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An NIR triphenylamine grafted BODIPY derivative
with high photothermal conversion efficiency
and singlet oxygen generation for imaging guided
phototherapyf

Jianwei Zhu,#°° Jianhua Zou,:° Zhanjie Zhang,® Jie Zhang,® Yang Sun,?
Xiaochen Dong*® and Qi Zhang () *°

Osteosarcoma, the most common malignant bone tissue tumor, with a high degree of malignancy,
strong metastasis, and early lung metastasis, can result in extremely high mortality, and is a serious
threat to human health. Boron dipyrromethene (BODIPY) compounds have shown great potential in
photodynamic tumor therapy. In this study, an NIR triphenylamine grafted BODIPY derivative (BDPTPA)
with high singlet oxygen generation efficiency (35.2%) was designed and synthesized. BDPTPA nano-
particles (NPs) obtained by nanoprecipitation present high photothermal conversion efficiency (52.6%).
Both MTT assay and flow cytometry experiments suggest that BDPTPA NPs are able to generate high
photo-toxicity and induce apoptosis of osteosarcoma cells, while presenting negligible dark-toxicity
towards osteosarcoma cells as well as normal human cells. Cell migration and transwell experiments
demonstrate that BDPTPA NPs can inhibit the migration of osteosarcoma cells. Due to the enhanced
permeability and retention (EPR) effects, BDPTPA NPs can accumulate in tumor tissue in 6 h.
Pharmacokinetic studies in rats indicate that BDPTPA NPs eliminate much more slowly than BDPTPA in
10% DMSO. Under the irradiation of an 808 nm laser, in in vivo experiments, BDPTPA NPs can
significantly inhibit tumor growth without side effects towards normal tissues. BDPTPA NPs show good
biosafety and excellent therapeutic effect both in vitro and in vivo, indicating their great potential for
treatment of osteosarcoma.

principle of surgery is to remove the tumor as completely
as possible, osteosarcoma often has invasive growth, close

Osteosarcoma, including primary bone tumors and metastatic
bone tumors," accounts for about 1% of all malignant tumors.”
Osteosarcoma is the most common tumor that occurs in
children and young adults, and has a high rate of death and
disability, and its current five-year survival rate is about
65-75%.>7 The diagnosis and treatment of osteosarcoma is
still a difficult problem because the location of the tumor is
deep in the bone tissue.®

At present, surgery and chemotherapy play significant and
crucial roles in clinical osteosarcoma treatment.” Although the
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adhesion to surrounding tissues, and strong recurrence, lead-
ing to difficulty in removing the tumor tissue completely."
Surgery usually combines radiotherapy,'*'? chemotherapy'***
and immunotherapy,'®'® but surgical resection can damage
the function of the limb and most osteosarcoma is insensitive
to radiotherapy, and there are many defects in chemotherapy.
Currently, there are no specific drugs for treating osteosarcoma
and traditional drugs usually causes severe toxicity and side
effects, even multiple resistance. In addition, due to poor
permeability of bone tissue, drug accumulating in bone tumors
by traditional administration methods is far from satisfactory.
Based on these observations, it is urgent to explore and discover
effective treatment methods for such a common and serious
disease.

Phototherapy, including photodynamic therapy and photo-
thermal therapy, is a minimally invasive technique for tumor
treatment."”*® Compared with traditional treatment methods,
phototherapy has the following advantages:*°*~>* (1) universal
applicability: it has a therapeutic effect on a variety of tumors,
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and after long-term follow-up and evaluation, it will not
produce drug resistance; (2) targeting: it only acts on a specific
tumor site, and the laser is only irradiated on the tumor tissue
containing the photosensitizer, and does not cause damage
to normal tissues; (3) minimally invasive: it only produces a
killing effect on local tumors, and does not cause much damage
to surrounding normal tissues and the whole body. By injecting
a photosensitizer, a specific wavelength of visible light is used
to locally irradiate the tumor area. Photochemical and photo-
biological reactions produce high levels of reactive oxygen
species (ROS),****> which will induce apoptosis and necrosis
at the site of the lesion.”®*” While photothermal therapy is a
therapeutic strategy in which photon energy is converted into heat
to burn tumor cells to death, it also causes vascular damage, and
microcirculatory disorders, and affects tumor blood supply.*>°
From the view of synergistic therapy, combining PDT with photo-
thermal therapy (PTT)*'™*® is a wise strategy for treatment of
cancer. Nanomaterial-based PDT/PTT therapy is considered to
be a promising treatment for bone tumors because of its specific
killing and controllability in time and space.

Currently, the research progress of phototherapy in the
treatment of osteosarcoma is relatively limited. The commonly
used photosensitizers are also limited to acridine orange,***’
5-aminolevulinic  acid,***”  mesotetrahydroxyphenylchlorin
(mTHPC),*® hiporfin,®® methylene blue®® and so on. But these
photosensitizers have many drawbacks, such as poor biosecurity,
obvious side effects, low efficiency and poor penetration. There-
fore, there is an urgent need to develop new photosensitizers
that can inhibit the proliferation of osteosarcoma. BODIPY
(boron-dipyrromethene)*'*® derivatives are potential candi-
dates for imaging guided phototherapy. In this study, we have
designed and synthesized a new compound 10-(5-bromo-
thiophen-2-y1)-3,7-bis((E)-4-(diphenylamino)styryl)-5,5-difluoro-
1,9-dimethyl-5H-dipyrrolo[1,2-¢c:2’,1'-f|[1,3,2]diazaborinin-4-ium-
5-uide (BDPTPA), which has both photothermal and photodynamic
effects. The singlet oxygen yield and photothermal conversion
efficiency of BDPTPA were as high as 35.2% and 52.6%,
respectively. By nanoprecipitation, soluble and stable BDPTPA
NPs can be obtained and it has a wide absorption range which
extends to the near-infrared region (600-1100 nm), showing a
better ability to penetrate biological tissues. At the same time,
the NPs can acquire passive targeting ability, which makes it
easier for them to accumulate in the tumor tissue due the
enhanced permeability and retention effect (EPR), and the
in vivo fluorescence imaging illustrates this point. In vitro cell
experiments proved that BDPTPA NPs have an excellent photo
toxicity which can induce apoptosis of osteosarcoma cells,
while good biological safety and little adverse effect on the
viability of normal cells. Furthermore, in vivo experiments
indicate that BDPTPA NPs also inhibit tumor growth in nude
mice even without any side effects. Moreover, the pharmaco-
kinetic studies reveal the process of absorption and distribu-
tion of drugs in rats, and the terminal elimination half-lifes
(Ty/,) of BDPTPA and BDPTPA NPs were 1.727 + 0.415 and
5.639 + 0.37 h, respectively, which also prove that BDPTPA NPs
could be more suitable for treatment. Our results indicate that
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Scheme 1 Illustration of BDPTPA NPs for PDT/PTT synergistic therapy.

BDPTPA NPs are potential candidate for imaging guided photo-
therapy in the clinic (Scheme 1).

Experimental
Materials and reagents

All the chemicals were purchased from Sigma-Aldrich. The
'"H NMR and "*C NMR spectra were recorded in CDCI; solution
on a Bruker DRX NMR spectrometer (500 MHz) with solvent
residual as the internal standard. The UV-vis spectra were
measured on a spectrophotometer (UV-3600, Shimadzu, Japan).
The fluorescence spectra were recorded on a spectrometer
(F-4600, HITACHI, Japan). The size of the nanoparticles was
recorded by a particle size analyzer (90 Plus, Brookhaven
Instruments, USA). The morphology of the nanoparticles was
determined on a transmission electron microscope (JEM-2100,
JEOL). The bio-images of the tumor, heart, liver, spleen, lung
and kidneys were recorded on an imaging system (IVIS Lumina K,
PerkinElmer).

Synthesis of BDPTPA

A mixture of 10-(5-bromothiophen-2-yl)-5,5-difluoro-1,3,7,9-tetra-
methyl-5H-dipyrrolo[1,2-¢:2’,1'-f][1,3,2]diazaborinin-4-ium-5-uide
(0.409 g, 0.001 mol) and 4-(diphenylamino)benzaldehyde (0.820 g,
0.003 mol) was dissolved in DMF, which was heated at 120 °C
using acetic acid (0.4 mL) and piperidine (0.4 mL) as a catalyst.
Then the mixture was poured into brine, extracted with CH,Cl,
three times (10 mL), then washed with brine and dried with
anhydrous sodium sulfate. The solvent was removed by rotary
evaporation, and the crude product was purified by column
chromatography (silica gel, DCM: PE = 1:2, v/v).

Preparation of nanoparticles of BDPTPA

The nanoparticles of the compound were prepared by nano-
precipitation. In brief, a mixture of BDPTPA (10 mg) and
DSPE-PEG ;409 (2 mg) was dissolved in tetrahydrofuran (1 mL).
Then 200 pL of the solution was added into 10 mL of water
under ultrasound at room temperature. The mixture was stirred
for another 20 min to remove the tetrahydrofuran by nitrogen
blowing. BDPTPA NPs in the solution were obtained by
centrifugation.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Singlet oxygen detection in DCM and water

The singlet oxygen generation of BDPTPA was detected with
1,3-diphenylisobenzofuran (DPBF) which was used as a singlet
oxygen detector. Briefly, 20 mM DPBF was added to the BDPTPA
solution in a dark room. Then the mixture was irradiated using
laser irradiation (808 nm, 1.0 W cm™?). Methylene blue is used
as a standard substance to calculate the singlet oxygen quan-
tum yield of BDPTPA. SOSG (singlet oxygen sensor green) was
used to detect the singlet oxygen generation of BDPTPA NPs.
The fluorescence intensity of SOSG was recorded after irradia-
tion at 492 nm.

Cell culture

The human osteosarcoma cell lines used in this study were
obtained from Cell Bank of Shanghai Institute of Biochemistry
and Cell Biology, Chinese Academy of Sciences. The MG-63 and
HOS cells were cultured in Minimum essential medium (Gibco;
Thermo Fisher Scientific) with 10% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific), and the U20S and Saos-2 cells
were cultured in McCoy’s 5A (Modified) Medium (Thermo
Fisher Scientific, Waltham, MA, USA) with 15% fetal FBS. The
143B and LO02 cells were cultured in RPMI-1640 (Gibco; Thermo
Fisher Scientific) with 10% fetal bovine serum, and the HEK-
293, HUVEC and BEAS-2B cells were cultured in Dulbecco’s
minimum essential medium (Gibco; Thermo Fisher Scientific)
with 10% FBS, and all of the complete culture media contain
100 units per mL penicillin and 100 ug per mL streptomycin. All
the cells were cultured at 37 °C in a humidified incubator with
5% CO,.

MTT assay

Cell viability of the nanoparticles was determined using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) colorimetric assay. Cells were seeded into 96-well plates
with 1 x 10" per well in 100 uL culture medium. The cells were
incubated for 24 h and then exposed to drug at various
concentrations, and the control cells were treated with 0.5%
DMSO. Then the 96-well plate was irradiated with a laser
(808 nm, 0.5 W cm™?) for 8 minutes. After that, the cells were
still incubated for another 12 h. Subsequently, 10 pL MTT
solution (5 mg mL™"' in PBS) was added and incubated for
4 h, Then the supernatants were removed and 100 pL. DMSO
was added to dissolve the formazan crystals. The absorbance
was recorded at 492 nm by a Thermo Multiskan Mk3 Micro-
plate Reader at ambient temperature. The cell viability
was calculated by the following equation: cell viability (%) =
(Atreatment/Acontrol) X 100% (mean absorbance in each group
incubated with different concentrations of NPs/mean absor-
bance in the control group). The half-maximal inhibitory
concentration (ICso) was determined using GraphPad Prism 6
software (GraphPad Software, Inc., La Jolla, CA, USA).

Cellular uptake study

143B cells were incubated with BDPTPA NPs (1 pg mL ™", 2 mL)
in a confocal dish for 24 h in a 5% CO, incubator. Then the
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medium was removed and the cells were washed with PBS,
followed by the addition of 1 mL 70% ethyl alcohol for 15 min
at 4 °C. Then ethyl alcohol was discarded and the cells were
washed with PBS three times. The fluorescence images are
observed with an Olympus IX 70 inverted microscope excited
with a 633 nm laser and collected from 650 to 750 nm.

Fluorescence imaging of cellular ROS

143B cells were seeded into a confocal dish and incubated with
culture media at 37 °C for 24 hours in a 5% CO, incubator,
followed by incubation with the media containing BDPTPA NPs
(5 pg mL™', 1 mL) for an additional 24 h. Then, the cells
were incubated with 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA, 1 pg mL ™", 2 mL) for 20 min. Then the cells were
washed with PBS three times and irradiated with a laser
(808 nm, 0.5 W cm™?) for 10 min. The fluorescence images
are observed by an Olympus IX 70 inverted microscope excited
at 488 nm and collected from 500 to 600 nm for DCF detection.

Cell wound healing assay

143B cells were seeded into a 6-well culture plate with Culture-
Inserts (IBIDI, German) in each well and incubated with culture
media at 37 °C for 24 hours in a 5% CO, incubator. All cells
were set up into three groups including control, illumination
and without illumination groups. And then, cells in the illumi-
nation group were treated with the BDPTPA NPs (1 ug mL )
and irradiated with a laser for 5 min (808 nm, 0.5 cm ?);
without illumination group cells were only treated with
BDPTAPA NPs at the same concentration while control group
cells were incubated with fresh media. 12 h later, a cell-free gap
of 500 pm was created after removing the Culture-Inserts, and
cells in the three groups were allowed to migrate into the
wound area. Images were captured using a Nikon Inverted
Microscope (Nikon TS100, Nikon, Tokyo, Japan).

Transwell invasion assay

Cell invasion assays were evaluated in Transwell 24-well Boyden
chambers (8.0 pm pore; BD Biosciences) precoated with 20 pg
Matrigel (BD Bioscience) in a complete medium, and the group
setting was the same as in the cell wound healing assay.
Approximately 2 x 10" cells per mL 143B cells were plated in
the top chamber with serum-free medium containing BDPTPA
NPs, while the culture medium with 10% FBS was added to the
bottom chamber; after that the cells were irradiated with a laser
for 5 min (808 nm, 0.5 W em™?) and incubated at 37 °C for
24 hours. After treatment, the invaded cells were fixed and
stained, photographed and counted under a microscope (Nikon
TS100, Nikon, Tokyo, Japan).

Antitumor effects in nude mice of xenograft tumor models

28-35 day old male BALB/c nude mice, weighing 20 + 2 g, were
obtained from the Comparative Medicine Centre of Yangzhou
University. The animal study was carried out according to the
National Institutes of Health regulations and approved by the
Institutional Animal Care and Use Committee. The 143B cells
were injected subcutaneously into the nude mice at a density of

Mater. Chem. Front., 2019, 3, 1523-1531 | 1525


https://doi.org/10.1039/c9qm00044e

Published on 17 May 2019. Downloaded on 3/15/2026 12:46:00 AM.

Research Article

5 x 10° cells per 100 uL serum free medium, and the tumor size
was measured every two days. When the tumor volume reaches
about 100 mm?®, the mice were randomly divided into three
groups: (i) a control group with tail vein injection of saline
solution; (ii) an illumination group with injection of BDPTPA
NPs and under irradiation; (iii) a without illumination group
with intravenous injection of BDPTPA NPs without irradiation.
10 pg (100 pg mL™', 100 uL) BDPTPA NPs were injected into
such mice via the tail vein for the illumination and without
illumination groups, respectively, while the control group
was injected with PBS. After administration, the tumors of
the control and illumination groups were irradiated by an
808 nm laser for 8 minutes while the mice in the no illumination
group were not irradiated. Tumor volume (V) was measured daily
to observe dynamic changes in tumor growth and calculated
according to the formula: V (mm?®) = length x width® x 0.5. The
treatment process was conducted for twenty days, and the tumor
volume and body weight of the mice were recorded every two days.
At the end of treatment, all the nude mice were sacrificed and the
tumor tissues were removed and measured for histopathological
assay. Some major organs (heart, liver, spleen, lung, and kidney)
were removed for histopathological examination to evaluate drug
toxicity.

In vivo imaging

100 puL BDPTPA NPs (100 pg mL ') solution in PBS was
administered into nude mice through tail intravenous injec-
tion. At different time points after tail intravenous injection,
in vivo fluorescence images were recorded using an Endra
Nexus128 small animal imaging system. The temperature was
also monitored using an FLIR thermal camera under irradia-
tion of an 808 nm laser for 10 min, 6 h post-injection. The mice
injected with saline were evaluated as a control.

Pharmacokinetic study

Twelve Sprague-Dawley rats (six males and six females, 220 +
10.0 g) were obtained from the Animal Center of Nanjing
Medical University (NJMU, Nanjing, China). The animals were
housed under standard conditions and had free access to food
and water. This animal study was reviewed and approved by the
Animal Ethical Committee of Nanjing Tech University.

Twelve rats were given BDPTPA NPs and BDPTPA molecular
solution dissolved in saline containing 10% DMSO at the same
dose of 5 mg kg™ " via tail vein injection. Blood samples (0.2 mL)
were collected in heparinized Eppendorf tubes from the
ophthalmic venous plexus at 0 (pre-dose), 0.083, 0.25, 0.5, 1,
2, 4, 6, 8, 12 and 24 h after intravenous (i.v.) administration.
Plasma was separated by centrifuging the blood at 3000 x g for
10 min at 4 °C and stored at —70 °C until analysis.

The standard stock solutions of BDPTPA and BDPTPA NPs
were accurately prepared in DMSO and PBS solutions. A series
of standard working solutions for BDPTPA was prepared by
diluting the stock solution with DMSO to concentrations in the
range of 12.5-500 pg mL ', while the working solutions for
BDPTPA NPs were diluted with PBS in the same range. Subse-
quently, the calibration standards were prepared by spiking
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20 pL BDPTPA or BDPTPA NPs into 180 pL blank rat plasma at
concentrations of 1.25, 2.5, 5, 10, 20, and 50 pg mL™'. The
standard curve samples and the rat plasma samples were
transferred to a micro cuvette and analyzed by an ultraviolet
spectrophotometer.

The pharmacokinetic parameters were calculated by a non-
compartmental method using DAS 3.0 software (Mathematical
Pharmacology Professional Committee of China, Shanghali,
China). The area under the curve (AUC) from zero to the
last measurable plasma concentration point (AUC,), AUC
from zero to infinity (AUC,_..), the elimination rate constant
(K), the terminal elimination half-life (7y,,), mean residence
time (MRT), and systemic clearance (CL) were calculated by the
software.

Results and discussion
Synthesis and characterization of BDPTPA and NPs

The synthetic procedure of BDPTPA is proposed in the ESI}
(Fig. S1). All the intermediates and products have been fully
structurally characterized by "H NMR (Fig. S2, ESIT), *C NMR
(Fig. S3, ESIf) and mass spectrometry (Fig. S4, ESIf). For
'H NMR (CDCl;, 400 MHz): § (ppm) 7.61-7.54 (2H, d), 7.48-
7.43 (4H, d), 7.31-7.28 (2H, d), 7.25-7.22 (3H, d), 7.21-7.15
(2H, d), 7.14-7.09 (9H, d), 7.09-7.04 (6H, m), 7.04-6.98 (5H, d),
6.79-6.76 (1H, d), 6.63 (2H, s), 1.74 (6H, s). >C NMR (75 MHz,
CDCl,): 6 153.15, 148.67, 147.05, 141.52, 136.18, 130.24, 129.39,
128.67, 125.18, 123.49, 122.34, 118.06, 117.23, 31.55, 30.13,
29.68, 14.23. MS (ESI): caled m/z = 918.2; found m/z = 921.7.

Since the compound can be hardly dissolved in water,
the water-soluble BDPTPA NPs were prepared through a simple
re-precipitation method. In general, 10 mg of BDPTPA was
dissolved in THF, and 200 pL of such solution was injected
into 10 mL distilled water with stirring. After being purged with
nitrogen for 20 min to drive the THF off, the concentration of
the obtained solution is 200 pg mL ™.

As shown in Fig. 1a, BDPTPA NPs present a broad absorp-
tion range and the absorption peak was observed at 750 nm,
while BDPTPA in DCM shows absorption with maximum
intensity of 720 nm, which shows a red-shift of 30 nm caused
by aggregation into nanoparticles, and BDPTPA show emission
with maximum intensity at 780 nm (Fig. 1b), while a red shift
of 40 nm was found for its nanoparticles. BDPTPA shows
emissions with maximum intensity at 790 nm, while a red shift
of 30 nm was found for its nanoparticles. Then, the morphology
and diameter of the nanoparticles was characterized by a
transmission electron microscope (TEM) and dynamic light
scattering (DLS). As shown in Fig. 1e, the morphology of the
nanoparticles showed well defined spherical nanostructures,
and the average diameter distribution was from approximately
40 to 160 nm. In order to achieve deep tissue penetration in the
NIR window, the BDPTPA NPs were used in the subsequent
experiments.

A high singlet oxygen quantum yield (QY) is fundamental to
PDT efficacy. 1,3-Diphenylisobenzofuran (DPBF) was used as a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 1 Normalized (a) absorption and (b) emission spectra of BDPTPA in
THF and NPs in water. (c) The degradation of DPBF in the presence of
BDPTPA in DCM and 660 nm laser irradiation. (d) Linear fitting of the
absorption and the irradiation time. (e) The DLS size distribution of the
BDPTPA NPs. Inset: A TEM image of BDPTPA NPs. (f) Fluorescence
enhancement of SOSG with laser irradiation (808 nm, 0.5 W cm™2).

probe to measure the singlet oxygen QY of BDPTPA in DCM,
the absorption of DPBF was recorded under irradiation for
different times. With methylene blue (MB) as the standard
substance (@, = 0.57 in DCM) (Fig. S5, ESIt), the singlet oxygen
QYs were calculated according to the literature?” and demon-
strated an outstanding singlet oxygen generation efficiency. As
shown in Fig. 1c and d, in the presence of BDPTPA, the DPBF
degrades at a high speed, compared with that of MB. The
calculated 'O, QY of BDPTPA is 35.2%. At the same time, SOSG
(singlet oxygen sensor green) was used to evaluate the singlet
oxygen of BDPTPA NPs in PBS solution. Fig. 1f shows that the
fluorescence intensity of SOSG has been greatly enhanced with
laser irradiation, suggesting the high singlet generation ability
of BDPTPA NPs.

Furthermore, the near-infrared absorption indicates that
the BDPTPA NPs also possess high photothermal conversion
ability. The photothermal conversion ability of BDPTPA NPs
was calculated by recording the temperature elevation with
irradiation in the presence of BDPTPA NPs and a cooling
process without irradiation. As illustrated in Fig. 2a, a tempera-
ture increase of 28.7 °C could be observed with low power laser
irradiation (808 nm, 0.5 W cm?) while a negligible one was
observed for water, of only 2.8 °C, indicating the excellent
photothermal conversion ability of such NPs. According to
the equation described in the previous report,*® the photo-
thermal conversion efficiency (i) was calculated to be 52.6%.
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Fig. 2 (a) Temperature increase of water and BDPTPA NPs with laser
irradiation (water was irradiated as a control). (b) Linear fitting of —ln 0 and
time in the cooling curve. (c) The heating curve of the BDPTPA NPs at a
concentration of 100 mg mL™* during five cycles. (d) The heating curves of
the BDPTPA NPs with different concentrations. (e and f) The absorbance
spectra and color of the BDPTPA NPs before/after laser irradiation.

Fig. 2e shows the light-to-heat cycling stability of the BDPTPA
NPs. There is no decrease in the temperature elevation after five
cycles, and the color of the BDPTPA NPs has no changes before
and after irradiation for five cycles (Fig. 2c and f); all these
results reveal that the BDPTPA NPs have good photothermal
stability. In addition, BDPTPA NPs with different concentrations
(20, 40, 60, 80 pg mL ") were used to examine the photothermal
conversion ability under the same conditions; as shown in
Fig. 2d, the temperature increase of the BDPTPA NPs is
obviously concentration-dependent under laser irradiation.

BDPTPA induced apoptosis in human osteosarcoma cells

To validate the synergistic phototherapeutic effects of BDPTPA
NPs, we evaluated the inhibitory effect of BDPTPA NPs on
the cell viability of human osteosarcoma cells including HOS,
U-20S, MG-63 and 143B cells at different concentrations. After
treatment of BDPTPA NPs for 24 h, MTT assay shows that the
IC5, (the concentration of drug inhibiting 50% of cells) values
of HOS, U-20S, MG-63 and 143B cells were 4.38, 5.729, 5.862
and 3.996 ug mL™" respectively (Fig. 3a-d). In addition, the
group incubated with the nanoparticles without irradiation
have low dark toxicity. At the same time, the normal human
cells including HEK-293 (Human Embryonic Kidney 293 cells),
HUVEC (Human Umbilical Vein Endothelial Cells), L02
(Human L02 hepatocytes) and BEAS-2B (Human Bronchial
Epithelial Cells) were used to evaluate the dark toxicity, and
the results also show that the BDPTPA NPs have low dark
toxicity to normal cells (Fig. S6, ESIT).

And then Annexin V-FITC/PI double staining assay
was used to confirm the pro-apoptotic effect of BDPTPA
NPs. Compared with a control group, the results demon-
strated that the apoptotic rates of 143B cells in the illumina-
tion group were significantly increased after treatment
with BDPTPA NPs (5 pg mL '), while the apoptotic rate of
the without illumination group was similar to that of the
control group (Fig. 3e), which demonstrates that BDPTPA
NPs can induce typical apoptosis in human osteosarcoma
cells under irradiation.
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Fig. 3 MTT assay of BDPTPA NPs with different concentrations on four osteosarcoma cells. (a) 143B; (b) HOS; (c) MG-63; (d) U2-OS. (e) The apoptotic
rates of 143B cells induced by BDPTPA NPs were detected by Annexin V/PI double-staining assay. (f) Cellular uptake of BDPTPA NPs and ROS generation
with DCF-DA as a probe. Scale bar: 10 um. (g) Cellular uptake by flow cytometry fluorescence enhancement at different times. (h) 143B cell migration in
the scratch-wound healing assay. Scale bar: 100 pm. (i) The transwell migration assay of 143B cells.

In vitro cell migration and invasion of osteosarcoma cells

The property of inhibiting cell migration is important for a
photosensitizer, because osteosarcoma tumors are highly meta-
static in vivo. Firstly, the “wound-healing” assays were used
to investigate the effect of BDPTPA NPs on cell migration.
As shown in Fig. 3g, it is obvious to observe that 143B cells in
the control group moved and filled in the open gap at 24 h after
wounding, while BDPTPA NPs treatment with illumination
dramatically suppressed wound closure even at a low concen-
tration (1 pg mL™"). These results show that BDPTPA NPs can
effectively inhibit the migration of osteosarcoma cells, which
might have the potential of inhibiting tumor metastasis in vivo.

And then Transwell experiments were used to verify the
ability of inhibiting cell invasion under the treatment of
BDPTPA NPs (Fig. 3h). These results showed that BDPTPA
NPs could inhibit the migration and invasion of osteosarcoma
cells in vitro without cytotoxicity, demonstrating that BDPTPA
NPs could be a potential and multiple functional agent for
treating human osteosarcoma tumors.

Cellular uptake and ROS generation in vitro

A confocal living cell imaging system was used to investigate
the cellular uptake behaviors of BDPTPA NPs. The cellular
uptake of BDPTPA NPs is shown in Fig. 3f. A high intracellular
fluorescence intensity in the cytoplasmic matrix can be
observed, indicating that the BDPTPA NPs can be used for cell
imaging in vitro. Further flow cytometry confirms the uptake of
BDPTPA NPs in 143B cells due to the time dependent fluores-
cence enhancement.

2/,7'-Dichlorofluorescein diacetate (DCF-DA) was used to
investigate the ROS generation of BDPTPA NPs in cells.
As shown in Fig. 3f, strong green fluorescence can be observed,

1528 | Mater. Chem. Front., 2019, 3, 1523-1531

indicating that BDPTPA NPs are able to generate strong singlet
oxygen under irradiation in vitro.

In vivo fluorescence imaging guided phototherapy

Fig. 4a shows the fluorescence images of tumor tissues at
different times after the tail vein injection of BDPTPA NPs
(100 pg mL ™", 100 pL). The fluorescence signals of the tumors
increased rapidly and maintained a high level from 1 to 24 h
after injection, suggesting that BDPTPA NPs can be effectively
accumulated at tumor sites because of the enhanced perme-
ability and retention (EPR) effect. The results show that after
6 h injection, the fluorescence intensity reached a maximum
level, suggesting that 6 hour may be suitable for PDT after
administration. Furthermore, after 24 h injection, the fluores-
cence signal of the tumor was still at a high level, indicating
that BDPTPA NPs can be used as a long-term fluorescence
imaging agent. Finally, the mice were sacrificed and the bio-
distribution shows that BDPTPA NPs mainly stay in the tumor,
liver and kidneys (Fig. 4a and b).

Pharmacokinetic studies in rats

The sensitive and specific ultraviolet spectrophotometer was
applied in the pharmacokinetic study of BDPTPA and BDPTPA
NPs after intravenous administration. The mean plasma
concentration-time profiles of BDPTPA and BDPTPA NPs are
shown in Fig. 5a. The major pharmacokinetic parameters were
calculated by a non-compartmental model and are presented in
Table 1. The values of the AUC(,_,/AUC(y_..) were more than
80% suggesting that the blood collection time point was
suitable for the pharmacokinetic studies. The data showed that
the BDPTPA eliminated much more quickly than BDPTPA NPs,
the terminal elimination half-life (Ty,,) was 1.727 £ 0.415 and
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BDPTPA NPs after a single intravenous administration at a dose of
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5.639 £ 0.37 h for BDPTPA and BDPTPA NPs, respectively. The
CLz of BDPTPA was 0.053 + 0.003 L h~* kg™ " while the value of
BDPTPA NPs was 0.016 + 0.001 L h™" kg™', which also
indicated that the BDPTPA NPs eliminated slower than BDPTPA
in rats, and all the results show that the BDPTPA NPs could
extend the residence time in rats and promote its treatment
effects.

In vivo photothermal imaging and phototherapy

To further investigate the PDT and PTT synergistic therapeutic
efficacy of BDPTPA NPs in vivo, 12 nude mice bearing osteo-
sarcoma tumors were used in this study. As shown in Fig. 4c,
under irradiation, the tumor surface temperature increased
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Table 1 Non-compartmental pharmacokinetic parameters of BDPTPA

and BDPTPA NPs in rat plasma after a single intravenous administration
at a dose of 5mg kg™ (n = 6)

Parameter Unit BDPTPA in DMSO (10%) BDPTPA NPs

Ty H 1.727 + 0.415 5.639 + 0.37
AUC(oy mgL'h  93.744 + 5.297 298.588 + 12.477
AUCi-,) mgL'h  94.586 * 5.081 307.545 + 14.671
MRT() H 2.274 + 0.415 4.717 + 0.161
CL, Lh™' kg™  0.053 & 0.003 0.016 =+ 0.001
v, Lkg ' 0.132 + 0.035 0.132 + 0.003

Ty terminal elimination half-life; AUC,_,: the area under the curve
from zero to the last measurable plasma concentration point; AUC,_:
the area under the curve from zero to infinity; MRT,_,: mean residence
time; CL,: systematic clearance; V,: apparent volume of distribution.

rapidly with 8 min compared with the control group. Fig. 5b
shows that the tumor volume of the control and the without
illumination group increase at a high speed. While after the
irradiation treatment, the tumor volume was not significantly
increased in the illumination group; after treatment six times,
the tumor of the illumination group even disappears at the end
of the therapy process, and all the mice were still raised for
another 6 days, and no obvious tumors were observed. All of
these results indicate that BDPTPA NPs have high phototoxicity
and efficiency for tumor treatment. The tumor volume and
body weight were recorded every two days.

Though BDPTPA NPs inhibited the growth of tumors in vivo,
their potential toxicity must be assessed comprehensively.
During the treatment process, no significant difference
between the body weight of the mice in the three groups was
observed (Fig. 5c), which indicates the low dark toxicity of
BDPTPA NPs. The cured mice in the illumination group are
shown in Fig. S7 (ESIY).

After the treatment, all the mice were sacrificed and the
tumors were collected as well as the normal organs, including
heart, liver, spleen, lungs, and kidneys. The trend of the tumor
is shown in Fig. 5d. According to the hematoxylin and eosin
(H&E)-stained images, we also found no obvious change in
normal organs between control and BDPTPA NPs treated
groups (Fig. 5e). The results indicated that BDPTPA NPs exerted
anti-tumor activity without any toxicity in vivo. The blood index,
liver function and renal function of the mice injected
with BDPTPA NPs are the same as those in the control group
(Table S, ESIt). The results indicated that BDPTPA NPs can
inhibit tumor growth effectively without damaging the normal
organs, suggesting their good bio-compatibility.*~>*

Conclusions

In conclusion, BDPTPA with both photodynamic and photo-
thermal effects was designed and synthesized. The results show
that BDPTPA presents high singlet oxygen generation efficiency
(35.2%) as well as high photothermal conversion efficiency
(52.6%). In vitro experiments suggest that BDPTPA NPs could
induce significant apoptosis of osteosarcoma cells with irradia-
tion, while they have no effect on the viability of normal cells
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under dark conditions. In addition, such NPs can inhibit the
migration of osteosarcoma cells, confirmed by the cell migra-
tion and transwell experiments. In in vivo experiments, the
BDPTPA NPs could accumulated in tumor tissues by the EPR
effect and inhibit tumor growth without any side effects in
nude mice. Moreover, the BDPTPA NPs have a good pharma-
cokinetic characteristic in contrast to BDPTPA. Both in vitro and
in vivo experiments indicate that the BDPTPA NPs have an
excellent photo toxicity, low dark toxicity and good biocompat-
ibility. Therefore, BDPTPA is a promising multi-functional
agent for the treatment of osteosarcoma.
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