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ABSTRACT: To overcome the shortcomings of chemotherapy including side eﬀects and uncontrollable release, as
well as to increase the therapeutic eﬃcacy, a diblock
copolymer (mPEG-b-PLA-BODIPY) was constructed containing a NIR absorbing boron-dipyrromethene (BODIPY)
tail, a hydrophobic polylactide (PLA) segment, and a
hydrophilic poly(ethylene glycol) (PEG) segment. The
nanoparticles self-assembled from mPEG-b-PLA-BODIPY
with a core−shell structure were utilized to load docetaxel
(DTX) in the core through hydrophobic interaction. Tailored
drug release and high tumor penetration of the nanomedicine
were realized by fully taking advantage of photothermal eﬀect
and the enhanced penetration and retention eﬀect, facilitating enhanced therapeutic performance and reducing undesirable side
eﬀects. In vivo antitumor studies demonstrate that photothermal-enhanced chemotherapy eﬀectively suppresses tumor
progression, while systemic toxicity and side eﬀects of DTX are remarkably decreased beneﬁting from rational design. This
pioneering example provides a blueprint for the next generation of polymeric delivery vehicles integrating novel theranostic
functions.
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■

INTRODUCTION

from scientists to promote anticancer eﬃcacy while overcoming
the side eﬀects of the drugs by speciﬁcally delivering the loaded
drug to sites of action beneﬁting from the enhanced permeation
and retention (EPR) eﬀect. Among them, nanomedicines
fabricated from copolymers especially exhibit distinct advantages including favorable biocompatibility and biodegradability,

Chemotherapy is considered to be one of the mainstays of
clinical cancer treatment owing to its systemic eﬃcacy and
gratifying cytotoxicity. However, clinical applications of traditional chemotherapy are restricted by the serious side eﬀects,
such as myelosuppression, mucositis, alopecia, and peripheral
neuropathy, because most of the low molecular weight
chemotherapeutic drugs lack tumor targeting and thus also
damage normal cells without speciﬁcity.1−4 Over the past
decades, nanomedicines have attracted tremendous attention
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Scheme 1. Schematic Illustration of the Preparation of PPB/DTX Nanoparticles and the NIR Triggered Photothermal Adjunct
Chemotherapy

Figure 1. Synthetic route to mPEG-b-PLA-BODIPY.
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Figure 2. Characterization of PPB and PPB/DTX. DLS results and TEM images of (a, b) PPB nanoparticles and (c, d) PPB/DTX nanomedicine. Scale
bar = 100 nm. (e) Photothermal curves of PPB at a concentration of 2.0 mg/mL. (f) Temperature changes of PPB in water irradiated with a NIR laser at
a power density of 500 mW/cm2 for 10 min.

potential in clinical applications attributed to their excellent
biocompatibility and biodegradability.38−40
In this work, a diblock copolymer (mPEG-b-PLA-BODIPY,
PPB) containing a boron-dipyrromethene (BODIPY) tail, a
hydrophobic polylactide (PLA) segment, and a hydrophilic
poly(ethylene glycol) (PEG) segment was designed and
successfully synthesized (Scheme 1). The BODIPY, which
performs in a relatively narrow energy band gap, could exhibit
strong absorbance in the NIR region and act as a photothermal
agent. Driven by the hydrophobic interactions between drug and
hydrophobic PLA segments, the chemotherapeutic drug
docetaxel (DTX) can be encapsulated into the core of selfassembled nanoparticles from PPB. The obtained PPB/DTX
nanoparticles demonstrate heat-controllable promotion of drug
release in aqueous solution. The NIR-induced photothermal
eﬀect were able to increase the penetration of nanoparticles in a
3D multicellular spheroid of non-small-cell lung cancer A549
cells, exhibiting NIR-triggered intracellular drug accumulation.
In addition, the antitumor eﬃcacy of PPB/DTX was evaluated,
indicating that the PPB drug delivery system was capable of
enhancing the therapeutic eﬃcacy of DTX. Following treatment
with PPB/DTX and NIR irradiation, the growth of A549
xenografts obviously slowed down, revealing excellent antitumor
eﬀect of NIR triggered photothermal adjunct chemotherapy.

improvement of drug solubility, minimization of side eﬀects,
prolongation of blood circulation time, and enhanced tumor
accumulation.5−13 Tailored drug release is another obstacle
impeding the eﬃcacy of chemotherapy, since the passive
diﬀusion of most nanomedicines is ineﬃcient and uncontrollable, always lowering the anticancer results and resulting in
damage to normal organs. Therefore, the development of a
sophisticated drug delivery system with spatial and temporal
drug release ability is still highly desirable.14,15
Photothermal therapy (PTT), taking advantage of nearinfrared (NIR) lasers and NIR absorbing agents to transduce
NIR light into heat, has been developed as an attractive option
for local tumor therapy.16−21 Followed by ﬂexible photothermal
treatment, the release and tumor penetration of chemotherapeutic drugs can also be promoted because of the heatinduced disruption of the delivery system and the promotion of
vascular permeability, making cancer cells more susceptible to
chemotherapy.22−26 Various photothermal agents have been
developed for PTT and combination therapy, including gold
nanorods or nanoparticles, carbon nanotubes, graphene oxide,
indocyanine green, terrylenediimide, porphyrin, and aza-borondipyrromethene.27−37 However, the majority of currently used
inorganic PTT agents are not biodegradable and can remain
inside the body for a long time, leading to potential long-term
toxicity. In contrast, the organic PTT agents hold promising
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RESULTS AND DISCUSSION
Synthesis and Characterization of PPB Copolymer.
The synthetic route to PPB is shown in Figure 1. First, BODIPY1 was obtained from a two-step reaction starting from 1,4hydroxyethoxybenzaldehyde (HEBA) and 2,4-dimethyl pyrrole,
which further reacted with dimethylaminobenzaldehyde to
aﬀord BODIPY-2. For the preparation of mPEG-b-PLACOOH, a ring-opening polymerization of lactide was adopted
using mPEG-OH as a macromolecular initiator followed by the
reaction with succinic anhydride with a yield of ∼85% in two
steps. The amphiphilic diblock copolymer PPB was obtained
through esteriﬁcation between mPEG-b-PLA-COOH and
BODIPY-2. Various characterizations were applied to conﬁrm
the successful synthesis of the PPB (Figures S1−S8). 1H NMR
and 13C NMR spectra provided direct evidence for the
preparation of BODIPY-2. According to the 1H NMR spectrum
of mPEG-b-PLA-OH (Figure S6), the molecular weight was
calculated to be 14.4 kDa. In the gel permeation chromatography (GPC) curves (Figure S5), the mPEG-b-PLA-OH
copolymer showed a monomodal pattern with a polydispersity
of 1.11, suggesting a well-controlled polymerization of the
product. Moreover, the structure of PPB was also conﬁrmed by
1
H NMR spectrum (Figure S8), showing proton peaks of
BODIPY ranging from 6.7 to 7.7 ppm. The amphiphilic PPB
with a hydrophobic core composed of PLA and BODIPY, and a
hydrophilic PEG segment was able to self-assemble into stable
nanoparticles. The particle size of PPB was characterized by
dynamic light scattering (DLS). The average hydrodynamic
diameter of the PPB nanoparticles was 86.3 ± 0.7 nm (Figure
2a). Transmission electron microscopy (TEM) of PPB showed a
spherical structure, which dispersed uniformly with a diameter
of approximately 100 nm (Figure 2b). The UV−vis spectrum of
PPB indicated an intense absorption between 600 and 800 nm
(Figure S9), conﬁrming the photothermal capability of this
delivery vehicle.
To conﬁrm the photothermal eﬀect, we monitored the
temperature change of the solution containing PPB at a
concentration of 2.0 mg/mL upon laser irradiation at 670 nm
with diﬀerent power density. Figure 2e showed that the
photothermal eﬃciency of PPB was laser power intensity
dependent. However, irradiation with the 670 nm laser at a
density of 750 mW/cm2 for 10 min had obvious inﬂuence on cell
viability (Figure S11). The cell viability decreased to 58.0% ±
8.8% when the power density increased from 500 to 750 mW/
cm2. Therefore, the optimal power density was kept at 500 mW/
cm2 for further study.
As observed in Figure 2f, exposure of the PPB polymer to the
670 nm laser at a power density of 500 mW/cm2 for 10 min
produced a concentration-dependent increase of the temperature by 10.9, 14.1, and 16.6 °C for PPB concentration of 0.5,
1.0, and 2.0 mg/mL, respectively. Thus, the excellent photothermal eﬃciency of PPB demonstrated above showed great
potential in photothermal-enhanced chemotherapy.
Preparation and Characterization of DTX Loaded PPB
Nanoparticles. With this potential photothermal polymer in
hand, we introduced docetaxel (DTX) as the chemotherapeutic
drug. The microtubule-stabilizing drug DTX is applied to many
types of cancers in clinical practice, including breast cancer, lung
cancer, and ovarian cancer. However, the clinical use of DTX is
greatly limited by its poor aqueous solubility (6−7 μg/
mL).41−44 To improve the solubility of DTX, DTX loaded
PPB nanoparticles (PPB/DTX) were successfully prepared by

hydrophobic interaction using the solvent evaporation method.
The average size of PPB/DTX in aqueous solution characterized
by DLS, as shown in Figure 2c, is 85.4 ± 0.6 nm in diameter. The
TEM images provided visual morphological evidence showing
the stable formation of PPB/DTX sphere with a diameter of
approximately 100 nm (Figure 2d). The results of DLS and
TEM demonstrated negligible inﬂuence on the formation and
size of nanoparticles upon loading DTX in comparison with PPB
nanoparticles. Since mPEG-b-PLA (PP) micellar nanodrugs are
widely studied and some are commercially available, such as
Genexol-PM, the advantage of BODIPY conjugated mPEG-bPLA in drug loading was evaluated. As shown in Table 1, in
Table 1. Drug Loading Capability Evaluations
PP

PPB

polymer (mg)

DTX (mg)

EEa (%)

LCb (%)

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

2.0
3.0
4.0
5.0
6.0
2.0
3.0
4.0
5.0
6.0

74.5
70.8
64.7
65.8
64.2
90.9
89.9
92.1
93.7
86.7

13.0
17.5
20.5
24.8
27.8
15.4
21.2
26.9
31.9
34.2

Encapsulation eﬃciency (EE) = mload/madd × 100%, where madd and
mload represent the drug mass added during the preparation of drugloaded nanoparticles (NPs) and that loaded by the NPs, respectively.
b
Loading content (LC) = mload/(mload + m) × 100%, where m
represents the mass of polymer used during the preparation of drugloaded NPs.
a

comparison with PP, the BODIPY conjugated copolymer PPB
exhibited remarkably higher drug loading contents (LC),
indicating that the conjugated BODIPY, which was utilized as
a photothermal agent, also contributed to formation of
nanomedicine through enhanced hydrophobic interaction.
The stability of copolymers in biological buﬀers was studied
by DLS. The results implied that both nanoparticles selfassembled from PP and those from PPB were stable in PBS and
DMEM containing 10% serum (Figure 3a,b), conﬁrming the
long-circulating characteristic of obtained nanoparticles in
biological conditions.
The in vitro drug release of PPB/DTX were tested under
diﬀerent conditions. During the drug release experiments, tween
80 (0.5% w/v) was added into the dissolution medium for the
poorly soluble DTX to maintain a sink state. As shown in Figure
3c and Figure S10, only a small portion of drug was released from
the PPB/DTX NPs in the presence of serum, and the release rate
of PPB/DTX was slower than that of PP/DTX at 37 °C,
indicating better stability of PPB/DTX and a lower risk of drug
leakage for PPB/DTX nanomedicine in further in vivo
applications compared with PP/DTX. Additionally, drug release
at 44 °C which was reported to be eﬀective for thermosensitization,45,46 was faster than that at 37 °C, indicating that the
photothermal eﬀect promotes drug release, which can facilitate
release of the loaded drug at the site of activity, thus reducing
side eﬀects of the nanomedicines.
The hemolysis assay was carried out to assess whether the
PPB copolymer would destroy red blood cells (RBCs). Figure
3d shows the hemolysis rates of PPB in various concentrations
ranging from 50 to 2000 μg/mL at diﬀerent incubation times.
4466

DOI: 10.1021/acsbiomaterials.9b01145
ACS Biomater. Sci. Eng. 2019, 5, 4463−4473

Article

ACS Biomaterials Science & Engineering

Figure 3. Stability of PP, PP/DTX, PPB, and PPB/DTX in (a) PBS and (b) DMEM containing 10% serum. (c) Drug release of PPB/DTX at the
temperature of 44 and 37 °C. (d) Hemolysis assay of PPB. Various concentrations of PPB from 50 to 2000 μg/mL were incubated with red blood cells
for 1, 2, and 4 h. The deionized water was used as a positive control, and PBS was used as a negative control (n = 3).

Figure 4. (a) Fluorescence images of A549 cells treated with PPB/Rho (2.0 mg/mL) for a total of 3 or 4 h, where the PPB/Rho is shown in red, and the
nucleus is stained with DAPI. Scale bar = 50 μm. (b) Penetration of PPB/Rho nanoparticles into 3D-cultured A549 tumor spheroids for 4 h imaged
with a confocal laser scanning microscope. The representative confocal images were taken at 7, 21, and 42 μm from the spheroid rim. Scale bar = 200
μm. (c) Cell viability of A549 cells treated with laser, free DTX, PPB/DTX, and PPB/DTX + laser at diﬀerent concentrations of DTX. Data represent
mean ± SD (n = 3) (Student’s t test, *p < 0.05).

PPB copolymer only induced a hemolysis rate of 2.6% ± 1.4%
after 4 h incubation when the concentration of PPB was as high
as 2000 μg/mL, implying its good hemocompatibility. Therefore, PPB/DTX, integrating features of high loading contents,

excellent stability and hemocompatibility, and heat-induced
controlled drug release, showed great potential for further
studies.
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Figure 5. Apoptosis analysis (a, b, c) and cell cycle (d, e, f) of A549 cells treated with diﬀerent formulations at a DTX concentration of 0.1 μg/mL. The
quantitative analysis was calculated by ﬂow cytometry. Data represent mean ± SD (n = 3). (g) Total apoptosis rate (Q2 + Q3) of A549 cells after
treatment with PBS, DTX, or PPB/DTX for 48 h incubation (Student’s t test, *p < 0.05). (h) Frequency of G0/G1 phase, S phase, and G2/M phase of
A549 cells after treatment with PBS, DTX, or PPB/DTX for 48 h incubation (Student’s t test, *p < 0.05).

(MCS). As shown in Figure 4b, the red ﬂuorescence of PPB/
Rho was observed deeper and more intensely in the MCS with
the assistance of laser irradiation, indicating that the hyperthermia triggered by irradiation of PPB signiﬁcantly enhanced
the penetration and accumulation of nanoparticles into deep
tumors.
Besides the heat-induced penetration, we were also interested
in exploring whether the bioavailability and antitumor activity of
DTX could be improved with the PPB/DTX nanomedicine
formulation. To this end, the anticancer eﬃcacy of DTX was
evaluated by MTT assay. Figure 4c shows the cell viability of
A549 cells under treatment with free DTX, PPB/DTX, and
PPB/DTX combined 10 min laser irradiation. The eﬃcacy of
DTX was signiﬁcantly improved when the PPB/DTX was
irradiated with the NIR laser, suggesting photothermally
enhanced chemotherapy. Moreover, the PPB/DTX nanomedicine formulation demonstrated higher eﬃcacy than free
DTX. The result was further conﬁrmed by a cell apoptosis assay
and cell circle experiment. In the cell apoptosis assay, the cells
were treated with various formulations at a DTX concentration
of 0.1 μg/mL for 48 h, and cell apoptosis was quantiﬁed using an
Annexin V-FITC/PI apoptosis detection kit (Figure 5a−c). Q2
and Q3 in the plots represent late apoptotic cells and early
apoptotic cells, respectively, whereas Q4 represents normal cells,
and Q1 represents necrotic cells. The treatment with PPB/DTX
obviously induced higher rates of cell apoptosis (Q2 + Q3,
46.4% ± 2.1%) than treatment with free DTX (30.2% ± 1.6%)
(p < 0.05), implying that the cell apoptosis was enhanced after

Cellular Uptake and Antitumor Activities of DTX
Loaded PPB Nanoparticles. The PPB nanoparticles showed
good encapsulation ability and excellent drug release behavior;
however, good in vitro biocompatibility is also necessary for the
PPB polymer to be further applied in tumor therapy. Therefore,
in vitro cytotoxicity was evaluated using the 3-(4′,5′dimethylthiazol-2′-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay on human non-small-cell lung cancer A549 cells.
As shown in Figure S12, satisfactory biocompatibility of PPB
was revealed by MTT assay, demonstrating high cell viability
after treatment with diﬀerent concentrations of PPB. Subsequently, in vitro cellular uptake and anticancer eﬃcacy were
tested on A549 cells. It has been reported that photothermal
treatment contributes to cellular uptake.47 In order to obtain
visible results, the cellular uptake assay was performed with
rhodamine B as a red ﬂuorescent probe. The images in Figure 4a
show the cellular uptake of rhodamine B loaded PPB (PPB/
Rho) on A549 cells after 3 or 4 h and show that the application of
laser irradiation caused an increase of red ﬂuorescence, which
suggested promotion of cellular uptake. The penetration of
nanoparticles into the solid tumor tissues is one of the main
challenges for the eﬀective tumor therapy. To further assess the
penetration ability, we carried out a cellular uptake experiment
in a three-dimensional (3D) model with A549 cells, which
mimics the microenvironment and morphology of solid
tumors.48,49 The images were scanned layer by layer using
confocal laser scanning microscopy to monitor the penetration
of PPB/Rho nanoparticles into the 3D multicellular spheroid
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Figure 6. Blood test parameters for mice treated with PBS or PPB through iv injection. Data are shown as mean ± SD (n = 3) (Student’s t test, *p <
0.05). Blood routine examination includes white blood cell (WBC), red blood cell (RBC), hemoglobin (Hb), and blood platelet (PLT), liver function
includes alanine aminotransferase (ALT) and aspartate aminotransferase (AST), and kidney function includes blood urea nitrogen (BUN) and
creatinine (CREA).

the encapsulation of DTX by PPB. This result was also
supported by the cell cycle experiments (Figure 5d−f). The
DTX inhibited microtubule disassembly and arrested cells in
G2/M phase. As expected, we found higher G2/M phase arrest
with PPB/DTX. Compared to that with free DTX, the frequency
of cells in G2/M phase with PPB/DTX treatment was increased
from 52.20% ± 0.91% to 65.46% ± 0.14% (p < 0.05), indicating
better antiproliferative activity.
In Vivo Therapeutic Eﬃcacy of DTX Loaded PPB
Nanoparticles. Given the excellent anticancer activity, PPB
was further employed for in vivo studies. First, the in vivo safety of
PPB copolymer was evaluated using ICR mice. Routine blood
examination, liver function, and kidney function of mice were
evaluated after intravenous injection with PPB once every 2 days
for four times. Compared to the control group with PBS
injection, the blood test parameters of mice treated with PPB
exhibited no signiﬁcant diﬀerences, except a little decrease of
PLT (Figure 6), revealing the good biocompatibility of PPB. To
explore the biodistribution of PPB/DTX in mice, DTX extracted
from diﬀerent organs including lung, liver, spleen, kidney, heart,
and tumor after intravenous injection with PPB/DTX for 6, 12,
24, or 48 h was quantiﬁed using HPLC. Free DTX was used as
control. As shown in Figure 7a,b, after 6 h postinjection, free
DTX was found to accumulate mostly in lung as a result of the
interception of insoluble DTX. The amount of DTX in tumor
tissue decreased as time progressed. At 48 h postinjection, DTX
was hardly detected in all organs, which demonstrated that free
DTX could be quickly cleared from the body. However, the
biodistribution of DTX changed upon the injection of PPB/
DTX nanomedicine. At 12 h postinjection, DTX was found at
the highest concentrations in most tissues including lung, liver,
spleen, and tumor, verifying that the biodistribution of PPB/
DTX nanomedicine was diﬀerent from free DTX. Beneﬁting
from the EPR eﬀect and the long-circulation capability of PPB/

DTX nanomedicine, the amount of DTX in tumor remained
relatively high even 48 h postinjection, thereby enhancing
antitumor eﬀect of DTX.
The in vivo photothermal properties were investigated using
tumor-bearing BALB/c nude mice. PBS and PPB polymer were
injected into the tumor-bearing mice, and then mice were
treated with a 670 nm laser at 500 mW/cm2 for 10 min. The
thermography is provided in Figure S13; in comparison with
PBS, the administration of PPB polymer followed by laser
irradiation successfully increased temperature to 44 °C at the
tumor site, conﬁrming the good photothermal eﬃciency of PPB
in vivo. Figure S14 shows the in vivo tumor penetration of PPB/
Rho with and without laser irradiation. Frozen sections were
taken every 200 μm from the top to the bottom. The red
ﬂuorescence in the tumor only treated with PPB/Rho could be
observed until the sixth section, whereas that in the tumor
treated with both PPB/Rho and laser was stronger until the
eighth section, suggesting enhanced in vivo penetration with the
photothermal eﬀect.
Afterward, the in vivo tumor suppression experiment was
carried out to conﬁrm the cancer treatment potential of PPB/
DTX nanomedicine. Mice bearing A549 xenografts were treated
with PPB/DTX and various other formulations by intravenous
injection once every 2 days for 7 days at an equivalent DTX dose
of 5 mg/kg. Tween-80 was also used to help solubilize free
DTX.50,51 As shown in Figure 7c,d, the administration of PBS
with and without laser irradiation, which was used as negative
control, allowed rapid tumor growth, suggesting negligible
tumor suppression. Similarly, the hyperthermia induced by laser
exposure in PPB treated mice hardly limited the tumor growth.
As DTX has been already proved to be eﬀective in lung cancer,
free DTX treatment demonstrated eﬃcacy in tumor inhibition
as did PPB/DTX treatment. However, PPB/DTX treatment
exhibited signiﬁcantly better tumor suppression due to the
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Figure 7. Quantitative analysis of DTX acquired from tumors and various organs at 6, 12, 24, and 48 h after intravenous injection of (a) free DTX and
(b) PPB/DTX (n = 3). (c) Images of in vivo tumor growth. (d) Relative tumor volume curves of BALB/c nude mice bearing A549 xenografts after the
treatments of the indicated formulations. Data represent mean ± SD (n = 5) (Student’s t test, **p < 0.01, *p < 0.05). (e) Survival curves of BALB/c
nude mice bearing A549 xenografts after the diﬀerent treatments (n = 5).

higher tumor accumulation and long-circulating time of the
PPB/DTX nanomedicine. Notably, the relative tumor volume
was inhibited most eﬃciently by treatment with PPB/DTX
followed by laser irradiation. This observation indicated that the
PPB drug delivery system could eﬀectively deliver DTX to the
tumor, and the synergy of chemotherapy and photothermia
could signiﬁcantly inhibit the tumor growth in a more eﬃcient
manner. The survival curves of mice were recorded (Figure 7e).
The PPB/DTX + laser group had a 100% survival rate during the
experimental period, verifying the high eﬃciency of photothermal PPB/DTX system. Furthermore, as shown in Figure

S15, the H&E stained tumor tissue appeared hypercellular and
showed nuclear polymorphism. The results of Ki-67 staining
assay utilized to assess tumor proliferation showed a lower Ki-67
level in the PPB/DTX + laser group than those in other groups,
illustrating that cell proliferation in tumors treated with PPB/
DTX and laser irradiation was lower. The results of TUNEL
assay proved that the PPB/DTX nanoparticles with laser
irradiation lead to more cell apoptosis than other formulations.
These observations implied that the high antitumor activity was
induced by cell apoptosis and inhibition of cell proliferation by
PPB/DTX nanomedicine with laser irradiation. The body
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containing PPB/Rho (at a concentration of 2 mg/mL). After 2 h
incubation, the laser treatment groups were irradiated with a 670 nm
laser at 500 mW/cm2 for 10 min. The cells were then incubated for
another 1 or 2 h at 37 °C. The control group was incubated without
laser for 3 or 4 h. The cell slides were rinsed with PBS, ﬁxed with fresh
4% paraformaldehyde, and stained with DAPI for 10 min.
3D in Vitro Model Study. A549 cells were seeded on 96-well plates
and centrifuged at 300 × g for 10 min. Then the cells were incubated for
3 days to grow into a 500 μm diameter 3D cell culture model. The 3D
models were incubated with serum-free DMEM containing PPB/Rho
(at a concentration of 2.0 mg/mL) for 2 h, then irradiated with the laser
for 10 min, and incubated for another 2 h. The control groups were
incubated without laser irradiation. The 3D models were rinsed with
PBS, stained with DAPI for 30 min, and scanned with confocal laser
scanning microscopy (CLSM, FV1000, Olympus, Tokyo, Japan).
Animal Experiments. For the blood test, ICR mice were treated
with PPB via intravenous injection (60 mg/kg) once every 2 days for 4
times. PBS was used as control. After treatment, the mice were
sacriﬁced, and the blood samples were collected and sent to the Center
for Drug safety Evaluation and Research of ZJU.
To study the biodistribution of DTX, tumor bearing BALB/c nude
mice were treated with free DTX and PPB/DTX through the tail vein
and then sacriﬁced 6, 12, 24, and 48 h after injection. The organs were
suspended in acetonitrile, homogenated, and ﬁltered. DTX concentration was subsequently quantiﬁed by HPLC. The mobile phase
consisted of acetonitrile and water (55:45). The chromatographic
conditions were as follows: an ultraviolet detector set at 230 nm; a C18
column (4.6 mm × 150 mm, ZORBAX SB-C18, Agilent, Santa Clara,
CA, USA) operated at 25 °C ± 1.0 °C, and a ﬂow rate of 0.6 mL/min.
To evaluate the photothermal eﬀect of PPB, BALB/c nude mice
bearing A549 xenogenic tumors were anesthetized 1 h after
subcutaneous injection of PPB (2.0 mg/mL in PBS) or an equal
volume of PBS. Then the tumors of mice were irradiated with a 670 nm
laser at 500 mW/cm2 for 10 min, and the temperatures were
subsequently recorded using a photothermal imaging camera (Fotric
326, Fotric, USA).
For the in vivo tumor penetration experiment, after the tumor bearing
BALB/c mice were subcutaneously injected with PPB/Rho and the
appropriate groups were subsequently treated with laser irradiation, the
mice were sacriﬁced, and the tumors were embedded in O.C.T.
compound (SAKURA Tissue-Tek) at −85 °C. Frozen sections were
taken every 200 μm from the top to the bottom, each section being 20
μm thick. The images were taken using a ﬂuorescence microscope
(Nikon Ts2R, Nikon, Japan).
For the tumor suppression study, the tumor bearing BALB/c mice
were assigned to six groups and treated with PBS, laser, PPB, DTX,
PPB/DTX, PPB with laser, and PPB/DTX with laser (laser irradiations
were performed 12 h after injection) at 5 mg/kg equivalent DTX via
intravenous injection once every 2 days for 4 times. The tumor volume
was measured by a caliper once every 2 days and calculated by the
following formula: tumor volume V (mm3) = 1/2 × length (mm) ×
width2 (mm2); relative tumor volume = Vn/V1. The body weight of
mice was recorded. After treatment, the mice were sacriﬁced, and the
tumors and organs were ﬁxed with 4% paraformaldehyde, dehydrated,
and embedded in paraﬃn. The slices were stained with hematoxylin and
eosin (H&E) according to a standard protocol. The expression levels of
Ki-67 were evaluated using immunohistochemical staining. The
apoptosis of tumor cells was investigated by the TUNEL method.
The photos were scanned and read by the CaseViewer software
(3DHISTECH, Budapest, Hungary).

weights of mice were recorded and analyzed. As shown in Figure
S16, the recovery of body weight in the PPB/DTX + laser group
was observed to be faster than that of the DTX group, implying
lower systemic toxicity and side eﬀects of DTX encapsulated by
the PPB drug delivery system. Moreover, the histopathology of
organs including heart, liver, and kidney of PPB/DTX + laser
group were studied. Compared with the PBS-treated mice, no
obvious inﬂammatory lesions or tissue damage was observed in
the major organs, further conﬁrming the low systemic toxicity of
PPB/DTX + laser combination (Figure S17).

■

CONCLUSION
We developed a BODIPY-based amphiphilic polymer, which
could be applied as an insoluble drug delivery system and
produce a NIR laser-induced hyperthermia. Beneﬁting from the
hydrophobic interaction, the PPB copolymer and DTX could
form stable nanoparticles in aqueous solution and biological
buﬀers with a satisfactory drug loading content. The photothermal capability of the nanomedicine promoted drug release,
facilitating improved anticancer eﬃcacy and reducing undesirable side eﬀects. The cellular uptake studies demonstrated the
relation between laser-induced hyperthermia and penetration in
both 2D and 3D cell models. Irradiation with the NIR laser
obviously contributed to penetration and accumulation of drugs
in solid tumors. The cytotoxicity, cell apoptosis, and cell cycle
studies demonstrated the eﬃcient anticancer ability of the PPB/
DTX nanomedicine. In vivo study showed the good biocompatibility and successful photothermal eﬀect of PPB in tumorbearing mice. The biodistribution of DTX veriﬁed the longcirculating time and EPR eﬀects of PPB/DTX. The tumor
suppression study provided direct evidence for the potential
application of the photothermal PPB/DTX system for cancer
treatment. The current study conﬁrms a novel photothermal
drug delivery system, which can eﬀectively combine photothermia and chemotherapy, providing the possibility for
polymeric delivery vehicles integrating novel theranostic
functions.

■

EXPERIMENTAL SECTION

Evaluation of Photothermal Properties. The PPB aqueous
solution at concentrations of 0.5, 1.0, and 2.0 mg/mL was irradiated
with a 670 nm laser at 500 mW/cm2. Temperatures were measured for a
total of 10 min with a thermal imaging camera (Fotric 326, Fotric,
USA). In addition, the PPB aqueous solution at a concentration of 2.0
mg/mL was irradiated with a 670 nm laser at 350, 500, and 750 mW/
cm2, and the temperature was measured as described above.
Evaluation of Hemolysis. Red blood cells (RBCs) were collected
from ICR mice. The blood sample, treated with anticoagulant, was
diluted with PBS and centrifuged at 1500 rpm for 10 min at 4 °C. The
erythrocytes at the bottom of the centrifuged sample were isolated and
washed three times with 1× PBS. The diluted RBCs were incubated
with diﬀerent concentrations of PPB solution for 1, 2, and 4 h at 37 °C.
Deionized water and PBS were used as the positive and negative
controls, respectively. The corresponding samples were centrifuged at
5000 rpm for 10 min. To assess the hemolysis rate, the absorbance of
the supernatant at 540 nm was measured. The hemolysis rate was
calculated using the following formula: hemolysis rate (%) = [(Asample −
A0)/(A100 − A0)] × 100%, where Asample, A100, and A0 represent the
absorbance of the sample, deionized water, and PBS, respectively.
Cellular Uptake Study. The cellular uptake of PPB with or without
laser treatment was studied using confocal laser scanning microscopy
(CLSM, FV1000, Olympus, Tokyo, Japan) with rhodamine B as a
ﬂuorescent probe. PPB/Rho was prepared by the solvent evaporation
method. A549 cells were seeded in 24-well plates with cell slides and
grown for 18 h. The medium was changed to serum-free DMEM
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