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Combination therapy such as photothermal therapy (PTT) enhanced chemotherapy is regarded as a
promising strategy for cancer treatment. Herein, we developed redox-responsive polymeric vesicles
based on the amphiphilic triblock copolymer PCL-ss-PEG-ss-PCL. To avoid the limited therapeutic effect
of chemotherapeutic drugs caused by systemic exposures and drug resistance, the redox-sensitive
polymeric vesicles were cargoed with two chemotherapeutics: doxorubicin (DOX) and paclitaxel (PTX).
Besides, indocyanine green (ICG) was encapsulated, and cell-penetrating peptides and LHRH targeting
molecule were modified on the surface of polymeric vesicles. The results indicated that the polymeric
vesicles can load different kinds of drugs with high drug loading content, trigger drug release in
responsive to the reductive environment, realize high cellular uptake via dual peptides and laser
irradiation, and achieve higher cytotoxicity via chemo-photothermal combination therapy. Hence, the
redox-responsive LHRH/TAT dual peptides-conjugated PTX/DOX/ICG co-loaded polymeric micelles
exhibited great potential in tumor-targeting and chemo-photothermal therapy.
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Hepatocellular carcinoma (HCC), the most frequent primary
liver cancer, ranks second in cancer-related mortality because of
ineffective therapy [1]. Appropriately formulated synergistic
therapies may achieve better anticancer efficacy while minimizing
the side effects caused by each agent. Clinical research on cancer
therapy has gradually shifted from monotherapy to combinational
therapies [2-4]. Chemotherapeutics such as doxorubicin (DOX)
and paclitaxel (PTX) are among the key therapeutic agents for the
treatment of various solid tumors. Compared with single-drug
therapy, the synergistic treatment of DOX and PTX effectively
increases the rate of tumor regression and the survival rate of
patients due to their different effects and mechanisms on cancer
cells [5-7]. However, the nonspecific distribution and rapid
clearance of these chemotherapeutics severely limit their clinical
applications and inevitably cause systemic toxicity [8]. Therefore,
more specific and efficient delivery approaches for therapeutic
agents need to be developed.
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In cancer drug therapy, understanding the tissue distribution of
chemotherapeutic agents is important in optimizing the treatment
regimen [9]. However, real-time monitoring of therapeutic drugs
in tumor tissues is almost impossible [10]. The rapid development
of nanotechnology has provided the possibility of assembling
several types of therapeutic agents in the same carrier simulta-
neously, and formulating a multifunctional nano-delivery system
for multimodal synergistic therapies [11-14]. A variety of nano-
delivery systems have been exploited in cancer diagnosis and
therapy, such as liposomes and polymersomes [15], metal-organic
framework nanoparticles [16], mesoporous [17] and biomimetic
nanoemulsions [18]. Among these vectors, polymersomes have
proved to exhibit excellent drug loading efficiency and good
biocompatibility [19] because these polymersomes not only have
hydrophilic and hydrophobic layers to encapsulate various drugs,
but also they exhibit promising tumor-targeting ability by EPR
effect and surface decorations [20].

Indocyanine green (ICG), as one of the cyanine dyes, is the only
near-infrared probe approved by the FDA for medical diagnosis and
imaging. It is also a photothermal converter responding to near-
infrared light. These properties make ICG popular in fluorescence
imaging and photothermal therapy [21-23]. Importantly, ICG-
based photothermal therapy could coordinate with chemotherapy
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to overcome the limitation of monotherapy. However, in vivo
applications of ICG have been limited because of its bio-
environmental instability, nontarget specificity, tendency to
assemble in aqueous media, and rapid elimination from the body
[24,25]. Thus, exploring a proper vector to deliver ICG is urgently in
need.

Cell-penetrating peptides (CPPs) are capable of delivering drugs
into almost any live cells. Transactivator (TAT) is one of the CCPs
that has shown fast endosomal or lysosomal escape and quick
nuclear localization [26]. However, their nonspecific interactions
caused by primary amines limits their application [27]. A tumor-
targeting and microenvironment-responsive TAT-functionalized
nanoplatform would be highly desirable in cancer treatment.
Luteinising hormone-releasing hormone (LHRH) is a promising
liver cancer cell-specific molecular probe [28], which could avoid
the nonspecific cell-penetrating effect caused by TAT.

In this study, polymeric vesicles were constructed based on
redox-responsive amphiphilic triblock copolymer PCL-ss-PEG-ss-
PCL by using thin-film hydration and ultrasonic methods. The
synthesis and characterization of the polymeric vesicles can be
found in Supporting information. PCL-ss-PEG-ss-PCL could form
nanoparticles with a hydrophilic core, a hydrophobic layer, and a
hydrophobic shell due to the intra- and/or inter-molecular
interactions of the amphiphilic copolymers in aqueous media.
This carrier successfully encapsulated hydrophobic drug PTX,
amphiphilic drug DOX, and photothermal conversion agent ICG
(Fig. 1A). As shown in Fig. 1B, the fabricated PINPs mixtures were
green transparent with opalescence. After incubated with DOX, the
mixtures (named DPINPs) turned homogeneous reddish brown.
These images indicated ICG and DOX were successfully loaded in
polymeric vesicles, and the mixtures remained uniform dispersion
and nanoscale liquid. The morphological structure of DPINPs was a
typical sphere with uniform particle size (Fig. 1C). The blank
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nanoparticles (blank NPs) exhibited an apparent spherical “core-
shell” morphology with bilayered lamellar structure (Fig. 1D). Size,
size distribution as well as zeta potential were characterized by
NanoZS Zetasizer. As shown in Fig. 1E, uniform DPINPs particles
were synthesized with an average diameter of 232.47 + 1.47 nm
and narrow polydispersity (0.127). Besides, the size and polydis-
persity index of PINPs was 167.87 4+ 1.87 nm and 0.116 respectively,
which decreased by 64.6 nm than the size of DPINPs. The bigger
size of DPINPs is attributed to the loading of hydrophilic DOX, and
the zeta potentials also confirm this inference. As shown in Fig. 1F,
the zeta potential of blank NPs was changed from -2.17 mV to
-25.8 mV after loading PTX and ICG (PINPs), which demonstrated
that the negatively charged ICG was loaded in nanoparticles
successfully. Due to the positive electrical property of free DOX,
DPINPs (-11.6 mV) exhibited lower electronegativity than PINPs
(-23.87 mV). These negatively charged surfaces are expected to
make polymeric vesicles stay long-term stability under aqueous
media and more biocompatible in vivo [29]. The encapsulation
efficiency (EE) of PTX, ICG, DOX in DPINPs were 86.9%, 96%, 13.55%,
respectively, and the loading content (LC) was 8.9%, 9.86%, 2.06%,
respectively, exceeding those of most current anti-cancer drug
delivery carrier.

Since the concentration of reductive compounds (such as
glutathione) in the intracellular matrix is much higher than the
extracellular environment, disulfide bond based compounds
appear to be promising candidates for intracellular delivery as
these carriers can be specifically decomposed in the reductive
environment [30-33]. The in vitro drug release of DOX and PTX
from DPINPs in response to the reductive environment was further
evaluated to confirm the redox sensitivity of this nanocarrier.
Glutathione (GSH) with certain concentrations was used to imitate
the intracellular reductive environment. Fig. 2A indicated that the
release profile of DOX divided into sharp release and relaxedly
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Fig.1. Synthesis and characterization of polymeric vesicles. (A) Schematic illustration of the construction procedure of DPINPs; (B) Images of prepared drug-loaded polymeric
vesicles before (displayed in green) and after (displayed in reddish brown) encapsulated DOX; (C) AFM images of DPINPs (scale bar: 500 nm); (D) TEM image of blank NPs
(scale bar: 500 nm); (E) Size distribution of DPINPs; (F) Zeta potential of blank NPs, PINPs and DPINPs.
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Fig. 2. Invitro drug release and photothermal effect of DPINPs: DOX (A) and PTX (B) release profile from the redox-sensitive polymeric vesicles in various conditions at 37 °C
for 25 days; The temperature variation (C) and maximum temperature images (D) of the solutions of PBS, free ICG, and DPINPs, as a function of 5 min continuous 808 nm laser

irradiation with the laser intensity of 1 W/cm?.

release periods. At the initial stage of drug release, hydrophilic DOX
released explosively. The adsorption behavior of positive DOX on
the surface of DPINPs was responsible for the DOX burst release.
After 48 h of release, the cumulative release rate of DOX in the
simulated physiological conditions (expressed as without irradia-
tion), laser irradiating (expressed as with irradiation), GSH
simulated reductive condition (expressed as 10 mmol/L GSH
without irradiation), and GSH solution with laser irradiating
(expressed as 10 mmol/L GSH with irradiation) reached 45.26%,
45.81%, 66.69%, and 68.31%, respectively. Subsequently, the DOX
release from DPINPs showed an obvious sustained release and the
cumulative DOX release in GSH + laser condition exceeded 80% in 7
days. Laser irradiating did not significantly promote the DOX
release, possibly because the speed of the initial burst release
covered up the effect of laser. By contrast, the release behavior of
PTX from DPINPs was a slow and continuous release without an
initial burst effect. As shown in Fig. 2B, the release of PTX was
significantly accelerated under a reducing environment (10 mmol/L
GSH), and the laser irradiation also enhanced the drug release. These
results indicate that this drug delivery system exhibit a redox-
responsive and laser-responsive characteristics.

ICG is the typical NIR-absorbing PTT agent. To evaluate the in
vitro photothermal effect of DPINPs, we monitored the laser-
induced temperature variation of PBS, free ICG, and DPINPs by
using an infrared thermal imaging camera (Figs. 2C and D). During
5-min irradiation, the temperature of DPINPs increased rapidly and
the highest temperature reached 53.2 °C, while free ICG saw a swift
growth in the first 30 s and slightly decrease subsequently. Due to
the optical and chemical instability of free ICG in aqueous media,
the maximum temperature of free ICG during irradiation only
reached 40.5°C. PBS buffer showed a small magnitude of the
warming with the highest temperature of 27.5 °C, which illustrated
that near-infrared laser irradiation could not induce temperature
rising without a photothermal converting agent. The cause of the
superior photothermal efficiency of DPINPs might lie in the fact
that the shell of DPINPs could concentrate ICG and reduce heat
dissipating. Thus, the thermo-therapeutical effect of ICG was
maintained in the DPINPs and provided a basis for photothermal
therapy.

Since both DOX and ICG are known to emit autofluorescence,
CLSM could intuitively visualize the intracellular localization of
DOX and ICG in BEL 7404 cells. To enhance the targeting and
penetrating property of nano-carrier, LHRH and TAT peptide were
modified on the surface of DPINPs. As shown in CLSM images
(Figs. 3 and 4), The cell morphology and drug distribution changed
with intervening formulations and laser irradiation. Normally, BEL
7404 cells were spindle-shaped or polygonal with uniform size, but
after incubated with drug-loaded polymeric vesicles, cell turned
short shuttle-like or round shape. Specifically, the cell membrane
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Fig. 3. Uptake of various formulations by BEL 7404 tumor cells. CLSM observation of
the intracellular distribution of DPINPs, LHRH-DPINPs, TAT-DPINPs, LHRH-TAT
DPINPs and free DOX&PTX&ICG in BEL 7404 cells after incubation for 4 h (scale bar:
20 pm).
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Fig. 4. Uptake of various formulations by BEL 7404 cells after laser irradiation. CLSM
observation of the intracellular distribution of DPINPs, LHRH-DPINPs, TAT-DPINPs
and LHRH-TAT DPINPs in BEL 7404 cells after laser irradiation and incubation for 4 h
(scale bar: 20 pm).

became deformed and uncompleted after treated with TAT-
DPINPs, which could be observed in the bright field (BF). The
occurrence of this phenomenon was consistent with the cell-
penetrating effect of TAT, thereby demonstrating cell-penetrating
peptides modified polymeric vesicles could ferry much larger
molecules into cells independent of classical endocytosis. Dox and
ICG are prone to located in cell nucleus and cytoplasm respectively,
as both drugs have their action mechanisms. As shown in Fig. 3, the
fluorescence intensity of ICG in TAT-LHRH-DPINPs, LHRH-DPINPs,
TAT-DPINPs, DPINPs, and free DOX&PTX&ICG treated cells
appeared a decreasing trend, suggesting that TAT and LHRH
decorations could enhance the internalization of drug-loaded
polymeric vesicles. Unlike ICG internalization, free DOX was much
easier to enter BEL 7404 cells than other formulations, which result
from the rapid passive diffusion of hydrophilic DOX.

Besides, we investigated whether the laser irradiation could
accelerate intracellular uptake. After laser irradiating (Fig. 4), the
fluorescence intensity of DOX and ICG distributed in cells was
much higher than each of the non-laser irradiating group,
indicating ICG-induced photothermal effect can improve cellular
uptake of drug-loaded polymeric vesicles, and accelerate drug
release. Similarly, the highest fluorescence intensity of DOX and
ICG in cells observed in LHRH-TAT DPINPs could be attributed to
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additional LHRH targeting, cell-penetrating effect, and ICG-
induced hyperthermia.

The fluorescence intensity of intracellular DOX and ICG was
further semi-quantitated by high-content cellular analysis system.
As shown in Fig. 5, BEL 7404 cells were incubated with DPINPs,
LHRH-DPINPs, TAT-DPINPs, LHRH-TATDPINPs and free DOX&PT-
X&ICG for 1h, 4h, and 24h. Few DOX and ICG signals were
detected in cells after 1-h incubation, whereas the internalization
of both drugs enhanced when the incubation prolonged to 4 h. This
correlation demonstrated that the internalization of those
formulations was time-dependent. For free DOX treated cells,
the DOX signal at 24 h decreased to 330.59 after an increase from
1h(153.24) to 4 h (380.53), possibly because the transportation of
free DOX was limited after passive diffusion had reached
saturation. In comparison, the cellular uptake of DOX in polymeric
vesicles treated groups increased with cultural time, indicating the
superiority of fabricated nano-carrier. Both TAT and LHRH
modifications improve the efficiency of drug delivery. For LHRH-
TAT DPINPs treated cells after 4-h incubation, the fluorescence
intensity of DOX in the nucleus and ICG in cytoplasm enhanced
over 2.47 times and 24.24 times respectively after laser irradiation.
This significant increase further indicated that the photothermal
effect could accelerate the cell endocytosis of chemotherapeutic
drugs.

Since increased cellular uptake is associated with enhanced
cytotoxicity in tumor cells, cytotoxicities of different formulations
against Bel 7404 cells were analyzed by MTT method. As shown in
Fig. 6A, LHRH-TAT-NPs (LHRH-TAT modified blank carrier)
exhibited high safety and biocompatibility towards BEL 7404
cells with carrier concentrations ranging from 0.243 pug/mL to
485.4 g/mL, as over 90% of cell viabilities were observed in this
group. Furthermore, the growth of BEL 7404 cells was significantly
inhibited by DPINPs, LHRH-DPINPs, TAT-DPINPs, LHRH-TAT
DPINPs, and free DOX&PTX in a dose-dependent way. Due to the
sustainable release of LHRH-TAT-NPs, the cytotoxicity of LHRH-
TAT-NPs had no vantage compared with free DOX&PTX after 24-h
incubation. Free DOX enter cells through passive diffusion and
could direct contact with tumor cell, causing higher in vitro toxicity
than nanoparticles. compared with DPINPs, the higher cytotoxicity
of LHRH-DPINPs implies that LHRH bonding significantly improved
the targeting efficacy of nanoparticles to BEL 7404 cells lines. TAT
modified polymeric vesicles (TAT-DPINPs) displayed more severe
toxicity than DPINPs in different drug concentrations, which was
consistent with the results of cellular uptake, demonstrating the
cell-penetrating effect of TAT peptide could effectively improve the
anti-cancer activity of nanoparticles.

To visualize the photothermal-induced cytotoxicity, live and
dead BEL 7404 cells following 4-h cultivation with LHRH-TAT-
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Fig. 5. Uptake of various formulations by BEL 7404 tumor cells. High-content cellular analysis of the mean fluorescence intensity of DOX and ICG in BEL-7404 cells after being
incubated with different formulations for 1, 4 and 24 h. Data are presented as mean & SD (n=6).
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Fig. 6. (A) Invitro cytotoxicity analysis of BEL 7404 cells exposed to DPINPs, LHRH-DPINPs, TAT-DPINPs, LHRH-TAT-DPINPs, LHRH-TAT-NPs (LHRH-TAT modified blank carrier)
and free DOX&PTX&ICG for 24 h. Data are presented as mean =+ SD (n = 6). Significant differences: *P < 0.05, **P < 0.01 and ***P < 0.001. (B) CLSM images of BEL 7404 cells
exposed to DPINPs, LHRH-TAT-DPINPs, LHRH-TAT-DPINPs + laser. Cells were stained with calcein-AM/PI living cell (green fluorescence)/dead cell (red fluorescence) kit after 4-

h incubation.

DPINPs or DPINPs were imaged. Since the treatment duration
against BEL 7404 was short, dead cells were sparsely seen in the
DPINPs group. However, more dead cells were observed in LHRH-
TAT-DPINPs with/without laser-treated groups, and LHRH-TAT-
DPINPs + laser increased the proportion of dead cells (Fig. 6B). The
results suggested a great targeting, cell-penetrating effect, PTT
enhanced chemotherapy in BEL cells by LHRH-TAT-DPINPs + laser
treatment.

In conclusion, a redox-sensitive amphiphilic copolymer PCL-ss-
PEG-ss-PCL was constructed to achieve PTT enhanced chemother-
apy and tumor-targeted effects by molecular self-assembly
approach. The redox-sensitive multifunctional polymeric vesicles,
which is specific for high glutathione (GSH) level in tumor cells, can
release drugs via the cleavage of the disulfide bond. We obtained
polymeric vesicles with homogeneous particle size distribution
and good drug loading efficacy. The superior photothermal
efficiency made DPINPs a promising formulation for PTT therapy.
In vitro cellular uptake and cytotoxicity assays revealed that this
drug delivery system has several advantages as follows: (1) Blank
polymeric vesicles are good drug delivery carriers in terms of their
good safety and biocompatibility; (2) The cellular drug accumula-
tion increased with incubation durations owing to the sustainable
release and long-term effects of nanoparticles; (3) DPINPs or
surface-functionalized DPINPs can respond to laser irradiation,
thereby generating hyperthermia to enhance cellular uptake and
cytotoxicity of nanoparticles; (4) The modification of LHRH and
TAT could optimize the carriers’ targeting and penetrating effect
towards BEL 7404 cells. Taken together, this drug delivery system
provides a robust strategy for carrying multiple types of drugs,

tumor targeting and penetrating, and achieve high anti-cancer
effect via chemo-photothermal combination therapy.
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