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Organic–inorganic nanocomposites for photothermal therapy of cancers emerged as a
promising strategy against malignant tumors. However, it is still a big challenge to develop
a nanocomposite system that can maximize the synergistic photo-thermal therapy effect
as well as preserve high stability for simultaneous delivery of the chemotherapeutic drugs
and photo-thermal agents. Here, we have exploited an organic liposome containing
inorganic core for co-loading the aggregates of bovine serum albumin (BSA),
indocyanine green (ICG), and doxorubicin (DOX), abbreviated as BID-liposomal
nanocomposites. The three kinds of substances were aggregated in the core of
liposomal nanocomposites through hydrophobic and electrostatic interactions. In vitro
characterization shows that BID-liposomal nanocomposites were spherical nanoparticles
with size of 30–50 nm and good storage stability. Moreover, BID-Liposomal
nanocomposites illustrate the strongest cytotoxicity among all the formulations against
murine 4T1 tumor cells. In breast cancer-bearing mouse models, BID liposomes lead to
significant improvements in tumor inhibition effects with no obvious toxicity. Therefore, the
BID-liposomal nanoparticle is believed to be a promising strategy for chemo-photo-
thermal therapy against cancers.
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INTRODUCTION

As one of the standard-of-care cancer treatments, chemotherapy has been in a dilemma due to
lack of tissue targeting and dose-limiting toxicities (Fan et al., 2017). With the rapid
development of nanomedicine, scientists have developed many new therapeutic strategies
against cancer, for example, photodynamic therapy (PDT), radiotherapy, gene therapy,
immunotherapy, photothermal therapy (PTT) Min et al. (2017), Li et al. (2018a), Kedmi
et al. (2018), Liu et al. (2019a), Chen et al. (2019), and cancer gas therapy (Opoku-Damoah
et al., 2021). However, a monotherapy is not sufficient for effective cancer therapy. A great
number of combination therapies has been reported, especially the combination of
chemotherapy and photothermal therapy, as a promising strategy. Liu et al. (2021)
developed a multifunctional nanoplatform which can realize pH-sensitive drug release in an
acidic tumor environment and the efficient photo-thermal conversion of ICG/Cu-LDH, causing
synergism to significantly improve the therapeutic effect of anticancer.
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For photothermal therapy (PTT), the laser with a near-
infrared (NIR) light was applied to irradiate the photothermal
agents (PTAs), such as ICG and Prussian blue, to achieve strong
penetration into human tissues (Hu et al., 2017; Yang et al., 2017;
Pan et al., 2018a; Pan et al., 2018b; Shan et al., 2018; Xue et al.,
2018; Liu et al., 2019b; Chen et al., 2020a; Chen et al., 2020b).
Most of the above agents are actively or passively carried and
stored around the tumor through various targeted technologies.
These photosensitizers could generate heat under NIR light.
When the local temperature reaches above 40°C, tumor cells
will be inhibited or killed at high temperatures (Yang et al., 2017).
In a wide range of photothermal agents, ICG is an FDA-approved
reagent for in vivo imaging because of its good biocompatibility
and NIR fluorescent characteristics. Besides the application in
disease imaging, ICG is also widely applied in the area of
photothermal therapy due to its strong absorption ability and
a good photothermal conversion ability. However, it is limited by
the defect of easy diffusion in vivo and repeated-irradiation
causing photothermal conversion instability (Shan et al., 2018;
Liu et al., 2019b).

Doxorubicin (DOX) is a classic and effective chemotherapy drug
with awide antitumor spectrum,which is often used in the treatment
of malignant lymphoma, acute leukemia, breast cancer, gastric
cancer, lung cancer, and other different types of cancer (Huang
et al., 2015; Chen et al., 2017; Li et al., 2018b;Hao et al., 2018; Ni et al.,
2018; Song et al., 2019). DOX has an excellent therapeutic effect and
extensive application, but also has many untoward effects, such as
severe side effects on the heart (Li et al., 2018b). For alleviation of
toxicity, a version of the chemotherapy medication doxorubicin,
Doxil, has been developed by a liposome-based strategy (Lyon et al.,
2018; Penson et al., 2020). Liposomal nanocomposites are nanoscale
particles nanoparticle delivery systems with enhanced permeability
and retention (EPR) have unique advantages in cancer treatment. As
a result, Doxil has a longer half-life in the blood circulation, leading
to more time taken to reach the time tissue and penetrate the tumor
tissue more easily and stay in the tumor tissue longer. Doxil has
become a classic example for the delivery of chemo-drugs (He et al.,
2019).

Here, we proposed to develop efficient chemo-photo-thermal
composite systems of liposomal nanocomposites co-loading three
components of ICG, DOX, and BSA. The ICG/DOX electrostatic
interactions and stong binding capacity of ICG with BSA enable
the aggregate formation of the above three substances. The
aggregates is crucial for the photothermal effect of ICG
molecules, sustain release of both ICG and DOX, and the
stability of the whole systems. In this study, BID-liposomal
nanocomposites were firstly prepared and characterized
in vitro. Then, the cytoxicity and in vivo antitumor activity
were investigated in various breast cancer cells and tumor-
bearing mouse models.

MATERIALS AND METHODS

Materials
CaCl2, Na2HPO4, cyclohexane, doxorubicin hydrochloride
(DOX) were purchased from Aladdin Company; bovine serum

albumin (BSA), indocyanine green (ICG), and IGEPAL® CO-520
were obtained from Sigma-Aldrich, Inc.; phospholipids (DOTAP,
DOPA, and DSPE-PEG2000) were ordered from Avanti Polar
Lipid, Inc. Other reagents were analytically pure. All reagents are
applied directly without further purification. Deionised water was
used in experiments.

4T1 cells (mouse breast cancer cells) were obtained from the
American Type Culture Collection. Female NOD/SCID mice
with 6–8 weeks of age were used for development of cancer-
bearing mouse models. All work on animals was approved by the
Institutional Animal Care and Use Committee at the China-Japan
Friendship Hospital.

Preparation of BID-Liposomal
Nanocomposites
Based on previous research Li et al. (2012), Luo et al. (2016), the BID-
liposomal nanocomposites were prepared by two steps including an
inverse microemulsion method and a film dispersion method. First,
0.3 ml of 500mM CaCl2 solution and 6mg BSA/ICG (W/W � 5/1)
aggregates were dispersed into 15ml cyclohexane/IGEPAL® CO-
520 mixed solution under the condition of sonication to form a
water-in-oil reverse microemulsion. At the same time, a similar
microemulsion containing 0.3 ml of 25mM Na2HPO4, 1 mg DOX,
and 0.2 ml DOPA (20mg/ml) was also prepared. Then, the two
microemulsions above were mixed together to obtain calcium
phosphate granules. After demulsification and centrifugation
thrice, the calcium phosphate granules as a core were collected in
chloroform for further use. Second, the lipid film was prepared using
1 ml of calcium phosphate core, 0.1 ml of DOTAP/cholesterol (1:1,
10 mM), and 0.1 ml of DSPE-PEG2000 (3mM). All the materials
were mixed in chloroform and subjected to rotatory evaporation to
remove organic solvents. Finally, 1 ml Tris-HCl buffer (pH 7.4) was
added into the bottle with a lipid film. Under the condition of
ultrasonic dispersion, BID-liposomal nanocomposites were obtained
and further purified by dialysis (M.W. 3,500 KD) in water for 24 h.
The purified BID-liposomal nanocomposites were stored in dark
place at 4°C.

In vitro Characterization of BID-Liposomal
Nanocomposites
Transmission electron microscopy (TEM, JEOL174 1200EX) was
used to observe and photograph the morphology and size of BID-
liposomal nanocomposites. For the preparation of TEM samples,
BID-liposomal nanocomposites or the inorganic components of
the core were dropped onto copper grids followed by negative
staining with 1% uranium acetate, respectively. The
hydrodynamic diameters of BID-liposomal nanocomposites
were assayed by a dynamic light scattering method (PSS
ZPW388-NICOMP Particle Sizing System) at room
temperature. The particle sizes of BID-Liposomal
nanocomposites and ICG-Liposomal nanocomposites during
storage at 4°C were recorded to evaluate the formulation stability.

In order to study the stability of BID-liposomal
nanocomposites in vivo, BID-liposomal nanocomposites were
added to the medium containing 10% FBS to simulate the
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intracorporeal environment. The concentration of BID-liposomal
nanocomposites was 160 μg/ml (calculated by ICG
concentration). The samples were incubated in a cell incubator
at 37°C for 3 days and compared with the BID-liposomal
nanocomposites stored at 4°C, and the particle size difference
at different time points was compared.

In vitro Fluorescence and UV-Vis Spectrum
Assay of BID-Liposomal Nanocomposites
To study the fluorescent properties, we scanned the fluorescence
spectrum of BID-liposomal nanocomposites. Before scanning,
the samples were diluted 30 folds by Tris-HCl buffer or methanol.
For the investigation of DOX fluorescence in liposomal
nanocomposites, the excitation wavelength was set as 480 nm.
The emission wavelength ranged from 500 to 900 nm. For the
investigation of ICG fluorescence in liposomal nanocomposites,
the excitation wavelength was set as 780 nm. The emission
wavelength ranged from 790 to 900 nm.

To calculate the encapsulation efficiency of DOX and ICG in
BID-liposomal nanocomposites, the drug concentrations were
assayed by ultraviolet and visible (UV–Vis) spectrophotometry.
The standard curve of DOX and ICG is plotted for quantitative
determination of drug concentrations in BID-liposomes, which
were destroyed with 10-fold methanol before detection. The UV
scanning wavelength ranges of DOX and ICG were set from 300
to 900 nm, respectively.

In vitro the Photo-Thermal Transformation
Characteristics Assay
In order to evaluate the photothermal properties of BID-
liposomal nanocomposites in 96-well plates, different
concentrations (5, 10, 20, 40, 80, and 160 μg/ml, calculated
with ICG concentration) of BID-liposomal nanocomposites
(0.2 ml) were exposed to 808 nm laser at 1 W/cm2

concentration. Sample temperatures at different time points
were recorded by thermal infrared imaging system (FOTRIC).

To further investigate the photothermal conversion stability of
BID-liposomal nanocomposites, the sample with 160 mg/ml
BID-liposomal nanocomposites (calculated with ICG
concentration) was exposed to five cycles of NIR radiation.
After 3 min of each irradiation (1W/cm2, 808 nm), the sample
was cooled to room temperature and then re-exposed to the laser.
Monitor the sample temperature change and draw the
temperature change curve after five cycles.

In vitro Cytotoxicity Assays
To assess the cytotoxicity of the BID-liposomal nanocomposites,
the viability of the cultured cells was measured according to the
standard protocol of a methyl thiazolyl tetrazolium (MTT)
method. (Anishiya et al., 2020). 4T1 tumor cells (5,000 cells
each well) were seeded in 96-well plates and cultured under the
condition of 37°C and 5% CO2. After 24 h, free DOX and DOX-
liposomal nanocomposites with different DOX concentrations
were added into each well. After 24-h incubation, the cell culture
solutions were discarded followed by PBS rinse thrice. 20 μl MTT

solution (5 mg/ml, 0.5% MTT) was added to each well and
subsequently incubated for 4 h. Then, 150 μl dimethyl
sulfoxide was added to each well on a shaker at the speed of
20 rpm for 10 min. The cytotoxicity of DOX formulations was
further assayed by enzyme-linked immunoassay to measure the
absorption value at 490 nm wavelength.

Similarly, 4T1 tumor cells (5,000 cells each well) were
incubated in 96-well plates for 24 h followed by treatment
with different concentrations of ICG formulations (1, 5, 10 μg/
ml). Then, each well was exposed to 808 nm laser (1W/cm2) for
1 min. The wells without NIR treatment were used as control.
After 48-h incubation, the optical density (OD) values were
determined for the evaluation of cytotoxicity.

In vivo Pharmacodynamic Experiments
Female NOD/SCID mice (6–8 weeks old) were subcutaneously
inoculated with 4T1 cells (1*106) in the left armpit, respectively.
When the solid tumor size reached approximately 100–150 mm3,
the tumor-bearingmice were randomly divided into six groups and
received the following treatment schemes: 1) PBS; 2) DOX
(2mg/kg DOX); 3) DOX-liposomes (2 mg/kg DOX); 4) ICG
(2mg/kg ICG), plus irradiation; 5) ICG-Liposomes (2 mg/kg
ICG), plus irradiation; and 6) BID-Liposomes (the dose was
calculated by DOX with 2 mg/kg), plus irradiation. Irradiation
was performed at 24 h post administration. The first day of
administration was recorded as day 0, and the dose was
repeated every other day for an overall 8 times during the
treatment period. The body weight of each mouse was recorded
till the experimental end. At day 14, all the mice were sacrificed by
cervical dislocation. Tumors were excised and weighed.

Statistical Analysis
Quantitative data were indicated as means ± standard deviation
(SD). Either a Student’s t-test or a one way analysis of variance
(ANOVA) was performed to assess the experimental results. A
p-value of less than 0.05 was regarded to have a statistically
significant difference.

RESULTS AND DISCUSSIONS

Development of BID-Liposomal
Nanocomposites
Due to a high water solubility of free ICG and DOX (in
hydrochloride form), injection of each drug alone would cause
diffusion in the whole body, probably limiting the chemo-photo-
thermal combination effect on cancer therapy (Iimuro, 2017;
Bönisch et al., 2019). Although ICG and DOX could be formed
into aggregates through electrostatic attraction, these aggregates are
unstable, especially in a complex environment in vivo (Figure 1).

Here, to make full use of the interactions of various molecules,
the BSA/ICG/DOX aggregates were turned into the core of the
BID-liposomal nanoparticle (Figure 2). Besides the core, this
liposomal nanoparticle contains outer leaflet of lipid bi-layers. All
the components are crucial for the performance of BID-liposomal
nanocomposites in vitro and in vivo. First, the BSA/ICG/DOX
aggregates would be beneficial to exert a higher photothermal
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effect than free ICG. Second, the lipid coating with DSPE-PEG
would be helpful for stable storage of BID-liposomal nanoparticle
and long circulation after being injected. Third, these BID-
liposomal nanocomposites could achieve controllable drug
release in the acidic environment of tumor. Finally, under the
condition of laser irradiation, the combination of DOX and ICG
that co-delivered into the tumor site would significantly enhance
the antitumor effect compared to either chemotherapy or
photothermal alone.

It is noted that there are three kinds of nanostructures during
the process of formulation: inorganic core without any lipid,
inorganic core with a single layer of lipid (DOPA), and inorganic
core with bilayer of lipid (named BID-liposomes in this study).
The particle size of inorganic core without any lipid was
extremely uncontrollable during the process of formulation.
The inorganic core with a single layer of lipid has a uniform
particle size but hydrophobic surfaces, difficult to be dissolved
in water.

In vitro Characterization of BID-Liposomal
Nanocomposites
To characterize the morphology and particle size of BID-
liposomal nanocomposites, we observed the liposomal

FIGURE 1 | The schematic diagram of BSA/ICG/DOX formation in
deionized water. The ICG/DOX electrostatic interactions and strong binding
capacity of ICG with BSA enable the aggregate formation of the above three
substances. These aggregates are probably unstable in a complex
environment.

FIGURE 2 | The outline for the preparation of BID-liposomal nanocomposites. The liposomal nanocomposites were prepared by combination of a water-in-oil
microemulsion method and a film-dispersion method. BSA/ICG/DOX aggregates were concentrated in the core of liposomal nanocomposites for improvement of
stability and synergistic chemo-photo-thermal antitumor effect.
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nanocomposites under the transmission electron microscope
(TEM) using a method of negative staining. TEM images
show spherical solid cores with transparent shells, which is
indicated as lipid bilayers (Figure 3A). As a control,
inorganic core with a single layer of lipid was dissolved in
the dichloromethane and imaged by TEM. The inorganic
components of the core were the nano-sized calcium
phosphate precipitates with a diameter of 20–30 nm,
which were generated by the reaction between CaCl2 and
NaHPO4. The loose and porous structure of core can
encapsulate the BSA/ICG/DOX aggregates. Due to these

hydrophilic coatings, BID-liposomal nanocomposites could
effectively avoid the uptake of reticuloendothelial system
(RES) and thus achieve long circulation in blood.
Moreover, the particle size of BID-Liposomal
nanocomposites was determined by a dynamic light
scattering (DLS) method (Figure 3B), in which the BID-
liposomal nanocomposites were about 40 nm, consistent
with that in TEM images. Figure 3C showed that the
changes in the zeta potential of the nanocomposites over
the incubation time. The zeta potential could maintain
relatively stable for at least 2 weeks.

FIGURE 3 | In vitro characterization of BID-liposomal nanocomposites. (A) TEM images of BID-liposomal nanocomposites and the inorganic components of the
core. Scale bar: 200 and 50 nm. (B) Particle size assay of BID liposomal nanocomposites. (C) Changes in zeta potential of BID-liposomal nanocomposites over the
incubation time. (D) Changes in the particle size of BID-liposomal nanocomposites treated or untreated with a medium containing 10% serum at 37°C within 3 days (E)
Storage stablity of BID-liposomal nanocomposites and ICG-Liposomal nanocomposites at 4°C.
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The stability of BID-liposomal nanocomposites in vivo is an
important prerequisite for their function. BID-liposomal
nanocomposites incubated in a medium containing 10% FBS
for 3 days at 37°C were compared with the original sample.
Figure 3D showed a slight increase in particle size of BID-
liposomal nanocomposites. The adsorption of FBS on the
periphery of BID-liposomal nanocomposites may lead to the
increase of particle size.

To further study the storage stability of BID-liposomal
nanocomposites which is one of the key parameters of
nanoparticles, we determined the particle sizes at each preset
time point and plotted the change of size as a function of time.
Results showed that both BID-liposomal nanocomposites and

ICG-liposomal nanocomposites could maintain the same particle
size (Figure 3E). This excellent stability is attributable to the small
size of BID-liposomal nanocomposites and the protection of lipid
bilayers.

In vitro Fluorescence and UV–Vis Spectrum
of BID-Liposomal Nanocomposites
To characterize the fluorescent properties, we scanned the
fluorescence spectra of BID-liposomal nanocomposites. For
excitation of DOX in liposomal nanocomposites, a peak of
emission wavelength at 590 nm was observed in either treated
or untreated with methanol dilution of BID-liposomal

FIGURE 4 | In vitro fluorescence and UV–vis spectrum assay of BID-liposomal nanocomposites. (A)The emission spectra (500–900 nm) of BID-liposomes diluted
with 30-fold methanol or water under the excitation wavelength of 480 nm. (B) The emission spectra (790–900 nm) of BID-liposomes diluted with 30-fold methanol or
water under the excitation wavelength of 780 nm. (C) The UV–vis spectrum (300–900 nm) of BID liposomes. (D) Standard curve of DOX by the absorbance assay. (E)
Standard curve of ICG by the absorbance assay.
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nanocomposites. (Figure 4A). For excitation of ICG in liposomal
nanocomposites, both treated and untreated with methanol
dilution of BID-liposomal nanocomposites illustrated obvious
emission wavelength peak at 815 nm (Figure 4B).

The UV–vis absorbance spectra validated the successful
encapsulation of ICG and DOX in BID-liposomal
nanocomposites (Figure 4C). Based on the UV–vis spectra,
the encapsulation efficiency of ICG and DOX in
nanocomposites were 81.98 ± 0.86% and 54.24 ± 2.12%,
respectively, calculated by the standard curves of free ICG and
DOX. All the above data suggest successful encapsulation of ICG
and DOX in BID-liposomal nanocomposites due to the strong
interaction among BSA, ICG, and DOX.

In vitro Photo-Thermal Effect of
BID-Liposomal Nanocomposites
To assess the photo-thermal potency, the changes of
temperature were monitored by using a thermal infrared
imaging agent while the BID-liposomal nanocomposites were

irradiated by a laser (808 nm, 1 W/cm2) in vitro. Five different
concentrations of BID-liposomal nanocomposites (5, 10, 20, 40,
80, and 160 μg/ml, calculated with ICG concentration) were
used to research the temperature changes under NIR
irradiation. After one minute irradiation, the temperature of
each concentration of BID-liposomal nanocomposites increases
sharply. As expected, there was a positive correlation between
temperature and BID-liposomal nanocomposites concentration
(Figure 5A). The 10 μg/ml nanoparticles could maintain the
temperature above 40°C (Figure 5B), which can produce a mild
thermal effect, promoting the uptake of chemotherapeutic
drugs by cells. Deionised water as blank control had no
effect on NIR irradiation. The above data proved that
nanoparticles have a good photothermal effect. The results
showed that under NIR irradiation, BID-liposomal
nanocomposites transform light into a high temperature that
tumor cells cannot bear, thus inhibiting the growth of tumor
cells or directly killing tumor cells.

ICG is the main component of photothermal effect in BID-
liposomal nanocomposites. Although it has superior photo-

FIGURE 5 | The photothermal effect of the BID-liposomal nanocomposites. The thermographs (A) and corresponding heating curves (B) of the BID-liposomal
nanocomposites at varied concentrations upon 808 nm laser exposure (1 W/cm2) in 96-well plates. BID-liposomal nanocomposites with different concentrations of ICG
were assessed. (C) Heating curves of BID-liposomal nanocomposites subjected to repeated irradiation at 808 nm (1 W/cm2).
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thermal conversion performance, but there are still some
problems, such as photobleaching and reduction of
photothermal effects after repeated exposure to radiation. As
shown in Figure 5C, BID-liposomal nanocomposites undergo
repeated NIR irradiation. In the first three cycles, the
photothermal effect of BID-liposomal nanocomposites kept
good repeatability, but in the fourth cycle, the photothermal
effect of BID-liposomal nanocomposites decreased. This means
that the photothermal effect of the BID-liposomal
nanocomposites will gradually decrease with the increase of
radiation times, which is consistent with the results of
previous studies (Shan et al., 2018; Liu et al., 2019b). However,
BID-liposomal nanocomposites showed relatively stable
photothermal production in the first three cycles, indicating
their potential as photothermal therapy.

In vitro Cytotoxicity Assays
The cytotoxicity of BID-liposomal nanocomposites was evaluated
in 4T1 cancer cells using an MTT assay. Prior to the
determination of BID-liposomal nanocomposites-causing
cytoxicity, the cell viability after treatment with free DOX and
DOX-liposomal nanocomposites were assessed. In Figure 6A,
both DOX and DOX-liposomal nanocomposites showed
negligible toxicity against cells. When the concentration of
DOX was up to 3 μg/ml, obvious cell death in the cell culture
well was observed under the microscopy. Overall, the BID-
liposomal nanocomposites and free DOX illustrate comparable
cytotoxicities, suggesting that liposomal materials were nontoxic.
Theoretically, DOX concentration of DOX-liposomal
nanocomposites could be enhanced by liposomal nanoparticle-
mediated cellular uptake but toxicity reduced by the sustained
release of DOX from liposomal nanocomposites. Both of these
factors eventually resulted in a similar drug concentration in cells
and cytotoxicity of DOX-liposomal nanocomposites compared
with free DOX.

As expected, free ICG without irradiation did not affect the
survival of 4T1 cells. After irradiation, the BID-liposomal
nanocomposites showed the strongest cytotoxicity among all
the formulations (6.7 ± 3.4% for BID-Liposomal
nanocomposites, 42.1 ± 5.8% for ICG-liposomal
nanocomposites and 60.9 ± 2.9% for free ICG, Figure 6B).
This suggests that the ICG in aggregate form is beneficial to
enhance the photo-thermal effect compared with free ICG. More
importantly, ICG and DOX displayed a significant combination
therapeutic effect against cancer cells (Zheng et al., 2013; Liu et al.,
2019c). All these data suggest the necessity of encapsulating the
ICG/DOX aggregates into the core of BID-liposomal
nanocomposites.

Besides the direct tumor cell killing effect by photothermal
therapy, more action mechanisms should be involved. According
to previous reports, laser irradiation on ICG could induce ROS
production and apoptosis of cancer cells, thus greatly enhanced
the antitumor efficacy (Liu et al., 2021; Opoku-Damoah et al.,
2021). The mechanisms of BID-liposomes will be further
investigated in our future work.

In vivo Antitumor Efficacy
To further evaluate chemo-photo-thermal combination therapy
effect against 4T1 breast cancer-bearing mouse models, we
weighed the tumor weight of mice receiving various therapy
regimes. In agreement with the cytotoxicity assay in vitro, it was
clearly illustrated that BID-liposomes with irradiation showed the
strongest inhibitory effects against 4T1 tumors among all the
DOX formulations (Figure 7A). Also, free DOX, DOX-
Liposomes, free ICG plus laser, and ICG-liposomes plus laser
showed anti-tumor efficacy to some extend. Under the laser
irradiation, free ICG and ICG-liposomes led to a comparable
effect, probably because of the strong binding capacity of ICG
with albumin in vivo, causing formation of similar nanoparticle
and EPR effect into tumor. All the above results demonstrate an

FIGURE 6 | Cytotoxicity assay against 4T1 breast cancer cells. (A) Survival percentage of 4T1 cells under the treatment of various concentrations of free DOX and
DOX liposomal nanocomposites. (B) Survival percentage of 4T1 cells under various treatments of chemicals or combined chemo-photo-thermal treatments (mean ± SD;
**p < 0.01; ns, not significant; n � 3).
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enhanced chemo-photo-thermal combination effect of BID-
liposome.

During the antitumor experiment, the body weight of each
mouse was also monitored after administration of various drugs.
In Figure 7B, free DOX causes an obvious loss of mouse body
weight, mainly due to the severe side effect of DOX, such as
cardiotoxicity, myelosuppression, and so on. The DOX-
liposomes significantly reduces the side effects, probably due
to the distribution change of liposome in vivo, avoiding the
accumulation of DOX in the heart. Accordingly, all the other
therapy regimes lead to a negligible change of body weight
compared to phosphate buffer saline (PBS).

CONCLUSION

In this study, we have developed BID-liposomal nanocomposites
that could simultaneously load three components of BSA, ICG,
and DOX. The interactions among the drugs enable better
formation of aggregates, accordingly resulting in multiple
advantages of BID-liposomal nanocomposites. With the
change of time, the BID-liposomal nanocomposites showed
good physical stability without the precipitation and particle
size increase of nanoparticles in vitro. As expected, the BID-
liposomal nanocomposites showed excellent photothermal
conversion under NIR irradiation and had certain stability
under repeated irradiation. Moreover, BID-liposomal
nanocomposites plus NIR laser irradiation show the strongest
cytotoxicity among all the formulations. In breast cancer-bearing
mouse models, BID-liposomes display significantly better tumor
inhibition effects without obvious toxicity. Therefore, it is

concluded that the BID-liposomal nanocomposites holds great
promise for chemo-photo-thermal therapy of malignant tumors.
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