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Heavy atom-free semiconducting polymer with
high singlet oxygen quantum yield for prostate
cancer synergistic phototherapyf

Jian Shen,? Jianjiao Chen,® Zhen Ke,® Dengfeng Zou, {2 ° Liguo Sun*® and
Jianhua Zou () *°¢

Photodynamic and photothermal synergistic therapy are newly developed approaches for cancer
treatment. The design and preparation of photosensitizers of high phototoxicity as well as low dark
toxicity are of increasing significance in minimizing the side effects and maximizing the phototherapy
efficacy of such treatments. In this study, a heavy atom-free copolymer NDNT was designed and
synthesized by the Stille coupling reaction. This compound shows a high singlet oxygen quantum yield
of 55.2%, guaranteeing an excellent phototherapy efficacy. The nanoparticles (NPs) of NDNT obtained by
nanoprecipitation with DSPE-PEG 5909 With an average diameter of 65 nm exhibit considerably high
phototoxicity towards human prostate cancer cells (Dul45) because their half inhibitory concentration
(ICs0) is as low as 3.8 pg mL™%. Simultaneously, the dark toxicity of the NPs is almost negligible, even at a
high concentration. Furthermore, an in vivo study with laser irradiation by photodynamic and photothermal
synergistic therapy demonstrates that the NPs are capable of inhibiting a Dul45 tumor growth, compared
with the control and dark group, suggesting the low dark toxicity and high phototoxicity of such NPs.
The H&E stained pictures of the normal tissues show that no obvious damage occurred, indicating the
biosafety of the NDNT NPs. These results provide a strategy for designing heavy atom-free copolymers

rsc.li/frontiers-materials

Introduction

At present, malignant tumors have become the second leading
cause for human death, and people in growing numbers are
suffering from cancer worldwide, following heart disease." Among
the various cancers, prostate cancer is a universal challenge to
man. Patients undergoing traditional cancer therapies, including
surgery, radiation and chemotherapy, can have a higher possibility
to suffer from side effects and a second recurrence of tumor.>”®
Although surgery is aimed at completely removing the tumor as
much as possible, the prostate is often closely adhered to the
surrounding tissues, with the characteristic of invasive growth, and
strong recurrence, thus leading to the difficulty in removing the
tumor tissue completely.” Traditional drugs usually cause severe
toxicity and side effects, and also lead to the condition of multiple
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for phototherapy both in vitro and in vivo.

drug resistance. 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 an invasive technique for tumor treatment."*™°
Compared with traditional treatment methods, phototherapy
has a therapeutic effect on a variety of tumors, does not produce
drug resistance, and after long-term follow-up and evaluation.
Furthermore, the photosensitizers can target the specific tumor site
without causing damage to the surrounding normal tissues.”*>’

Photosensitizers (PSs) play an important role in the photo-
therapy process. High phototoxicity as well as low dark toxicity
may maximize the efficacy and simultaneously minimize the side
effects. The high singlet oxygen quantum yield (*O, QY) and
photothermal conversion efficiency of PSs may promise an excellent
therapy efficacy.>® Heavy atoms are often conjugated to the molecule
to enhance the "0, QY via spin orbit crossing (SOC), but they may
contribute to the dark toxicity of the PS itself. Heavy atom-free PS
may lower the potential of dark toxicity, the design and preparation
of which is of tremendous interest. PS with near infrared region
(NIR) may have better penetration depth.””°

In this study, a heavy atom-free copolymer was prepared
by the Stille coupling reaction for cancer therapy (Scheme 1).
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Scheme 1 Synthesis of NDNT and illustration of its NPs for phototherapy.

The as-obtained NDNT with NIR absorbance (730 nm) has a
high 'O, QY of 55.2%, with methylene blue as a standard
substance in DCM. Nanoprecipitation was used to prepare
the water soluble NPs with average diameter of 65 nm, which
were suitable for in vitro and in vivo study. An MTT assay shows
that NDNT NPs have an ultralow half inhibitory concentration
(ICs0) of 3.8 pg mL™" and a negligible dark toxicity even at high
concentrations. An in vivo study demonstrates that NDNT NPs
can effectively inhibit the tumor growth, while the normal
tissues, including the spleen, liver, kidney, heart and lung,
suffer from no damage. Our results suggest that NDNT NPs are
a potential candidate for phototherapy.

Experimental
Materials and apparatus

Except for NDNT, all the chemicals were commercially pur-
chased from Sigma and were used without further purification.
"H NMR and "*C NMR spectra were recorded on a Bruker DRX
NMR spectrometer in CDCl; at 298 K with residual solvent
(CDCl3, 0 = 7.26 ppm) as the internal standard. UV-vis spectra
were recorded on a spectrophotometer (UV-3600 UV-Vis-NIR,
Shimadzu, Japan). Fluorescence spectra were recorded on an
F-4600 spectrometer (HITACHI, Japan). TEM images of the nano-
particles were recorded on a JEOL JEM-2100 equipment. DLS
was measured on a 90 Plus particle size analyzer (Brookhaven
Instruments, USA).

Synthesis and characterization of NDNT

Compound 1 (98.50 mg, 0.1 mmol) and compound 2 (51.80 mg,
0.1 mmol) were dissolved in anhydrous toluene (5 mL), to
which Pd (PPh;), (4.65 mg, 0.004 mmol) was added. The
solution mixture was stirred at 110 °C for 16 h under an argon
atmosphere. After cooling to ambient temperature, the reaction
mixture was poured into methanol (200 mL). The isolated crude
product was then subjected to Soxhlet extraction with methanol,
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hexane and acetone. Finally, the product was extracted with
chloroform, which was concentrated before being precipitated
with methanol again, affording a dark solid. Yield: 158 mg, 78%.
JH (400 MHz, CDCl;): 8.80-8.50 (2 H, br), 7.26-7.15 (2 H, br),
7.14-6.99 (4 H, br), 4.18-4.10 (4 H, br), 2.12-1.97 (2 H, br),
1.50-1.16 (64 H, br), 0.90-0.80 (12 H, br). M,/M, (GPC) 50.8k/
31.4k. T4 (TGA) = 438 °C.

Preparation of the NDNT nanoparticles

The nanoparticles of NDNT were prepared by nanoprecipitation
with DSPE-PEG ,0o. DSPE-PEG ;000 (5 mg) was first dissolved in
distilled water using ultrasound. Then, NDNT (5 mg) was
dissolved in tetrahydrofuran (THF, 1 mL) and 200 pL of the
NDNT solution was injected into PBS with ultrasound at room
temperature. After the mixture was stirred for 10 min, the THF
was removed by purging the solution with nitrogen. The product
was then frozen and dried for further use.

Cell culture and MTT assay

At 37 °C, human prostate cancer Du145 cell lines were cultured
in a medium made up of Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) with 10% fetal bovine serum (FBS) under an
atmosphere of 5% CO,. NDNT NPs were first dissolved in
distilled water, which were then diluted with DMEM to various
concentrations (0-6 pg mL ') and put into a 96-well plate.
Then, the plate was irradiated with a laser (730 nm, 1 W cm ™ ?)
for 5 minutes. The relative cell viability was determined using a
MTT (3-(4,5-dimethylthiazol-2-yl}-2,5-diphenyltetrazolium bromide)
assay. The MTT solution in distilled water (5 mg mL™", 20 uL) was
added to each well followed by incubation for 4 h under the same
conditions at 37 °C. The solution was then discarded, followed
by the addition of DMSO (200 pL) to each well. At ambient
temperature, the absorbance was measured on a Bio-Tek
microplate reader. The cell viability of the control group was
considered to be 100%. The relative cell viability was then
calculated by the following equation: viability (%) = mean
absorbance of the group incubated with NDNT NPs/mean
absorbance of the group incubated with DMEM.

In vitro cellular uptake and fluorescence image of cellular ROS

Du145 cells were incubated with DSPE-PEG._,o,-coated NDNT
NPs (3.8 pg mL ™", 2 mL) in a confocal dish for different time in
the dark over 24 h. Then, the solution was discarded and the
cells were washed with PBS three times (1 mL), and then 1 mL
polyoxymethylene was added for 25 min. Subsequently, the
polyoxymethylene was discarded and the cells were washed
with PBS (1 mL) for three times. The sample that had been
incubated for 24 h with NDNT NPs was further cultured with
2,7-dichlorodihydrofluorescein diacetate (DCF-DA, 10 pumol) for
5 min. Following this, the dish was washed with PBS (1 mL)
three times. This sample was irradiated with a laser for 3 minutes
(730 nm, 1 W em™?). The samples that had not been incubated
with NDNT NPs for 24 h were excited at the wavelength of 633 nm
and the resultant fluorescence from 650 to 750 nm measured.
The in vitro ROS generation was excited with a 488 nm laser and
fluorescence from 490 to 600 nm was measured.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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In vivo tumor treatment histology examination

The study complies with all institutional, national guidelines
and National Institutes of Health. The protocol was approved
by the Animal Center of Guilin Medical University (SCXK2007-
001). 15 nude mice were purchased and then injected with
Du145 cells into the armpit as the tumor source. These mice
were then randomly divided into 3 groups randomly when the
tumor volume reached about 100 mm?. For the control group,
the mice were intravenously injected with a saline solution, while
the other groups were injected with NDNT NPs (38 pg mL ™%,
100 pL) in saline solution. After 4 h, the tumors of certain mice
were irradiated by a laser (730 nm, 1 W cm™?) for 8 minutes, while
the other group of mice were not irradiated. The experiment was
continued for 28 days, and the tumor volume and body weight of
the mice were recorded every two days. These nude mice were
sacrificed followed by the histology analysis. The main organs
(heart, liver, spleen, lung, kidney) and the tumor was isolated and
fixed in 4% formaldehyde solution. After dehydration, they were
embedded in paraffin cassettes and stained with hematoxylin and
eosin (H&E), and the images were recorded on a microscope.

Results and discussion

Synthesis and characterization of NDTT and NPs

As shown in Fig. 1A, NDNT NPs exhibited broad absorption
peaks at 730 and 822 nm, while NDNT in DCM shows absorption
with maximum intensity at 720 nm. For the emission spectra, NDNT
shows emission with maximum intensity at 732 nm (Fig. 1B), while
emission with a red shift of 36 nm was found for its nanoparticles.
NDNT shows emission with a maximum intensity at 768 nm.
The red-shift of 10 nm is caused by aggregation in water.

Then, the morphology and diameter of the nanoparticles
were characterized using transmission electron microscope
(TEM) and dynamic light scattering (DLS).
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Fig. 1 (A) Normalized absorbance of NDNT in THF and NPs in water; (B)
normalized PL of NDNT in THF and NPs in water; (C) degradation of DPBF
under the presence of NDNT in DCM with laser irradiation; (D) linear fitting
of the degradation of DPBF.
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High singlet oxygen quantum yield (*O, QY) promises excellent
phototoxicity for a photosensitizer. The 'O, QY was determined
using 1,3-diphenylisobenzofuran (DPBF) as a probe with methylene
blue (MB) as a standard in DCM. As shown in Fig. 1C and D, the
absorbance of DPBF degrades at a high speed with laser irradiation,
and the 'O, QY calculated is as high as 55.2%. It is worth pointing
out that the copolymer is heavy atom-free but possesses a high '0,
QY, which may cause a reduction in the potential dark toxicity.

Photothermal conversion efficiency and thermal stability

Nanoprecipitation of NDNT with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-{amino(polyethylene glycol)-5o4] (DSPE-
PEG.,000) Was used to improve the water dispersity of NDNT because
it is almost insoluble in water. To characterize the morphology of the
nanoparticles, dynamic light scattering (DLS) and transmission
electronic microscope (TEM) show that the NPs have well-defined
spherical nanostructures, and the average diameter distribution is
approximately 14 to 90 nm, which is appropriate for enhanced
permeability and retention (EPR) in vivo. In order to achieve deep
tissue penetration in the near infrared region (NIR) window, NDNT
NPs were used in the subsequent experiments.

High photothermal conversion efficiency guarantees high
photothermal therapy efficacy. To calculate the photothermal
conversion efficiency, the temperature change was recorded. As
shown in Fig. 2C, with laser irradiation, the temperature
elevation of NDNT NPs is 25.8 °C, which is much higher than
that of water under the same condition (4.6 °C). The photo-
thermal conversion efficiency of NDNT NPs was calculated to be
as high as 40.6%, promising the excellent phototherapy efficiency of
such NPs. The cyclic thermal stability was estimated for 5 times,
which is shown in Fig. 2D. It can be found that there is no obvious
decay, suggesting the outstanding thermal stability of these NPs.

Cellular uptake, ROS generation and MTT assay in vitro

The cellular uptake of NDNT NPs in Du145 cells was investi-
gated. As shown in Fig. 3A-D, NDNT NPs can be uptaken by
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Fig. 2 (A) TEM and DLS of NDNT NPs in water; (B) PL of SOSG with irradiation;
(C) heating and cooling curve of NDNT NPs with or without laser irradiation
(730 nm, 1 W cm™2); (D) thermal stability of NDNT NPs in water for 5 cycles.
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Fig. 3 (A-D) Cellular uptake and ROS generation of NDNT NPs with DCF
as a probe in Dul45 cells, scale bar: 10 um; (E) MTT assay of NDNT NPs
with different concentration with or without laser irradiation; (F) cell
viability of NDNT NPs at high concentrations without irradiation.

Du145 cells and can generate ROS with DCF as a probe under light
irradiation. To investigate the synergistic phototherapeutic effects
of the NDNT NPs, we evaluated the inhibitory effect of NDNT NPs
on the cell viability of human prostate cells (Du145) at different
concentrations. After the treatment of NDNT NPs for 24 h, the
MTT assay shows that the ICs, value is as low as 3.8 pg mL ™"
(Fig. 3E). In addition, the group incubated with the nanoparticles
without irradiation demonstrated a low dark toxicity. To further
investigate the potential dark toxicity of the NPs, NDNT NPs were
incubated with Du145 at high concentration (Fig. 3F). As a result,
the cell viability remains high, showing the suitability of the NPs
for PDT/PTT synergistic therapy.

In vivo photothermal imaging guided phototherapy

To further investigate the PDT and PTT synergistic therapeutic
efficacy of NDNT NPs in vivo, 15 nude mice bearing the Du145
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Fig. 4 (A) Photothermal imaging of control and NDNT groups with laser
irradiation; (B) temperature elevation of control and NDNT group with
irradiation for 2, 4, 6 and 8 min; (C) relative tumor volume of nude mice
during treatment; (D) body weight of nude mice; (E) survival rate of nude
mice during treatment; (F) H&E stained picture of the tumor of the control
group; (G) H&E stained picture of the tumors in the NDNT only group.
Scale bar: 100 pm.
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tumor were used in this study. As shown in Fig. 4A, under the
irradiation for 8 min, a significant temperature elevation of
approximately 18 °C was observed, compared with that of the
control group (4.2 °C) (Fig. 4B). Fig. 4C shows that the tumor
volume of both the control and the dark group increases at a
high speed, while after the irradiation treatment, the tumor volume
was greatly suppressed. The tumor of the illumination group
completely disappeared even after six treatments, demonstrating
the outstanding efficacy of the NDNT NPs. The mice were still alive
for 16 days, no obvious recurrence was observed, indicates that
NDNT NPs had high phototoxicity for the tumor treatment. Though
the NDNT NPs inhibited the growth of tumor in vivo, their potential
toxicity must still be comprehensively evaluated. During the
treatment process, no significant difference between the body
weight of mice in the three groups was observed (Fig. 4D),
indicating the low dark toxicity of the NDNT NPs. The survival
rate is shown in Fig. 4E.

After treatment, all the mice were sacrificed and the tumors
were collected as well as the normal organs, including the heart,
liver, spleen, lung, and kidney. According to the hematoxylin and
eosin (H&E) stained images, we found no obvious changes in the
normal organs between the control and the NDNT NPs treated
groups (Fig. 4F and G). The results indicate that the NDNT NPs
exerted anti-tumor activity without any adverse effects in vivo,
suggesting their excellent bio-compatibility (Fig. 5).>'°

Conclusions

In summary, a heavy atom-free NDNT with a high 'O, QY of
55.2% was designed and prepared. The as-prepared NPs
obtained by nanoprecipitation with DSPE-PEG ;o still retained a
high 'O, generation ability with SOSG as a probe, simultaneously
providing a high photothermal conversion efficiency (40.6%),
demonstrating the excellent phototherapy efficacy of such NPs. An
in vitro MTT assay demonstrates that NDNT NPs with an ultralow
ICs, of 3.8 ug mL™" show a reasonably low dark toxicity even at a
high concentration. In vivo photothermal imaging guided photo-
therapy indicates that such NPs are able to inhibit the tumor growth
in low doses while causing no damage to any normal tissue,
suggesting the outstanding biosafety of such NPs. Our research
therefore demonstrates the synthesis of a NIR heavy atom-free
copolymer with high phototoxicity, low dark toxicity and good
biocompatibility for imaging guided synergistic therapy.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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