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A tri-component semiconducting polymer with
ultrahigh photothermal conversion efficiency as a
biodegradable photosensitizer for
phototheranosticsf
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Semiconducting polymers usually with high photostability, reactive oxygen species (ROS) generation
ability and photothermal conversion efficiency hold tremendous promise for phototherapy. In this study,
a biodegradable tri-component semiconducting polymer (NDT) has been designed and synthesized for
phototheranostics. NDT nanoparticles (NPs) obtained by nano-precipitation with an ultrahigh
photothermal conversion efficiency (65.6%) could be degraded in the presence of hydrogen peroxide in
the tumor microenvironment (TME). Such NPs show high phototoxicity towards human cervical cancer
cells (Hela) with laser irradiation as well as negligible dark toxicity. Furthermore, the in vivo study
demonstrates that tumor growth was inhibited efficiently when mice were injected with NDT NPs, even
with low power laser irradiation (0.2 W cm™2). In contrast, higher power density (0.5 W cm™2) led to
complete tumor suppression. No side effects were observed towards normal tissues, which was
confirmed by the H&E stained pictures of the normal tissues, including heart, liver, spleen, lung and

rsc.li/frontiers-materials

Introduction

Over the past decades, cancer has posed a great threat to the
health of human beings worldwide, and has become the second
leading cause of death, following heart and cardiovascular
diseases'. Traditional therapeutic methods, such as surgery,
radiotherapy, and chemotherapy, may suffer from the disad-
vantages of non-targeting, severe side effects and a second
recurrence of tumor. Phototherapy usually includes the photo-
sensitization process of the surrounding oxygen to convert non-
toxic triplet oxygen to cytotoxic reactive oxygen species (ROS),
which is the so-called photodynamic therapy (PDT).>® In con-
trast, non-radiative transition will happen, during which heat
will be generated for photothermal therapy (PTT).°™*® Such a
non-invasive therapeutic method holds tremendous promise
for cancer treatment.®>?
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kidney. Further, hematological, liver and renal function parameters indicate the biosafety of NDT NPs.

Semiconducting compounds have been universally used in
biophotonics, especially in photoacoustic imaging (PA) and
photothermal therapy (PTT), due to their excellent thermal
stability and high photothermal conversion efficiency.>*>°
Owing to the near infrared (NIR) absorption of such com-
pounds, these compounds are usually capable of achieving
deep tissue penetration. Semiconducting compounds are
usually utilized in drug delivery and afterglow imaging. For
example, Yang et al. reported an in situ polymerization of
perylene diimide hybridized hollow mesoporous organosilica
nanoparticles for precision phototheranostics.”® Among the
various semiconducting compounds, heavy atom free com-
pounds are able to minimize the potential dark toxicity of the
photosensitizers and thus, reduce the systemic toxicity. For
example, Chen et al. designed a heavy atom-free compound for
efficient singlet oxygen capture and delivery in the dark and
hypoxic tumor microenvironment.”” From the point view of
synergistic therapy, PDT/PTT combinational therapy may
enhance the therapeutic efficacy, leading to the complete
eradication of tumor*~°.

Inspired by these observations, a heavy atom-free semicon-
ducting polymer, NDT, has been synthesized by a Stille poly-
merization reaction (Scheme 1). The as-obtained NDT showed a
high singlet oxygen quantum yield of 21.5%. NDT nano-
particles (NPs) obtained by nanoprecipitation exhibited a
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Scheme 1 |llustration of the synthesis of biodegradable NDT NPs for
photothermal and photodynamic therapy.

uniform rectangle morphology with a mean diameter of
~92 nm. Owing to the high radiative transition efficiency,
the photothermal conversion efficiency of such NPs is ultrahigh
(65.6%). The PDT and PTT synergistic effect may promise the
excellent therapeutic efficacy of NDT NPs. These NPs can be
degraded in the presence of H,O, in the tumor microenviron-
ment, and they are able to target the lysosomes. The dark
toxicity of such NPs is too low to be mentioned. In contrast, the
phototoxicity is high enough to induce cell apoptosis with laser
irradiation, and the half maximum inhibitory concentration
(ICs0) is quite low on human cervical cells (HeLa). With the help
of a laser, NDT NPs can effectively inhibit tumor growth and
simultaneously cause no adverse effect on the normal tissues.
Even with low power laser irradiation, complete tumor regres-
sion was observed at a low dose.

Experimental
Materials and apparatus

All chemicals were purchased from Thermal Scientific, and
were used without further purification. "H NMR and *C NMR
spectroscopy were performed on a Bruker DRX NMR spectro-
meter in CDCIl; at 298 K with CDCIl; as the internal standard
(0 = 7.26 ppm). UV-Vis spectra were measured on a Shimadzu
spectrophotometer (UV-3600 UV-Vis-NIR, Japan). The fluores-
cence spectra were measured on a HITACHI spectrometer
(F-4600, Japan). TEM of the nanoparticles was measured on a
JEOL JEM-2100 equipment. DLS was measured on a 90 Plus
particle size analyzer (Brookhaven Instruments, USA).

Synthesis and characterization of NDT

4,9-Dibromo-2,7-bis(2-octyldodecyl)-benzo[lmn]3,8]-phenanthroline-
1,3,6,8(2H,7H)-tetraone (197.0 mg, 0.2 mmol), 2,5-bis(trimethyl-
stannyl)thieno-[3,2-b]-thiophene (9.32 mg, 0.02 mmol), and
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(E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)-ethene (93.24 mg,
0.18 mmol) were dissolved in anhydrous toluene (5 mL), after which
Pd(PPhs), (9.3 mg, 0.0080 mmol) was added. The solution mixture
was stirred at 110 °C for 16 h under argon atmosphere. A dark solid
was obtained using the same processing method as that used for
NDT (180 mg). 6 H 8.91-8.77 (br, 2H), 7.61-7.32 (br, 2H), 7.25-7.05
(br, 3H) 4.25-3.95 (br, 6H), 2.13-1.94(br, 2H), 1.66-1.04 (br, 64H),
0.99-0.78 (br, 12H).

Preparation of NDT NPs

The NDT NPs were prepared by nano-precipitation with DSPE-
PEG _,000- DSPE-PEG 0 (10 mg) was dissolved in distilled water
with ultrasound. Then, NDT (2 mg) was dissolved in tetrahy-
drofuran (THF, 1 mL). Further, 200 pL of this solution was
injected into PBS using ultrasound at room temperature. After
the mixture was stirred for 10 min, THF was removed by
purging nitrogen.

Singlet oxygen detection

Singlet oxygen quantum yield (*O, QY) of NDT was calculated
by using DPBF (1,3-diphenylisobenzofuran) as the 'O, indica-
tor. Generally, a mixture was prepared with the absorbance of
DPBF being adjusted around 1.0 while that of NDT being 0.2 to
0.3. After irradiation for different periods of time, the absor-
bance spectra were recorded. The singlet oxygen quantum yield
was calculated according to eqn (1).?

Snot . Fus
D npT) = PA(MB) ¥ Sup X Faot (1)

Photothermal conversion efficiency of NDT NPs

NDT NPs in water was irradiated by laser and then cooled to
room temperature. The temperature was recorded by an infra-
red camera. The photothermal conversion efficiency was calcu-
lated according to eqn (2)-(6).

y— hS(T?(a){ - ITST}:ZGE) Obis @)
dr = —’L'S% (4)

= B 2

t = —1sIn(6) (6)

where 4 stands for the heat transfer coefficient and S represents
the surface area of the container. Ty, is the highest tempera-
ture of NDT NPs in water at the maximum steady-state tem-
perature, I is the laser power density (0.5 W cm™?), Qps is the
heat associated with light absorption by the solvent and A is
the absorbance of the NDT NPs at 660 nm. The variable 1, is the
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sample-system time constant, and m; and C; are the mass and
heat capacity of the deionized water (4.2 x 10° J kg™* °C™%),
respectively.

Cell culture, cellular uptake, lysosome co-localization, MTT
assay and flow cytometry

At 37 °C, human cervical cancer (HeLa) cell lines were cultured
with 10% fetal bovine serum (FBS) under an atmosphere of 5%
CO,. Hela cells were incubated with NDT NPs (15.8 pg mL ™",
2 mL) in a confocal dish for different time periods in dark for
24 h. Then the medium was discarded and the cells were
washed with PBS three times (1 mL). 1 mL polyoxymethylene
was added for 25 min to fix the cells. Polyoxymethylene was
discarded and the cells were again washed with PBS three times
(1 mL). The cells were further co-cultured with lysosome tracker
green (10 pmol) for 20 min. After that, the cells were washed
with PBS three times (1 mL). For the cellular uptake of NDT
NPs, the cells were excited at 633 nm and the fluorescence was
collected from 650 to 750 nm. However, for the lysosome co-
localization experiment, they were excited with a 488 nm laser,
and fluorescence was collected from 490 to 560 nm.

For the MTT assay, NDT NPs were diluted with the medium
to various concentrations and co-cultured with HeLa cells in a
96-well plate. For the control and illumination groups, the plate
was irradiated with a laser (660 nm, 0.2 or 0.5 W cm™>) for
8 minutes after 24 h culture. In contrast, the cells were not
irradiated for the cells in the dark groups. Relative cell viability
was then determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. MTT solution (5 mg mL ™",
20 pL) was added to each well followed by incubation for 4 h
under the same conditions at 37 °C. Then, the solution was
discarded followed by the addition of DMSO (200 upL). At
ambient temperature, the absorbance was measured on a Bio-
Tek microplate reader. The cell viability of the control group
was considered as 100%. The relative cell viability was then
calculated by the following equation:

viability (%) = mean absorbance of the group incubated with
NDT NPs/mean absorbance of the group incubated without NPs.

Annexin V-FITC/propidium iodide (PI) staining

HeLa cells were plated in 6-well plates and divided into three
groups (control group, dark group, and photo group). For the
dark and photo groups, the cells were treated with nano-
particles at a concentration of 3.2 pg mL™' and the photo
group was irradiated with laser (660 nm, 0.2 or 0.5 W cm ™ ?)
for 8 minutes exceptionally while the dark group was not. The
apoptosis of HeLa cells was analyzed by Annexin V-FITC/pro-
pidium iodide (PI) dual staining. HeLa cells were harvested and
stained with Annexin V-FITC/PI Cell Apoptosis Detection Kit
(KeyGen Biotech, Nanjing, China) according to the standard
protocol. The apoptosis rates of the cells were recorded on a
flow cytometry equipment (BD Biosciences, San Jose, CA, USA).

In vivo photothermal imaging and phototherapy

All experiments were performed in compliance with the rele-
vant laws and institutional guidelines. The experiments were
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approved by the institutional committee of Guilin Medical
University (SCXK2007-001). 15 nude mice were purchased and
then injected with HeLa cells into the armpit as the tumor
source. These mice were divided into 3 groups at random when
the tumor volume reached about 80 mm?®. For the control
group, the mice were intravenously injected with PBS, while
the other groups were injected with NDT NPs (200 pg mL™ ',
100 pL) in PBS solution, respectively. After 12 h, the tumors of
the PBS + laser, NDT + laser groups were irradiated by laser
(660 nm, 0.2 or 0.5 W cm %) for 8 minutes while the mice in the
dark group were not irradiated. The tumor volume and body
weight of mice were recorded every two days. These nude mice
were sacrificed followed by the histology analysis. The main
organs, including heart, liver, spleen, lung, kidney and tumor,
were isolated and fixed in 4% formaldehyde solution. After
dehydration, they were embedded in paraffin cassettes, and
stained with hematoxylin and eosin (H&E), followed by the
recording of images on a microscope.

Statistical analysis

The significance between two groups was analyzed by two-tailed
Student’s t-test. For multiple comparisons, one-way analysis of
variance (ANOVA) with Tukey’s post hoc test was used. Statis-
tical analysis was performed using GraphPad Prism 6.0.
P values of less than 0.05 were considered significant
(*P < 0.05, **P < 0.01, ***P < 0.01).

Results and discussion
Synthesis and generation characterization of NDT

NDT was synthesized via a one-pot Stille coupling reaction
involving 4,9-dibromo-2,7-bis(2-octyldodecyl)-benzo[lmn]-[3,8]-
phenanthroline-1,3,6,8(2H,7H)-tetraone (compound 1), 2,5-
bis(trimethylstannyl)thieno-[3,2-b]-thiophene (compound 2),
and (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)-ethene (com-
pound 3) (Scheme 1). The obtained crude polymers were
precipitated in methanol and then purified by Soxhlet extrac-
tion to remove the oligomers and other impurities. Specifically,
NDT shows good solubility in chloroform and tetrahydrofuran
at room temperature. The molecular structures of the copoly-
mers were confirmed by "H NMR spectroscopy. First, the UV-vis
and fluorescence emission spectra of NDT NPs were recorded to
investigate the photophysical properties. NDT shows narrow
absorption peaks at 364 and 644 nm in THF, while the emission
peaks were shifted to 710 and 817 nm, respectively, indicating
their ability to respond to near infrared (NIR) light (Fig. 1a
and b). NDT NPs exhibit absorbance with maximum intensity at
374 and 666 nm, respectively, while the emission spectra also
red shifted to 712 and 818 nm; this phenomenon was attributed
to the J-aggregates of NDT in water. The morphology character-
ized by transmission electron microscopy (TEM) suggests that
NDT can self-assemble into a uniform spherical morphology
(Fig. 1c), which is in good agreement with the dynamic light
scattering (DLS) (mean diameter ~95 nm) result (Fig. 1d).
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Fig.1 (a) Normalized absorbance spectra of NDT in THF and NPs in
water. (b) Normalized fluorescence spectra of NDT in THF and NPs in

water. (c) TEM of NDT NPs. (d) DLS of NDT NPs in water.

Singlet oxygen generation and photothermal conversion
efficiency

For an ideal photosensitizer, high singlet oxygen quantum yield
(*0, QY) is fundamental to produce enough phototoxicity to
induce cell death. Therefore, the 'O, QY of NDT was deter-
mined using 1,3-diphenylisobenzofuran (DPBF) as a probe with
methylene blue (MB ~ & = 57%) as the standard substance in
DCM (Fig. S1 and S2, ESIt). The absorbance of DPBF tends to
decrease with laser irradiation, indicating the efficient singlet
oxygen generation of NDT. In contrast, the absorbance of NDT
remained unchanged, suggesting the excellent photostability of
NDT in DCM (Fig. 2a and b). The 'O, QY (21.5%) is lower than
that of NDNT (55.2%),>®> DPPCz (40.3%),>* and PTVT (42.2%).>
It is worth noting that heavy atom-free NDT may diminish the
potential dark toxicity. Further, nanoprecipitation was used to
prepare NDT NPs with good dispersity in water. NDT NPs still
possessed high singlet oxygen generation ability because of the
photo-responsive fluorescence enhancement of singlet oxygen
sensor green (SOSG), a commercially available probe (Fig. S3,
ESIt). From the point view of synergistic therapy, combining
PDT with PTT may achieve better therapeutic efficacy. High
photothermal conversion efficiency is of tremendous signifi-
cance for enhancing photothermal therapeutic efficacy. The
photothermal conversion efficiency of NDT NPs was calculated
by recording the heating and cooling curves in distilled water
with irradiation or without irradiation (Fig. 2c and d). A
temperature elevation of 42.2 °C was observed, while that of
water was almost negligible (~4.8 °C). An ultrahigh photother-
mal conversion efficiency of NDT NPs was calculated as 65.6%,
which is higher than the most of the previously reported
semiconducting polymers, including NDNT NPs (40.6%),>
DPPCz NPs (48.2%),”* and PTVT NPs (52.6%).>° After irradia-
tion, the absorbance spectra were recorded for comparison.
These NPs showed excellent photostability because no obvious

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 2 (a) O, generation of NDT with DPBF as a probe in DCM. (b) Linear
fitting of time versus absorbance. (c) Heating and cooling curve of NDT
NPs with or without irradiation. (d) Linear fitting of ln0 versus time.
(e) Absorbance of NDT NPs in water before and after irradiation. (f) Degradation
of NDT NPs by recording the absorbance in the presence of H,O,.

decay was observed, regardless of being irradiated or not
(Fig. 2e).

Tumor microenvironment (TME) features high H,0,
concentration. Due to the fact that C—=C double bonds in
thiophene can react with H,0,, the absorbance of NDT NPs
was recorded in the presence of H,O, to investigate the
degradation of NDT NPs in vitro. As shown in Fig. 2f, the
absorbance of NDT NPs kept decreasing and over 80% degra-
dation rate was observed after 3 days, indicating that these NPs
would be bio-degradable in TME.

Cellular uptake, lysosome co-localization, MTT assay and flow
cytometry in vitro

Since the singlet oxygen and photothermal conversion effi-
ciency of NDT NPs were high, we then evaluated the therapeutic
efficacy of NDT NPs in vitro on HeLa cells. First, confocal laser
scanning microscopy (CLSM) was used to investigate the cel-
lular uptake and singlet oxygen generation of NDT NPs. As
shown in Fig. 3a, NDT NPs could be uptaken by HeLa cells (red
channel), and these NPs could accumulate in the lysosomes
(green channel). The cytotoxicity of NDT NPs was investigated
by MTT assay. Negligible dark toxicity was observed, as indi-
cated by the high cell viability without irradiation (Fig. 3b and
¢). Concentration dependent phototoxicity indicated that these
NPs were able to kill HeLa cells with irradiation (Fig. 3b and c).

Mater. Chem. Front., 2022, 6,8-14 | 1
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Fig. 3 (a) Cellular uptake of NDT NPs in Hela cells and lysosome co-
localization with a lysosome tracker. (b) MTT assay of NDT NPs with or
without laser irradiation (660 nm, 0.2 W cm™2). (c) MTT assay of NDT NPs
with or without laser irradiation (660 nm, 0.5 W cm™2). (d) Flow cytometry
experiment of NPs with or without laser irradiation.

With the increase of the laser power, a lower half maximal
inhibitory concentration was observed; this phenomenon could
be ascribed to the synergistic effect of PDT and PTT (Fig. 3b
and c). Cell viability remained very high, even though the
concentration of NDT was as high as 200 ug mL ™", suggesting
the low dark toxicity of NDT NPs (Fig. S4, ESIT). Further, flow
cytometry was also used to investigate cell apoptosis with or
without laser irradiation; the results were consistent with the
MTT assay. In the control group, a high cell viability was
observed. For the dark group, NDT NPs showed negligible
toxicity, while the apoptotic rate was enhanced with the
increase of the power density of the laser (Fig. 3d).

In vivo photothermal imaging and phototherapy

Considering the high phototoxicity of NDT NPs in vitro, we
further investigated the PDT and PTT synergistic therapeutic
efficacy in vivo. Photothermal imaging was used to quantify the
temperature of the tumor with laser irradiation (Fig. 4a and b).
When the tumor volume of 3 nude mice reached 200 mm?,
these mice were intravenously injected with NDT NPs. After
12 h, the tumor was irradiated with laser (660 nm, 0.5 W cm™?).
The temperature was recorded using an infrared camera. For
the control group, almost negligible temperature elevation was
observed, while the tumor temperature reached 51.3 °C for
those injected with NDT NPs, indicating the excellent photo-
thermal therapeutic efficacy. For the control and NDT only
group, the tumor grew at a parallel speed, suggesting the low
dark toxicity of the NPs. For the irradiation group, the tumor
proliferation was inhibited effectively even at 0.2 W cm™>.
Further, tumor suppression was observed at a higher power
density (0.5 W cm ™ ?) (Fig. 3c). After treating twice, the tumors
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Fig. 4 (a) Time dependent photothermal imaging of HelLa tumor bearing
mice injected with NDT NPs. (b) Quantification of the tumor temperature
at different time points. (c) Tumor volume of the mice in the PBS + laser,
NDT only and NDT + laser groups (0.2 or 0.5 W cm™2). (d) Body weight
change. (e) Survival rate of the mice in the PBS + laser, NDT only and NDT
+ laser groups. (f—h) H&E-stained pictures of the tumor in the PBS + laser
and NDT only and NDT + laser (0.2 W cm™2) groups.

disappeared, mainly because of the PDT and PTT synergistic
effect. No obvious body weight change was observed, demon-
strating the low toxicity of these NPs (Fig. 3d). The survival also
demonstrated the excellent biocompatibility of these NPs.
These mice were then sacrificed, and the H&E-stained pictures
of the tumors in PBS + laser, NDT only and NDT + laser groups
are illustrated in Fig. 4f-h. The morphology of the nucleus in
the PBS + laser and NDT only group remained in good manner,
while that in the NDT + laser group was damaged, indicating
the low dark toxicity and high phototoxicity of these NPs.

After treatment, all mice were sacrificed, followed by the
collection of the normal organs, including heart, liver, spleen,
lung and kidneys. The representative tumor pictures in each
group are illustrated in Fig. S5 (ESIf). The hematological
parameters, liver and renal function were investigated by
recording the white blood cell, red blood cell, aspartate amino-
transferase, alanine aminotransferase, total protein and blood
urea nitrogen (Fig. 5a—f and Table S1, ESIt). The parameters in
the dark and photo groups were in good agreement with those
of the control groups, indicating that the mice were very
healthy. Further, no obvious difference was observed in the
H&E-stained pictures of the normal organs in the three groups
(Fig. 6), demonstrating that NDT NPs exerted no side effects
in vivo, suggesting their excellent bio-compatibility.

Conclusions

In summary, a semiconducting polymer photosensitizer NDT
with ultrahigh photothermal conversion efficiency (~65.6%)
has been designed and prepared. NDT NPs obtained by nano-
precipitation were capable of responding to the excess H,O, in
the tumor microenvironment, leading to the biodegradation of
the NPs. NDT NPs showed considerably high phototoxicity as
well as negligible dark toxicity towards HeLa cells. In vivo

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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10 um.

photothermal imaging and phototherapy suggests that these
NPs could inhibit tumor growth at a low dose. Owing to the
PDT and PTT synergistic effect, complete tumor suppression
was achieved. However, no damage was caused to normal
tissues, suggesting the biocompatibility of these NPs. These
results provide a way to design heavy atom-free semiconducting
photosensitizers with low dark toxicity, high phototoxicity and
good biocompatibility for photothermal and photodynamic
therapy.
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