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ABSTRACT: It is still a challenge to optimize the tumor therapeutic efficacy via
overcoming poor penetration and enhancing accumulation of nanomedicines simulta-
neously. Here, we developed a near-infrared (NIR) light-triggered disintegratable delivery
system (Lipo@ICG@CuS) composed of thermosensitive liposome, photosensitizer
indocyanine green (ICG), and ultrasmall copper sulfide nanoparticles (CuS NPs),
where ICG was embedded in the lipid bilayer and CuS NPs were encapsulated into the
cavity of the liposome, respectively. Upon being irradiated by an 808 nm NIR laser, the
local temperature of Lipo@ICG@CuS NPs is increased significantly, because of the
photothermal capability of the loaded CuS NPs, and subsequently induces the structural
collapse of thermosensitive liposomes to release the ICG and CuS NPs. The in vitro and in
vivo results indicated that the as-prepared Lipo@ICG@CuS NPs could considerably
prompt the CuS NPs to penetrate and accumulate deeply in tumors and obtained
distinguished antitumor efficacy by combinatorial photodynamic therapy (PDT) and
photothermal therapy (PTT). The current study provides a new strategy for solving the inherent dilemma of the long blood
circulation but poor penetration and accumulation of large-sized NPs, as well as the deep penetration but easy clearance of
small-sized NPs during the tumor therapy of nanomedicines.

1. INTRODUCTION
Nanoparticles (NPs)-based drug delivery systems have drawn
much attention in tumor therapy, because of the special
physiochemical advantages, e.g., the enhanced permeability
and retention (EPR) effect and long blood circulation time.1−3

Generally, several aspects of the delivery processes are essential
to be considered for improving the therapeutic efficacy,
including blood circulation time, accumulation at the tumor
site, penetration in the tumor tissue, internalization by tumor
cells, and controllable drug release,4,5 in which penetration is a
big challenge for efficient drug delivery. Typically, nanocarriers
can efficiently deliver the chemotherapeutics to the superficial
layer of the tumor but are accompanied by the poor
penetration efficiency for deep tumor tissues, which seriously
limits the practical anticancer effects. This serious problem
might be attributed to characteristics of the tumor, e.g., the
abnormal tumor vasculature, dense composition of extrac-
ellular matrix (ECM), and the high interstitial fluid pressure.6

So far, tremendous studies have been performed to overcome
this problem.7−11 For example, the ECM-degrading drugs or

enzymes loaded onto the nanocarriers were developed to
improve tumor penetration.12−15 However, the enzyme activity
might be susceptible to be interfered during circulation in the
blood. Besides, the tumor microenvironment (TME) may be
destroyed due to the enzymatic degradation of ECM, leading
to tumor invasion or metastasis.8 In addition, the nano-
medicines might also be modified with tissue-penetrating
peptides to improve the penetration efficiency,16 but the
inevitably complicated synthesis procedure and the high cost,
in association with the objective peptides, seriously limit the
practical application. More recently, the strategy to modulate
the size of the NPs by utilizing the acidic TME has attracted
much attention.17,18 On the one hand, it could improve the
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poor tumor penetration efficiency of the larger NPs by
prolonging the circulation time. On the other hand, it could
also address the dilemma of having good tumor penetration
but being susceptible to clearance and short blood circulation
of the smaller NPs.19 However, modulation of the size of the
NPs is largely dependent on the cleavage of the acidic-sensitive
groups of the NPs, which is difficult to control, because of the
response sensitivity in vivo. Consequently, there is an urgent
need to explore novel strategies to endow the NPs with the
improved tumor penetration and long blood circulation to
enhance the antitumor effect considerably.
Liposomes are clinically used as drug carriers for cancer

therapy because of special properties, similar to cell
membranes, and the ability to load drugs regardless of the
hydrophilicity or hydrophobicity.20 Intelligent responsive
liposomes such as ROS response and pH response have
been designed to improve tumor therapeutic effects.21−23

Thermosensitive liposomes composed of specific phospholi-
pids could be disintegrated easily upon reaching the phase
transition temperature, which could enhance the therapeutic
outcome.24 CuS nanomaterials, which are one class of
important photothermal conversion nanoagents, could in-
tensively absorb light and convert photon energy to local
heating to efficiently kill the cancer cells and has attracted
tremendous attention.25,26 Indocyanine Green (ICG) can be
applied for PDT and PTT, because of the ability to convert
photoenergy into ROS and heat energy, and it also has been
already approved by the United States Food and Drug
Administration (US FDA) for clinical applications.27,28

Herein, we developed a new NIR-light-triggered disintegr-
able delivery system by loading the ultrasmall CuS NPs into
larger thermosensitive liposomes to realize biocompatibility,

prolonged circulation, and favorable penetration. In addition,
ICG was loaded into the lipid layer of the liposome, which
could exert a PDT effect and improve the tumor therapeutic
effects through the combination with the PTT effect of CuS
NPs (Scheme 1). The average size of the liposome was ∼167
nm, which was beneficial to circulate in the body. When
exposed to an 808 nm NIR laser, the CuS NPs could absorb
enough light energy to generate heat, which could result in the
local hyperthermia and then damage the thermosensitive
liposomes to release ICG and CuS NPs for deep penetration in
the tumor tissue. The combined action of PDT of ICG with
PTT of CuS NPs can kill cancer cells significantly. This
nanosystem provided a strategy to address the dilemma of
poor tissue penetration of large NPs and rapid clearance of
small NPs and significantly improved the tumor therapeutic
effect by combining PDT and PTT.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. Dipalmitoylphosphatidyl-

choline (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-
PEG2000) were purchased from Shanghai Ponsure Biotech,
Inc. Cholesterol was purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. Indocyanine green was purchased from
J&K Scientific. Copper chloride dihydrate (CuCl2·2H2O) was
purchased from Aladdin. Fluorescein isothiocyanate (FITC)
was purchased from Solarbio.

2.2. Cell Lines and Animals. The 4T1 and CHO cell lines
were obtained from Cell Bank of Chinese Academy of
Sciences. The cells were cultured at 37 °C with corresponding
medium with 10% fetal bovine serum (FBS) added in a 5%

Scheme 1. (a) Preparation of Lipo@ICG@CuS NPs; (b) Proposed Working Mechanism of the Nanoparticles in Tumors
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CO2 humidified environment incubator (Thermo Scientific,
USA).
The animals (Female Balb/c mice, 6−8 weeks) were fed

under optimal conditions (25 °C and 55% of humidity).
Tumor models were constructed by inoculating 2 × 106 cells
into the subcutaneous of the mice. The treatment was started
after the tumor size being ∼100 mm3. All of the animal
experiments that were performed met to the requirements of
the Institutional Animal Care.

2.3. Synthesis of CuS NPs. The preparation of CuS NPs
was performed as reported previously with slight modifica-
tions.29 Briefly, 0.01 mmol cysteine (Cys) was added to the
CuCl2·2H2O aqueous solution (1 mM, 100 mL) and stirred for
0.5 h to get a homogeneous system. An aqueous solution of
thioacetamide (0.1 mmol) was added dropwise and reacted at
50 °C for 2 h, then centrifuged to collect CuS NPs. For the
FITC labeling of CuS NPs, 1 mL of FITC-PEG-SH (10 mg/L,
MW = 2000) and CuS NPs (5 mg/L) were mixed up and
sonicated for 30 min. Next, the mixture was stirred overnight.
The final product (CuS-FITC NPs) was obtained by
centrifugation to get rid of the excess FITC-PEG-SH.30

2.4. Preparation of ICG-Loaded Liposome. The ICG-
loaded liposome was prepared via the hydration of dry lipid
films. Briefly, DPPC, cholesterol, DSPE-PEG2000, and ICG
(molar ratio of 18:6:1.5:1) were dissolved in trichloromethane
and then dried by rotary evaporators. Subsequently, PBS was
used to hydrate the dried lipid film and then the obtained
liposome was extrude using polycarbonate filters (400, 200,
and 100 nm). The final solution was condensed by
ultrafiltration device (30 kDa, Millipore).

2.5. Loading of CuS NPs. The Lipo@ICG@CuS NPs
were obtained by fully hydrating the lipid film of Lipo@ICG
with 2 mL of CuS NPs aqueous dispersion (2 mg/mL) for 1 h
at 60 °C. In order to ensure efficient loading of CuS NPs into
Lipo@ICG, the mixture was sonicated for 30 min. After
centrifugating to remove the excess CuS NPs, PBS was used to
resuspend the pellet. The final solution was extrude using
polycarbonate filters (400, 200, and 100 nm). The loading
content of CuS NPs was analyzed by ICP-MS.

2.6. Measurement of Responsive Release and Photo-
thermal Performance. To test the response of the
nanosystem, the release of CuS NPs and ICG response to
NIR light irradiation was detected. Briefly, 2 mL of the solution
(Lipo@ICG@CuS NPs) was irradiated with an 808 nm laser
(0.8 W/cm2, 10 min). The released CuS NPs and ICG were
collected via centrifugation. The concentration of the CuS NPs
and ICG were determined by inductively coupled plasma−
mass spectroscopy (ICP-MS) and ultraviolet (UV) spectrom-
etry, respectively.
Next, the photothermal performance of CuS NPs, Lipo@

ICG NPs, Lipo@CuS NPs, and Lipo@ICG@CuS NPs was
evaluated. Briefly, the 808 nm NIR laser (0.8 W/cm2) was used
to irradiate the aqueous suspensions (containing 50 μg/mL of
CuS NPs) of different groups for 10 min. A high-precision
thermocouple sensor was employed to record the temperature
every minute when the experiment was being performed. The
photothermal conversion efficiency was calculated according to
the method constructed by Roper and co-workers.31

2.7. Penetration In Vitro. We constructed the 4T1-based
multicellular spheroids according to the previous report with
moderate modifications.32 First, 96-well microplates were
treated by 1% (w/v) agarose, and then 1 × 104 4T1 cells/
well were seeded after agarose solution was solidified.

Subsequently, the cells were cultured for 4−5 days getting
multicellular spheroids with diameter of 300−400 μm. The
images of cell spheroids were acquired by confocal laser
scanning microscopy (CLSM) (Olympus, Model FV1200)
after incubating with Lipo-DiI@CuS-FITC for 6 h. In addition,
the penetration of Lipo@CuS under 808 nm NIR laser
irradiation was also studied, the CuS NPs were labeled by
FITC and irradiated by 808 nm NIR laser (0.8 W/cm2, 10
min). The 4T1 multicellular spheres then were observed by
CLSM.

2.8. Cellular Uptake. 5 ×104 4T1 cells were seeded into
glass-bottom dishes and fresh medium (without FBS)
containing Lipo-DiI@ICG@CuS NPs (16.9 μg/mL of CuS
NPs) was added after cultivation for 48 h, and then incubated
for another 6 h. Before staining with DAPI, the cells were
washed with PBS and fixed with 4% paraformaldehyde solution
for 20 min. The fluorescent images of cellular uptake were
obtained by CLSM. And the flow cytometry (FACS Calibur)
was used to quantify the fluorescence intensity of the NPs
distributed in cells.

2.9. Intracellular ROS Detection. Intracellular ROS level
was evaluated by using dichlorofluorescein diacetate (DCFH-
DA). First, the cells were treated with the NPs for 6 h, then
DCFH-DA (10 μM) was added and continued to incubate for
another 20 min. Before observation with CLSM, the cells were
exposed to 808 nm NIR laser irradiation (0.8 W/cm2, 2 min).
Flow cytometry was used to quantify the ROS level further and
the procedures were the same as those described above, except
that cells needed to be collected and analyzed using flow
cytometry.

2.10. Biocompatibility and Cytotoxicity Evaluation.
Biocompatibility and cytotoxicity were evaluated with a
standard Resazurin method. Briefly, CHO cells or 4T1 cells
(5 × 103 cells/well) were preseeded in 96-well microplates.
The cells then were incubated with Lipo@ICG@CuS NPs at
CuS NPs concentrations of 0.313, 0.625, 1.25, 2.5, and 5 μg/
mL for 24 h. The fluorescence intensity of the supernatant was
recorded (Ex = 540 nm, Em = 590 nm) after the Resazurin
aqueous solution (20 μL, 0.5 mg/mL) was added and
incubated for another 4 h. For cytotoxicity evaluation, the
cells were incubated with Lipo@CuS NPs and Lipo@ICG@
CuS NPs at the equivalent to CuS concentrations of 0.313,
0.625, 1.25, 2.5, and 5 μg/mL. Next, each well of the 96-well
plates was exposed to 808 nm NIR laser irradiation (0.8 W/
cm2, 5 min). After another 12 h of incubation, the cytotoxicity
was evaluated with the above standard Resazurin method.
LIVE/DEAD assay was further studied to evaluate the
cytotoxicity. After being treated with different NPs for 24 h,
Calcein-AM (4 μM) and PI (4.5 μM) were added to stain the
cells for 20 min and then observed by CLSM. For cell
apoptosis assay, 4T1 cells were harvested and washed by PBS
after being treated with different groups for 6 h. The cells then
were incubated with Annexin V-FITC (5 μL) and PI (5 μL)
for 15 min after resuspended in 100 μL of Annexin V binding
buffer. The data were obtained using a flow cytometer.

2.11. Intratumoral Penetration. For intratumoral pene-
tration, 20 μL of CuS-FITC loaded Lipo-DiI (CuS equivalent
of 5 mg/kg) was injected into tumors of the mice directly. The
mice were euthanized 2 h after injection, and the tumors were
collected and embedded by OCT. Next, the cryosection of
tumor with a thickness of 10 μm was fabricated (Leica
Biosystems) and observed by CLSM. The untreated tumor
tissue was used to offset the background signal of the tissues.
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The penetration distance was determined using representative
images, of which the fluorescent signal occupied a maximum
area of tumor tissues. Furthermore, the intratumoral
penetration was also studied under 808 nm NIR laser
irradiation (1.0 W/cm2, 10 min). The quantitative analysis of
fluorescence intensity was performed by ImageJ software.

2.12. In Vivo and Ex Vivo Imaging. To trace the
biodistribution of the NPs in vivo, Lipo-DiI@CuS NPs were
injected into the mice via the tail vein. The mice then were
imaged using an imaging system (IndiGo 2) at the setting time
points.
To analyze the biodistribution, CuS-FITC loaded liposomes

were administered into 4T1 tumor bearing mice via tail vein
injection. The mice were sacrificed at 24 h postadministered
and major organs (heart, liver, spleen, lung, kidney) and
tumors were imaged. The IndiGo software was employed to
analyze quantitatively the accumulation and distribution of the
NPs.

2.13. In Vivo Photothermal and Photodynamic
Therapy and Histological Evaluation. In this study,
Balb/c mice bearing tumors were divided into four random
groups: PBS, Lipo@CuS NPs (5 mg/kg CuS), Lipo@ICG NPs
(1.84 mg/kg ICG), and Lipo@ICG@CuS NPs (5 mg/kg CuS,
1.84 mg/kg ICG). The treatment was performed when the
tumor grew to ∼100 mm3, and the mice were medicated on
days 0, 3, and 6 via the tail vein. Twenty four hours (24 h)
after administration, the tumor site was exposed to 808 nm
NIR laser irradiation for 10 min (1.0 W/cm2). Before sacrifice,

the tumor size and body weight must be recorded every 2 days.
H&E staining of major organs and tumor tissues proceeded
after treatment for 21 days. First, the tumors were fixed in 4%
paraformaldehyde before embedding into paraffin. The tumors
then were sectioned into slices at a thickness of 5 μm. Finally,
these slices were stained with hematoxylin and eosin for further
pathological analysis. Besides, TUNEL Apoptosis Assay Kit
was used to evaluate the apoptosis of tumor tissues. The
procedure was performed according to the manufacturer
instructions (Beyotime Biotechnology).

2.14. Statistical Analysis. Statistical analysis between two
groups of independent data relied on Student’s Unpaired t-test.
One-way or two-way analysis of variance was required if there
were multiple comparisons. Differences were regarded as
statistically significant at (*) p < 0.05, (**) p < 0.01, and
(***) P < 0.001. Results were shown as the mean ± standard
deviation (SD).

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of the Lipo@

ICG@CuS NPs. To obtain the Lipo@ICG@CuS NPs, well-
dispersed ultrasmall CuS NPs with the average size of ∼3.1 nm
were synthesized based on the previous report with minor
modifications29 (Figures 1a and 1b). The ultrasmall size of
CuS NPs was beneficial to penetrate into tumor tissue deeply.
Moreover, CuS NPs exhibited good NIR photothermal effect
during four irradiation/cooling cycles (Figure 1c), with a

Figure 1. Characterization of the CuS NPs and liposome encapsulation. (a) TEM image of CuS NPs and (b) size distribution. (c)
Photothermal cycling curves of the CuS NPs. (d,e)TEM images of Lipo@ICG@CuS with negative staining (panel (d)) and without negative
staining (panel (e)). (f) Size distribution of Liposome, Lipo@ICG, Lipo@CuS, Lipo@ICG@CuS, and Lipo@ICG@CuS+NIR by DLS
characterization. (g) UV spectra of the CuS, Lipo@ICG, Lipo@CuS, and Lipo@ICG@CuS. (h) Heating curves of H2O, CuS, Lipo@ICG,
Lipo@CuS, and Lipo@ICG@CuS irradiated by the 808 nm NIR laser (0.8 W/cm2).
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photothermal conversion efficiency of 28.1% (see Figure 1c, as
well as Figure S1 in the Supporting Information).
Considering the widespread potential applications of ICG

for PDT and CuS NPs for PTT in cancer therapy, the
nanoscaled Lipo@ICG@CuS containing liposome, ICG, and
the CuS NPs were synthesized. Compared with the TEM
image of liposome alone (Figure 1d), the dark CuS NPs could
be clearly observed from the TEM image of Lipo@ICG@CuS
NPs (Figure 1e), suggesting the successful loading of CuS NPs
into liposomes. The encapsulation efficacy of CuS NPs was
determined as 16.9% through ICP-MS analysis. Dynamic light
scattering (DLS) analysis revealed that Lipo@ICG@CuS NPs
had a narrow size distribution range, and the mean diameter
was 167 nm, increasing by 22 nm than that of Lipo@ICG NPs.
However, the disintegration of the liposomes generated some
debris and the mean diameter dropped to 110 nm upon 808
nm NIR laser irradiation (Figure 1f). To further prove the
successful loading of CuS NPs and ICG in the liposome, we
recorded and compared the ultraviolet-visible light near-
infrared (UV-vis-NIR) absorption spectrum of different
samples. From the results shown in Figure 1g, Lipo@CuS
NPs show a remarkable absorption similar to CuS NPs
between 800 nm and 1350 nm. Lipo@ICG NPs exhibit the
remarkable absorption of ICG (600−850 nm). In the spectrum
of Lipo@ICG@CuS NPs, the absorptions of CuS NPs and
ICG can be clearly observed, indicating the successful loading
of CuS NPs and ICG into the liposome. Considering the major
contribution of the heating performance during the process of
PTT, the photothermal effect of Lipo@ICG@CuS NPs was

determined subsequently. Upon irradiated by 808 nm NIR
laser, the temperature of the Lipo@ICG@CuS NPs dispersion
increased by ∼25 °C, slightly higher than that of CuS NPs
alone (20 °C) and Lipo@CuS NPs (22 °C) (Figure 1h),
which may be attributed to the certain photothermal capacity
of ICG.33,34 Furthermore, TEM observation reveals that the
thermosensitive liposome disintegrated rapidly and released
the cargoes due to the good photothermal effect (Figure S2 in
the Supporting Information). In addition, the drug release was
also evaluated upon NIR light irradiation, the accumulative
release of the CuS NPs and ICG was 44.9% and 55.2%,
respectively, which was significantly enhanced more than that
without NIR light irradiation (6.7% and 9.7%, respectively).
This might be attributed to the rapid disintegration of the
liposomes induced by the PTT effect (Figure S3 in the
Supporting Information). All these results indicated that the
Lipo@ICG@CuS NPs with good photothermal effect were
synthesized successfully.

3.2. Combined Effects of the Disintegratable Nano-
system. To study the enhanced penetration and retention
capacity, we studied the combined effects originated from this
disintegratable nanosystem. As one type of important small
sized NPs widely studied in nanomedicines, ultrasmall CuS
NPs showed short blood circulation time and were easily
cleared.35 Therefore, the tumor accumulation of ultrasmall
CuS NPs was expected to be increased by prolonging the
circulation time. As such, the biodistribution of NPs in the
tumor sites and major organs was visualized via an IndiGo in
vivo imaging system after intravenous (i.v.) administration to

Figure 2. Characterization of distribution and penetration. (a) Accumulation of CuS-FITC NPs and Lipo@CuS-FITC NPs after intravenous
injection for 24 h (n = 3). (b) Quantitative analysis of biodistribution of CuS-FITC NPs and Lipo@CuS-FITC NPs in tumor and major
organs. (c) Penetration of Lipo-DiI@CuS-FITC NPs through 4T1 tumor spheroids. (d) Quantitative analysis of penetration of Lipo-DiI@
CuS-FITC NPs in spheroids by using a custom-made formula A0/A1 (A0 and A1 represent the mean fluorescence intensity of the areas distant
from center within 50 μm and outside to inside within 20 μm, respectively.) (e) Distribution of Lipo-DiI@CuS-FITC NPs in tumor tissues
after intratumoral injection (n = 3). (f, g) Image-based quantitative analysis of distribution area (panel (f)) and penetration distance of
intratumoral injected Lipo-DiI@CuS-FITC NPs (panel (g)), respectively.
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the mice. Figure 2a indicates that both Lipo@CuS-FITC NPs
and CuS-FITC NPs accumulated at tumor sites obviously.
Moreover, the fluorescence intensity of Lipo@CuS-FITC NPs
is approximately 1.8-fold higher than that of CuS-FITC NPs
within tumors (Figure 2b). This result directly reveals that the
as-prepared disintegratable delivery system can significantly

prolong the blood circulation time and enhance the
accumulation of CuS NPs at the tumor site.

3.3. Penetration of the Lipo@ICG@CuS-FITC NPs. Poor
penetration is a vital factor for inadequate accumulation of NPs
in the tumor and usually leads to an unsatisfactory therapeutic
efficacy. It is well-known that multicellular tumor spheroids

Figure 3. Cellular uptake and PTT&PDT-induced cell killing ability. (a) Cellular uptake of Lipo@CuS-FITC with or without 808 nm
irradiation at 0.8 W/cm2 and flow cytometry analysis. (b) Detection of intracellular ROS after treated with Lipo@ICG and Lipo@CuS@ICG
and flow cytometry analysis. (c) Biocompatibility of CHO cells treated with different concentration of Lipo@ICG@CuS. (d) Cytotoxicity of
different concentration of Lipo@ICG, Lipo@CuS, and Lipo@ICG@CuS. (e) Live (green)/dead (red) staining of 4T1 cells. (f) Apoptosis of
4T1 cells analyzed via flow cytometry.
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have been used for studying the in vitro penetration of
nanomedicines as the well-established model. Thus, we
explored the penetration ability of Lipo@ICG@CuS-FITC
NPs labeled by DiI throughout 4T1 multicellular tumor
spheroids. Following incubation with Lipo-DiI@ICG@CuS-
FITC NPs, from the 3D reconstructed CLSM images of
spheroids (Figure 2c), liposome labeled by DiI are mainly
located around the margin of the tumor spheroids. In strong
contrast, CuS-FITC NPs can deeply penetrate throughout the
entire spheroids and even in the center region. From the
quantitative analysis shown in Figure 2d, the relative
fluorescence intensity of CuS NPs was obviously stronger
than that of liposomes (by ∼2-fold), indicating that CuS NPs
were prone to penetrating to the center regions more easily.
The tissue penetration ability of liposomes was limited, which
may be attributed to “the binding site barrier effect”, because
their membrane could fuse with extravascular tumor cells.36

Furthermore, we explored the distribution of Lipo@ICG@
CuS-FITC NPs in tumor tissue via intratumoral injection to
deeply understand the penetration ability. From Figure 2e, the
fluorescence signal between liposomes and CuS NPs did not
overlap perfectly in the tumor tissue.
In other words, the penetration distance of CuS NPs is

different to that of the liposomes within tumors. From the
image-based quantification analysis results, CuS NPs exhibit
nearly a 1.5-fold greater distribution, in comparison with
liposomes (Figures 2f and 2g). Furthermore, the penetration
under NIR light irradiation was also explored in vitro and in
vivo. The in vitro results showed that the penetration depth of
the Lipo@CuS-FITC NPs was only ∼45 μm, while the depth
deepened markedly upon the NIR light irradiation (∼85 μm),
which might be ascribed to the release of CuS NPs from the
disintegrated liposomes (Figure S4a in the Supporting
Information). The line profile analysis also demonstrated
that the fluorescence mainly located at the periphery of the
multicellular tumor spheroids at the depth of 85 μm without
NIR light irradiation, while the fluorescence almost distributed
throughout the multicellular spheroids under NIR light
irradiation (Figure S4b in the Supporting Information). The
results of penetration in tumor tissue indicated that CuS NPs
showed nearly 2-fold greater distribution in comparison with
liposomes, which was considerable greater than that without
NIR light irradiation due to CuS NPs release (see Figures S4c
and S4d in the Supporting Information). These results implied
that CuS NPs could be released from liposome and penetrated
into deep tumor tissue further, especially under NIR light
irradiation.

3.4. Cellular Uptake and Cytotoxicity. Subsequently, the
cellular uptake efficiency of Lipo@ICG@CuS NPs was
evaluated. After co-incubation of 4T1 cells with Lipo@
ICG@CuS NPs labeled by DiI, we first checked whether the
Lipo@ICG@CuS NPs could be efficiently internalized. The
CLSM images displayed strong fluorescent signal of Lipo@
ICG@CuS NPs labeled by DiI within the cytoplasm of 4T1
cells (Figure S5a in the Supporting Information), revealing the
efficient cellular uptake. This result was further confirmed by
the stronger fluorescence intensity of Lipo@ICG@CuS NPs
using the flow cytometry analysis (Figure S5b in the
Supporting Information). Besides, after irradiated by an 808
nm NIR laser, the Lipo@CuS-FITC NPs showed moderate
stronger fluorescent signal than without irradiation (Figure
3a), suggesting that the photothermal effect could prompt the
release of CuS NPs, which was further confirmed by the higher

fluorescent intensity of NIR laser irradiation treatment group
in the flow cytometric histogram. And it was also proved by
fluorescence spectrophotometer analysis, in which the
fluorescence intensity of Lipo@CuS-FITC NPs with NIR
laser irradiation was stronger than that without NIR laser
irradiation (Figure S6 in the Supporting Information). This
phenomenon may be ascribed to the fact that the CuS NPs
loaded into liposome just absorb part of the excitation light
while the quickly released CuS NPs from Lipo@ICG@CuS
NPs under 808 nm NIR laser irradiation can enhance the light
absorption and the corresponding emission intensity.37,38 The
high-efficiency cellular uptake provided a solid foundation for
exerting the PTT effect of CuS and PDT effect of ICG. The
intracellular ROS level then was evaluated using a DCFH-DA
probe. From the CLSM images shown in Figure 3b, the
fluorescent intensity of the 4T1 cells treated by Lipo@ICG@
CuS NPs under NIR laser irradiation is considerably stronger
than that of the Lipo@ICG NPs treatment group, suggesting
the higher intracellular ROS level of Lipo@ICG@CuS NPs +
NIR treatment group. Meanwhile, stronger intracellular ROS
level of Lipo@ICG@CuS NPs than Lipo@ICG NPs was also
demonstrated by the flow cytometric quantification analysis.
These results could be ascribed to a great deal of release of
ICG from the disintegration of liposome triggered by the
photothermal effect of CuS NPs. The cytocompatibility of
Lipo@ICG@CuS NPs was assessed through a standard
Resazurin Method. Figure 3c shows that, after being co-
incubated with different concentrations of Lipo@ICG@CuS
NPs, the viability of CHO normal cells is still maintained
above 80%, suggesting the good cytocompatibility of Lipo@
ICG@CuS NPs. The in vitro PDT and PTT effects of the
Lipo@ICG@CuS NPs then were evaluated. From the data
shown in Figure 3d, after being treated with Lipo@ICG@CuS
NPs under 808 nm NIR laser irradiation, the viability of 4T1
cancer cells is much lower than those of the Lipo@ICG NPs
and Lipo@CuS NPs treatment groups. For example, after
being treated by 5 μg/mL of Lipo@ICG@CuS NPs under 5
min irradiation of 808 nm NIR laser, the viability of 4T1 cells
is <10%, which is much lower than those of Lipo@ICG NPs
(45%) and Lipo@CuS NPs (30%) treatment groups under
same conditions. These data implied the combined therapeutic
effects of Lipo@ICG@CuS NPs. The Calcien AM and
propidium iodide live/dead cell staining assay results were
consistent with that of the cytotoxicity test, the Lipo@ICG@
CuS NPs treatment group exhibited the strongest red
fluorescence, indicating the strongest cytotoxic effect on 4T1
cells (Figure 3e). Moreover, the therapeutic effect of Lipo@
ICG@CuS NPs was further confirmed by flow cytometry
analysis. From the results shown in Figure 3f, after treated by
Lipo@ICG NPs, Lipo@CuS NPs, and Lipo@ICG@CuS NPs
under NIR laser irradiation, the content of apoptotic and
necrotic cells was determined to be 22.2%, 28.2%, and 56.3%,
respectively, revealing the strongest apoptosis and necrosis
inducing effects of Lipo@ICG@CuS NPs. All of the above
proved that the as-prepared Lipo@ICG@CuS NPs can
combine the PTT effect of CuS and PDT effect of ICG to
significantly enhance the antitumor efficacy.

3.5. Tumor Accumulation and Antitumor Efficacy.
Following the evaluation of antitumor effect in vitro, we
subsequently investigated the potential in vivo antitumor effect
of the Lipo@ICG@CuS NPs.
First, the time-dependent accumulation of Lipo@ICG@CuS

NPs at the tumor site was tracked by an imaging system after
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i.v. administration. From the results shown in Figure 4a, the
efficient accumulation of Lipo@ICG@CuS NPs in tumor areas
(white circle) can be clearly observed over time. From the data
shown in Figure 4b, in comparison with the Lipo-DiI
fluorescence signal intensity at 2 h postinjection, the signal
intensity exhibits ∼1.9-fold increases at 24 h post-injection,
clearly revealing the efficient accumulation of Lipo@ICG@
CuS NPs at the tumor site.
Subsequently, combinatorial antitumor effect of Lipo@

ICG@CuS NPs was evaluated in vivo. Briefly, Balb/c mice
bearing tumors were divided into four random groups: PBS,
Lipo@ICG NPs (1.84 mg/kg ICG), Lipo@CuS NPs (5 mg/kg
CuS), and Lipo@ICG@CuS NPs (1.84 mg/kg ICG, 5 mg/kg
CuS). Considering the efficient tumor accumulation of Lipo@
ICG@CuS NPs at 24 h, the tumors were exposed to 808 nm
NIR laser irradiation (1.0 W/cm2) for 10 min after 24 h of i.v.
administration. The tumor size and body weight must be
recorded every 2 days. As shown in Figure 4c, tumor growth
was significantly restrained after treated with Lipo@ICG NPs
and Lipo@CuS NPs. Notably, the Lipo@ICG@CuS NPs
exhibit much stronger therapeutic efficacy than other groups,
the tumor growth in this group is almost completely inhibited.
This can be mainly attributed to the thermosensitive
disintegration of liposome to release CuS and ICG due to
the photothermal effect of CuS NPs, which was conducive to

efficient penetration of CuS NPs and ICG into deep tumor
tissue and the remarkable combined effect of PTT of CuS and
PDT of ICG. There were no obvious changes of body weight
in four groups, indicating good biosafety of the nanosystems
(Figure 4d). In addition, the H&E staining results showed that
tumor tissues treated by Lipo@ICG@CuS NPs were damaged
seriously, compared with other groups. Furthermore, TUNEL
staining was performed, and the results showed that the Lipo@
ICG@CuS NPs group exhibited much stronger positive signal
than other groups, indicating that the combined effect of PTT
and PDT could remarkably induce the apoptosis (Figure 4e).
Moreover, images of H&E staining of major organs revealed
that there was no apparent systemic toxicity induced by Lipo@
ICG NPs, Lipo@CuS NPs, and Lipo@ICG@CuS NPs after 21
days of treatment (see Figure S7 in the Supporting
Information). Taken together, the as-prepared Lipo@ICG@
CuS NPs can efficiently combine the PTT and PDT effects to
significantly inhibit the tumor development, because of the
enhanced accumulation and penetration of the CuS NPs at the
tumor sites triggered by NIR light irradiation.

4. CONCLUSIONS
In summary, a NIR light-responsive disintegratable delivery
system (Lipo@ICG@CuS) was developed that can endow
ultrasmall CuS NPs with long blood circulation and release the

Figure 4. Tumor accumulation and antitumor activity in vivo. (a) Imaging of Balb/c mice bearing tumor (white circle) with time, following
i.v. administration of Lipo@ICG@CuS NPs labeled by DiI. (b) Quantitative analysis of fluorescence intensity of Lipo@ICG@CuS NPs
labeled by DiI at the tumor site with time. (c) Changes of tumor volume after treated by different groups (n = 8). (d) Body weight changes
with different treatments. (e) TUNEL staining (upper panels) and H&E staining (lower panels) of tumor tissues after being treated with
different groups.
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NPs at the tumor site to improve the accumulation and
penetration in the tumor. The liposome collapsed rapidly,
triggered by the photothermal effect of CuS NPs upon NIR
light irradiation at the tumor site, and the ultrasmall CuS NPs
and ICG were released, resulting in the improved accumu-
lation and deep tumor penetration of CuS NPs and ICG. The
enhanced antitumor effect in vivo was achieved by combining
PTT and PDT under single 808 nm light irradiation. This
provides a strong inspiration to develop the novel multifunc-
tional nanomedicines with long blood circulation and deep
penetration for the multimodal treatment of human cancer.
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