there was minor drug leakage (less than 25%) at physiological
temperature (37 °C), the BTSL system still retained a large
amount of DOX within the liposomes. These experimental
results suggested that DOX encapsulation for the BTSL system
was relatively stable at 37 °C, leading to the drug being main-
tained within the liposomes during blood circulation. However,
the drug release would be faster when the carrier was under
triggered temperature, which might create a high drug
concentration gradient to facilitate diffusion of the drug into
the tumor tissue. The fast-triggered drug release also acquired the
ability to prevent rapid passage of the bloodstream and being
washed out from the tumors.35 Noteworthy, the property of
sensitivity to heat triggering of the BTSL systemwas attributed to
NH4HCO3 encapsulated in the liposomes. When liposomes
were subjected to local heating over 42 °C, the decomposition of
the encapsulated NH4HCO3 facilitated immediate thermal
activation of CO2 bubbles generation (transient formation,
growth, and collapse of CO2 bubbles), resulting in a disruptive
force similar to the cavitation effect.5

Furthermore, the effect of laser irradiation on drug release
behavior was also investigated (Figure 2b). IR780-BTSL-FA
exhibited drug release of 29.5% by 8 h and the total release of
41.8% by 36 h without laser irradiation. In contrast, after laser
irradiation, IR780-BTSL-FA released 75.4% DOX by 8 h and the
total drug release amount was significantly increased to 91.1% by

Table 2. Entrapment Efficiency (EE), Drug Loading (DL), Mean Particle Size, and Polydispersity Index (PDI) of DOX Liposome
Formulationsa

formulation EE (%) DL (%) size (nm) PDI

IR780-TSL 77.8 ± 3.9 2.13 ± 0.09 104 ± 16 0.162 ± 0.009
IR780-BTSL 75.9 ± 6.0 2.07 ± 0.12 135 ± 9 0.342 ± 0.011
IR780-BTSL-FA 82.2 ± 4.8 2.25 ± 0.16 127 ± 3 0.264 ± 0.013

aMean ± standard deviation; n = 3.
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36 h, indicating that the laser irradiation could effectively
accelerate DOX release from IR780-BTSL-FA. The reason was
because IR780-BTSL-FA increased in temperature over 42 °C

under irradiation excitation so that triggered rapid drug release
(Figure 2a). This effect was consistent with the results of
liposomes subjected to local heating (Figure 2c).

Figure 1.TEM images and particle distributions for (a) IR780-TSL, (b) IR780-BTSL, and (c) IR780-BTSL-FA. AFM spectra for (d, f) IR780-BTSL and
(e, g) IR780-BTSL-FA ((d, e) plane surface image; (f, g) three-dimensional images).
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3.3. In Vitro Targeted Delivery Study. 3.3.1. In Vitro
Cellular Uptake and Competitive Binding Assay. FA was able
to be efficiently internalized into the cells through the receptor-
mediated endocytosis even when conjugated with a wide variety
of molecules.32,36 In this study, the targeting effect of IR780-
BTSL-FA was evaluated by confocal laser scanning microscopy
(CLSM). As shown in Figure 3a, free DOX was primarily
localized to cell nuclei in KB cells and A549 cells after 4 h incu-
bation, which was consistent with a previous report.37 The
significantly stronger red fluorescence in nuclei of IR780-BTSL-
treated KB cells (compared to those of IR780-TSL) indicated the
improvement of intracellular uptake of DOX. Notably, IR780-
BTSL-FA formulation showed the highest intracellular uptake in
KB cells (with strongest red fluorescence distribution), which
was approximately to free DOX, while, for A549 cells, fluo-
rescence distribution exhibited no significant difference between
BTSL and BTSL-FA. These results indicated that KB cells effec-
tively internalized the FA-conjugated BTSL by FR mediation.
To further confirm the results, the competitive binding of

BTSL and BTSL-FA to KB cells or A549 cells was performed by
adding excess free folate (1 mM) to block FR binding for 1 h
before treatment with liposomes, respectively. The results
(Figure 3b) suggested the cellular uptake of BTSL-FA decreased
significantly in the presence of free FA in KB cells, becoming
almost equivalent to that of BTSL. However, neither the
presence or absence of free FA in the culture medium influenced
the cellular uptake of BTSL-FA by A549 cells. It was clear that the
selectivity of BTSL-FA to KB cells was blocked by free FA.

Based on the preceding cellular uptake experiments, the
proposed mechanism of intracellular access enhancement for the
BTSL-FA system was as follows: the FA ligand on the BTSL
surface was bound to the FR highly expressed tumor cells (KB
cells) and enabled the liposomes to achieve the active targeting
location to tumor cells; the drug in BTSL-FA rapidly released
when subjected to hyperthermia and then diffused into the tumor
along a high drug concentration gradient; DOX directly passed
through the target cell membrane into cytoplasm and even nuclei
to thoroughly destroy the tumor cells.
In addition, the IR780-BTSL-FA drug carrier could enhance

DOX delivery into the tumor cell at increased temperature
in vitro (Figure 4). The absence of a drug group (control) was
observed to tolerate temperatures of 42 °C without significant
cell damage. In the case of free DOX, the DOX molecule rapidly
internalized into cells and bound to nuclei either at 37 or 42 °C,
although more drugs were observed in the nuclei when subjected
to heating (42 °C).

3.3.2. In Vitro Cytotoxicity. The inhibitory effects on KB cells
and A549 cells after incubation with free DOX, IR780-TSL (with
or without laser), IR780-BTSL (with or without laser), and
IR780-BTSL-FA (with or without laser) were displayed in
Figure 5a, respectively. The groups with laser showed higher cell
killing potency to both KB cells and A549 cells, which could be
interpreted by the increased intracellular concentration of free
DOX resulting from photothermally activated temperature-
triggered DOX release. On the other hand, IR780-BTSL-FA
(with laser) exhibited stronger growth inhibition effect on KB

Figure 2. (a) Photothermal effect of PBS, free IR780, and IR780-BTSL-FA under continuous 780 nm laser irradiation (lasted for 5 min and then
shut off). (b) DOX release profiles from IR780-BTSL-FA with and without laser irradiation. The data are shown as mean ± SD (n = 3); (*) p < 0.05,
(**) p < 0.01. (c and d) In vitro temperature-triggered release profiles of DOX from liposomes incubated at 37 and 42 °C (n = 6) release profiles.
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cells than other formulations, whereas it showed no significant
difference with IR780-BTSL (with laser) for A549 cells (IC50
values were 46.28 and 48.71 μg/mL, respectively). IR780-BTSL-
FA (with laser) showed the strongest cytotoxicity on KB cells,

followed by IR780-BTSL (with laser; IC50 = 29.83 μg/mL), free
DOX (IC50 = 28.14 μg/mL), and IR780-TSL (with laser; IC50 =
57.89 μ g/mL), respectively. In summary, the in vitro cytotoxicity
studies indicated that IR780-BTSL-FA combined with laser
irradiation promoted antiproliferative activity in KB cells in the
presence of overexpressed FR, which was consistent with the
cellular uptake studies.
Importantly, IR780-mediated photothermal heating could sig-

nificantly increaseDOX-related toxicity of tumor cells (Figure 5b).
Free DOX as well as IR780-BTSL-FA displayed slightly greater
cytotoxicity with laser irradiation. The carrier in the absence of
DOX (blank IR780-BTSL-FA) exhibited scarcely any cytotox-
icity but showed significantly increased cytotoxicity when
exposed to laser irradiation. The results indicated that photo-
thermally activated heating by IR780 not only induced drug
release from the bubble thermal-sensitive liposomes but also
improved cytotoxicity.

3.4. In Vivo Targeted Delivery. 3.4.1. In Vivo Imaging and
Biodistribution Analysis. To determine the real-time biodis-
tribution of liposomes, various formulations were injected into
tumor-bearing mice via the tail vein. The time-dependent clearance
and in vivo targeting efficacy of each formulation was observed
using noninvasive near-IR imaging in live animals (Figure 6a). The
amounts of the IR780-BTSL-FA accumulated in tumor and organs
weremeasured by using the intrinsic near-IR fluorescence of IR780.
After administration of various formulations, mice showed

strong fluorescence signals in the liver, suggesting free IR780 and
IR780-liposomes were both distributed and metabolized by the

Figure 3. In vitro cellular uptake of various formulations into KB cells (a) and A549 cells (b) and with or without free FA (c and d). The scale bar
represented 50 μm. The data were presented as the mean ± SD (n = 3). (**) p < 0.01.

Figure 4. Temperature-induced intracellular drug delivery to KB cells at
two different temperatures. The scale bar represented 50 μm.
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liver. However, free IR780 solution showed nonspecific
distribution of fluorescence all over the body within 2 h, with
rapidly decreased fluorescence signals at 12 h postinjection. On

the contrary, the fluorescence was still clearly visible of IR780-
TSL, IR780-BTSL, and IR780-BTSL-FA at 12 h after injection,
respectively, indicating a prolonged circulation of the PEGylated

Figure 5. In vitro cytotoxicity of (a) various formulations against KB cells and A549 cells following 4 h incubation. (b) Photothermally activated
formulations to KB cells with or without near-IR laser irradiation (780 nm, 1 W/cm2). (*) p < 0.05; (**)p < 0.01.
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nanocarriers. In addition, the BTSL system (BTSL and BTSL-
FA) presented significantly improved drug delivery to the tumor
site compared to the TSL system, both at 2 and 12 h, suggesting
excellent drug release behavior due to the triggered mechanism
of the BTSL system. Furthermore, higher drug accumulation in
the tumor for IR780-BTSL-FA was observed compared to
IR780-BTSL at 2 h. Even at 12 h, IR780-BTSL-FA still retained
strong fluorescence intensity around the tumor site, showing the
high tumor targeting efficiency of BTSL-FA.
For more accurate measurement, major internal organs (heart,

liver, spleen, lung, and kidneys) and tumors were removed at 12 h
postinjection and analyzed directly on the near-IR fluorescence
imaging system (Figure 6b). As shown in Figure 6b, weak signals
were exhibited in the tumors of control mice treated with free
IR780. The accumulation of IR780-BTSL-FA in the tumor was
much higher than that of IR780-BTSL (1.54 times) and IR780-
TSL (2.12 times), indicating its selectively targeted capability in
the tumor site. This might have been due to the specific binding
between FA ligand and the FA receptor in tumor cells through a
receptor-mediated active targeting, demonstrating the advantage
of IR780-BTSL-FA for tumor treatment. As reported, DOXwas a
potent tumor chemotherapeutic agent, but its clinical application
was considerably limited by potential lethal cardiotoxicity.38,39

In this work, it was clear that the BTSL-FA system significantly
reduced drug distribution in cardiac tissue compared to free drug
(Figure 6b), indicating more excellent therapeutic efficacy and
less cytotoxicity of BTSL-FA.

3.4.2. In Vivo Antitumor Efficacy and Toxicity. The
antitumor activity of free drug and liposomes in the KB tumor-
bearing mice models was studied in this part. As shown in
Figure 7c, the tumor volume of the mice subjected to saline as
control rapidly increased in 18 days, while the tumor growth for
free DOX and liposomal formulations treated groups were
significantly suppressed with locally mild hyperthermia. The
growth of KB tumors was slightly inhibited by IR780-TSL,
IR780-BTSL, and IR780-BTSL-FA without laser irradiation. On
the contrary, the laser irradiation group manifested the better
antitumor efficacy, indicating that the effect of local photo-
thermal heating could not be negligible.
Notably, IR780-BTSL-FA in combination with laser irradi-

ation demonstrated the greatest inhibitory effect on tumor
growth, with significantly decreased tumor volume from 182 to
45 mm3 (Figure 7b). The results strongly revealed the dual effect
of targeting and photothermal therapies for IR780-BTSL-FA.
First, under photothermal heating, considerably more DOXwere
rapid released (as described in in vitro release profiles) and

Figure 6. (a) In vivo images taken at 2 and 12 h time point. For IR780-TSL, IR780-BTSL, and IR780-BTSL-FA, the nudemice were subjected to near-IR
laser irradiation (780 nm, 1 W/cm2) for 15 min after vein tail injection. (b) Near-IR fluorescence images of major organs and tumors after injection of
various formulations at 12 h. (c) Semiquantitative biodistribution in nude mice determined by mean FL intensity of organs and tumor. The data were
shown as mean ± SD (n = 6). (*) p < 0.05; (**)p < 0.01.
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accumulated into tumor cells, resulting in maximum drug
exposure in the tumor. Second, active tumor targeting effect
caused by FA receptor-mediated endocytosis facilitated higher
efficiency than nontargeted liposomes when DOX was delivered
to the tumor. What is more, it was reported that the blank BTSL
itself was still capable of killing tumor cells since a disruptive force
would be produced similar to the cavitation effect induced by
ultrasound after the transient formation, growth, and collapse of
CO2 bubbles under mild hyperthermia.40 The cavitation force
acting on lysosomes could mechanically disrupt the membranes
to release their proteolytic enzymes into the cytosol, resulting in
cell necrosis without leaving behind any toxic agent.5

The potential adverse effect of antitumor therapy remained a
big problem for future clinical applications. In the present study,
the body weight was estimated as an indicator for treatment-
induced toxicity. Although the free DOX group showed
obviously tumor inhibitory efficiency, it presented a weight loss

of more than 25% at 18 days (Figure 7a), indicating the serious
toxic side effects. The weight loss of the free DOX group was due
to the nontargeted characteristics. Despite the observed weak
fluctuations during the treatment period, there was no significant
reduction in body weight of the mice groups treated with IR780-
BTSL and IR780-BTSL-FA formulations combined with photo-
thermal heating, demonstrating the low toxicity of the BTSL
system. This result was further confirmed by organ damage
evaluation (Figure 7d). The mice group treated with saline was
the control. In summary, as illustrated in the H&E-stained organ
tissue slices, no significant necrotic cell was observed in various
organs for the IR780-BTSL-FA-treated group, which gave
evidence for the excellent safety of IR780-BTSL-FA.

4. CONCLUSIONS
In summary, smart theranostic nanocarrier IR780-BTSL-FA com-
bining the specific targeting effect and hyperthermia-triggered

Figure 7. (a) Antitumor activity in nude mice (KB cells implanted) after treatment for 18 days. (b) Body weight changes of the tumor-bearing mice after
treatment. (c) Representative photographs of mice bearing KB tumors and excised tumor on 18 days after treatments. The tumor was marked with
dashed circles. (d) Histological evaluation of tissues from mice treated with saline and IR780-BTSL-FA (single dose at 10 mg of DOX/kg). Each organ
was sliced for hematoxylin and eosin (H&E) staining.
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drug release characteristics was successfully fabricated in this
study. This proposed bubble-generating system IR780-BTSL-FA
simultaneously delivering DOX and IR780 to tumor regions
showed excellent thermoresponsive properties and strong target
effect as well as tumor inhibitory activities compared to free DOX
both in vitro and in vivo. The smart liposomes injected intra-
venously into tumor-bearing mice could strongly suppress tumor
growth under photothermal heating. The in vivo biodistribution
of IR780-BTSL-FA showed increased accumulation in the
irradiated tumor (12.7-fold greater than free solution, 2.1-fold
than IR780-TSL). These results clearly proved the theranostic
nanocarrier which was capable of enhancing the therapeutic
index might be promising as a drug delivery system for imaging-
guided tumor therapy.
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