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Current cancer therapy has been restricted by the hypoxic microenvironment of tumors, especially for
strongly oxygen-dependent photodynamic therapy. To defeat tumor hypoxia, an oxygen-irrelevant
radical nanogenerator, PI/FBC, is developed by the co-assembly of iodized polymer Pl and NIR
photosensitizer FBC, and further evaluated as a remote controllable free radical generation platform for
enhancing antitumor efficiency. The PI/FBC radical nanogenerator can be excited by NIR light to
produce ROS through transfer of energy to oxygen and induce the formation of toxic iodine radicals via
electron transfer to Pl. Notably, unlike conventional tumor treatments, such a radical nanogenerator is
controllable and insusceptible to oxygen concentration. Moreover, benefiting from the strong NIR
emission of FBC, the distribution of the PI/FBC radical nanogenerator can be monitored without
incorporating other imaging agents. This PI/FBC radical nanogenerator treatment will no doubt broaden
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Introduction

Hypoxia is a typical microenvironment feature in most solid
tumors, resulting from the imbalance between oxygen supply
and demand."? A hypoxic microenvironment makes cancer cells
resistant to cancer treatments, especially for oxygen-consuming
therapies, for instance, photodynamic therapy.*® To enhance
the therapeutic efficiency, great efforts have been dedicated to
overcoming the bottleneck arising from hypoxia,” such as
increasing the oxygen concentration,*® reducing the oxygen
consumption,”™" or combining multiple therapeutic
methods.”®?* Nano-delivery systems provide a promising
potency in overcoming hypoxia of tumors, but face challenges
such as poor repeatability and potentially adverse toxicity.”***
Recently, hypoxia-tolerant photosensitizers have provided
a powerful tool for hypoxic tumor treatment.”*>* These photo-
sensitizers could produce toxic reactive oxygen species (ROS)
such as superoxide (O," "), hydroxyl (-OH) and hydroperoxyl
(HO;) through a photo-induced electron transfer mechanism.
However, the produced toxic species are related to oxygen,
indicating that the photodynamic therapeutic efficiency of
these photosensitizers still relies on oxygen concentration
although they require much lower oxygen concentration than
traditional photosensitizers.”” To defeat tumor hypoxia, it

Shanghai Key Laboratory of Functional Materials Chemistry, East China University of
Science and Technology, 130 Meilong Road, Shanghai 200237, China. E-mail:
wazhang@ecust.edu.cn

t Electronic ~ supplementary  information available. See DOIL
10.1039/d1sc01220g

1 These authors contributed equally.

(EST)

9500 | Chem. Sci,, 2021, 12, 9500-9505

development of promising anticancer agents.

would be promising to develop an entirely oxygen-independent
platform with remote controllable ability.

Oxygen-irrelevant free radicals are also highly reactive
species, which have been extensively employed to synthesize
compounds and polymers.”**' Benefiting from their efficient
generation even under a hypoxic environment, radical nano-
generators based on free radical initiators have been developed
to overcome tumor hypoxia for amplifying antitumor effi-
ciency.**** Aside from these radical nanogenerators which
focus mainly on thermolabile radical generators, production of
free radicals via a photo-redox reaction may be another prom-
ising approach for hypoxic tumor treatment. Photo-induced
radical reactions with excellent controllability have been an
appealing option for catalytic organic synthesis and control-
lable polymerization.>”*® For cancer therapy, Bu and his co-
workers developed a -Cl nano-generator by decorating a SiO,-
coated upconversion nanoparticle (UCNP) with Ag’/AgCl hetero-
dots outside, in which -Cl generation can be triggered by the
short wavelength emission of the UCNP upon NIR illumina-
tion.** In consideration of the energy conversion efficiency, it is
a great advantage for efficient oxygen-irrelevant radical forma-
tion directly via a NIR photosensitizer upon illumination.

Herein, we develop a biocompatible free radical nano-
generator (PI/FBC) by the co-assembly of iodized block copolymer
POEGMA-b-PIEMA (PI) and tetrafluorophenyl bacteriochlorin
(FBC) photosensitizer with strong NIR absorbance for hypoxia-
irrelevant phototherapy against tumor hypoxia. As shown in
Scheme 1, FBC as a NIR photosensitizer can not only produce
ROS under NIR illumination, but also induce the production of
highly cytotoxic iodine free radicals, endowing the PI/FBC
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Scheme 1 Preparation of the PI/FBC radical nanogenerator and its
antitumor mechanism upon NIR irradiation. lodine radicals were
produced by electron transfer from FBC to Pl under NIR irradiation.

nanogenerator with superior remote controllability. Moreover,
iodide as the radical initiator was installed on the polymer chain
by reversible addition-fragmentation chain transfer (RAFT)
polymerization, avoiding unpredictable side effects suffered from
the leakage of initiators. Besides, POEGMA as the hydrophilic
block can form a hydrophilic shell on the surface of the PI/FBC
nanogenerator, effectively improving the biocompatibility of the
PI/FBC radical nanogenerator and extending the circulation time.
More importantly, the strong NIR absorption of FBC is beneficial
to realize deep penetration against skin tissue without severe side
effects. Thus, the PI/FBC radical nanogenerator may lead to the
new trend of free radical-induced tumor therapy, providing
a reference for the development of non-oxygen free radicals for
future hypoxia antitumor therapy.

Results and discussion
Synthesis of PI/FBC nanoparticles

NIR absorption photosensitizer FBC was firstly synthesized
according to our previous work (Fig. S1, ESIt).>® Then, iodine-
containing monomer 2-iodoethyl methacrylate was prepared via
an esterification reaction between methacryloyl chloride and 2-
iodoethanol (Fig. S2, ESI}).**** Before POEGMA-b-PIEMA was
synthesized through RAFT polymerization, a POEGMA macro-
RAFT agent was prepared by the homopolymerization of
OEGMA according to the route as illustrated in Scheme S1 (ESI7).
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The successful synthesis of POEGMA and POEGMA-b-PIEMA was
confirmed by "H NMR spectroscopy (Fig. S3 and S4, ESIT) and gel
permeation chromatography (GPC, Fig. S5, ESIt), respectively.
Afterwards, PI/FBC nanoparticles were fabricated by the co-
assembly of POEGMA-b-PIEMA and FBC. The transmission
electron microscopy (TEM) image shown in Fig. 1a reveals the
well-defined spherical morphology of PI/FBC nanoparticles. The
hydrodynamic size distribution of PI/FBC nanoparticles was
determined by dynamic lighting scattering (DLS, Fig. 1b).
Compared with PI nanoparticles (directly formed by the self-
assembly of POEGMA-b-PIEMA block polymers), the size of the
PI/FBC nanoparticles did not increase but decreased slightly after
FBC was incorporated, which may have resulted from the more
concentrated hydrophobic moieties of FBC. The zeta potential
value of PI/FBC nanoparticles was below —10 mV in comparison
to that of PI nanoparticles, which not only suggested the
successful encapsulation of FBC, but also showed good colloidal
stability as displayed in Fig. 1c. The photophysical properties of
PI/FBC nanoparticles were evaluated by utilizing UV-vis and
fluorescence spectrophotometers (Fig. 1d). The UV-vis spectra of
PI/FBC nanoparticles indicated that FBC was successfully
encapsulated in the nanoparticles, in agreement with the DLS
and zeta potential results. Besides, owing to the efficient encap-
sulation of FBC, the strong NIR emission of FBC can also be
observed in the fluorescence spectrum of PI/FBC nanoparticles,
endowing PI/FBC nanoparticles with excellent imaging perfor-
mance. Additionally, iodine-free PC/FBC nanoparticles as the
control were prepared by encapsulating FBC with a block copol-
ymer, poly(ethylene glycol)-block-poly(lactide acid) (PEG-b-PLA),
and the detailed characterization is shown in Fig. S6-S8 (ESIt).

Reactive species production of PI/FBC nanoparticles

PI/FBC nanoparticles were expected to produce both reactive
oxygen species and iodine free radicals upon NIR illumination
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Fig. 1 Characterization of the prepared nanoparticles. (a) Represen-
tative TEM image of PI/FBC nanoparticles. (b) Size distribution of
nanoparticles determined by dynamic light scattering. (c) Zeta
potential of Pl and PI/FBC nanoparticles. (d) UV-vis absorption and
fluorescence spectra of PI/FBC nanoparticles.
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Fig. 2 In vitro reactive species production. (a) Illustration of the
generation mechanism of reactive species. (b) Changes in the
absorption of DPBF at 425 nm induced by PC/FBC and PI/FBC
nanoparticles under illumination. Free radical production of (c) PC/
FBC and (d) PI/FBC nanoparticles determined by using ABTS as
a radical probe, respectively.

(Fig. 2a). And then we determined the extracellular reactive
species (RS) production of PI/FBC nanoparticles before in vitro
antitumor performance. DPBF as a total ROS probe was
employed to measure the ROS production of PI/FBC nano-
particles under NIR irradiation.** As shown in Fig. 2b, S9 and
S10 (ESIt), PI/FBC and PC/FBC nanoparticles can both cause the
absorbance decrease of DPBF with the irradiation time exten-
sion, indicating that a significant amount of ROS was generated
by the nanoparticles. It is noteworthy that the absorbance
decrease of DPBF of PI/FBC nanoparticles was modest
compared to that of PC/FBC nanoparticles, which may be
induced by the iodine free radical production of PI/FBC nano-
particles. The iodine free radical production competes with the
ROS generation to consume excited photosensitizers, resulting
in the decrease of ROS formation. To verify the hypothesis, 2,2’
amino-di(2-ethyl-benzothiazoline sulphonic acid-6) ammonium
salt (ABTS) as a radical probe was adopted to determine the
production of iodine free radicals.>® We can observe that the UV-
vis spectrum of ABTS of PC/FBC nanoparticles changed slightly
after NIR illumination (Fig. 2c); however, a significant increase
was found in that of PI/FBC nanoparticles, indicating that
a mass of iodine radicals was produced by PI/FBC nanoparticles
(Fig. 2d). To further confirm the production of free radicals, we
also used a radical trapping agent, TEMPO, to capture the
produced iodine free radical under NIR illumination (Fig. S11,
ESIt). The peak at 2.8 ppm increased with irradiation time
extension, suggesting the successful formation of iodine
radicals.

Intracellular uptake and photoactivity

Encouraged by the exciting extracellular consequence, in vitro
antitumor performance was evaluated on 4T1 cells. A confocal
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laser scanning microscope (CLSM) was employed to determine
the cellular internalization and cytotoxic species production of
nanoparticles. As shown in Fig. 3a, bright red fluorescence can
be observed around the cell nucleus (blue fluorescence), indi-
cating that nanoparticles can efficiently enter cancer cells.
Subsequently, 2,7-dichlorofluorescein diacetate (DCFH-DA),
a fluorescent probe, was used to determine the production of
oxidizing toxic species as shown in Fig. 3b. Compared to PI and
PC/FBC nanoparticles, strong green fluorescence of DCF
generated via oxidation of reactive species to DCFH-DA was
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Fig. 3 In vitro antitumor performance. (a) Cellular uptake of PI/FBC
and PC/FBC nanoparticles measured using a confocal laser scanning
microscope (scale bar: 50 um). (b) CLSM images of intracellular
reactive species (RS) induced by PI/FBC and PC/FBC nanoparticles
(scale bar: 50 um). (c—f) Relative viabilities of 4T1 cells incubated with
a series of concentrations of PI/FBC and PC/FBC nanoparticles. (c)
Dark toxicity and (d) phototoxicity under normoxic conditions. (e) Dark
toxicity and (f) phototoxicity under hypoxic conditions (750 nm, 50
mW cm™—2, 10 min).
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detected after treatment with NIR irradiation in the presence of
PI/FBC nanoparticles, indicating that the DCF formation
resulted from the toxic species produced by PI/FBC nano-
particles after NIR irradiation. There was almost no green
fluorescence in PI nanoparticle treated cells with NIR illumi-
nation, which may that PI nanoparticles are
biocompatible.

MTT assay was employed to further evaluate the antitumor
efficiency under normal and hypoxic conditions (FBC concen-
tration: 0-8 pug mL™") (Fig. 3c—f). From Fig. 3c and e, it can be
observed that there is no significant cytotoxicity against cells for
PI, PC/FBC and PI/FBC nanoparticles, indicating that all the
nanoparticles have good biocompatibility. It is noteworthy that,
with NIR irradiation (750 nm, 50 mW c¢m™>, 10 min), PI/FBC
nanoparticles could efficiently induce cell death in a concen-
tration-dependent manner, even in a hypoxic environment
(Fig. 3d and f). However, the PC/FBC and PI nanoparticle treated
cells did not end their days obviously. These results may be
associated with the modest or disabled production of toxic
species of PC/FBC or PI nanoparticles, respectively, which is in
line with the foregoing consequence of intracellular DCF fluo-
rescence detected by CLSM. In addition, we also determined the
cytotoxicity of PC/FBC nanoparticles at a higher FBC concen-
tration (0-32 ug mL~ ") under an elevated laser power density
(100 mW cm ™2, 15 min) (Fig. S12, ESI{). The results revealed
that the cell survival decreased with the increase of PC/FBC
concentration, which further confirmed that the high cell
survival of PC/FBC in the previous experiment resulted from the
limited ROS generation.

reveal

In vivo imaging and biodistribution, photodynamic therapy
and bio-safety

Based on the remarkable in vitro photo-induced toxicity against
cancer cells, an in vivo performance study was carried out on
nude mice bearing tumors. 4T1 tumor-bearing mice were ob-
tained by subcutaneously injecting 200 uL of 5 x 10° tumor
cells. For in vivo distribution monitoring via fluorescence
imaging, PI/FBC nanoparticles were injected into mice via the
tail vein after the xenograft tumor volume reached 100 mm®.
The fluorescence imaging was monitored in real time via
detecting the emission at 750 nm after FBC was excited with
510 nm light. As shown in Fig. 4a and S13 (ESI}), the fluores-
cence signal at the tumor gradually increased with time exten-
sion, suggesting that PI/FBC could be efficiently enriched in
tumors by the enhanced permeability and retention (EPR) effect
of tumors.* The biodistribution results also distinctly demon-
strated that PI/FBC nanoparticles were primarily accumulated
in the tumor site 24 h post-injection.

To further verify the antitumor efficiency of PI/FBC nano-
particles, mice bearing 4T1 tumors were randomly divided into
seven groups (control, PI, PC/FBC, PI/FBC, PI + L, PC/FBC + L
and PI/FBC + L) and separately administered with the corre-
sponding nanoparticles through the tail vein when the tumor
volume reached 100 mm?. Tumors in PI + L, PC/FBC + L and PI/
FBC + L groups were irradiated with a 750 nm laser for 15 min at
a power density of 200 mW c¢m 2. Tumor volumes and body

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 In vivo photo-induced inhibition test against the 4T1 tumor. (a)
Changes of in vivo distribution of PI/FBC nanoparticles with the time
extension monitored by fluorescence imaging. (b) Relative tumor
volume and (c) the mice body weight during treatment. (d) Tumor
weights and (e) photograph of isolated tumors after 15 days of treat-
ment (n = 4). (f) Images of a tumor section stained with H&E (scale bar:
150 pm, *P < 0.05, **P < 0.01, and ***P < 0.001).

weights were recorded to evaluate the tumor suppression effect
and biocompatibility of nanoparticles, respectively (Fig. 4b and
¢). We found that PC/FBC and PI/FBC nanoparticles could
significantly inhibit the tumor growth after illumination with
a 750 nm laser. It is noteworthy that PI/FBC exhibited a superior
inhibition efficiency than PC/FBC, which could be attributed to
the oxygen-irrelevant iodine free radicals generated by PI/FBC
nanoparticles under illumination. However, PI nanoparticles
did not show any antitumor effect, indicating that the oxygen-
irrelevant free radical production was triggered by FBC under
750 nm laser irradiation. Without laser illumination, PI, PC/
FBC and PI/FBC nanoparticles all showed no obvious difference
compared to the control, revealing that they had a good
biocompatibility. No significant weight loss was observed in
Fig. 4c, suggesting minimal side effects of the nanoparticles. On
15th day, the mice were sacrificed to harvest tumors and
primary organs (heart, liver, spleen, lungs and kidneys) for
further evaluation of antitumor efficiency. Isolated tumors were
weighed and photographed as depicted in Fig. 4d and e. PI/FBC
+ L treated tumors had the lightest weight and smallest volume,
indicating that PI/FBC nanoparticles could efficiently inhibit
the tumor growth after illumination with a 750 nm laser. H&E
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staining on tissue sections (Fig. 4f and S14, ESI{) also revealed
that PI/FBC nanoparticles are highly biocompatible with major
organs and could cause significant cell necrosis after being
triggered by 750 nm laser irradiation.

Conclusions

In conclusion, a biocompatible hypoxia-tolerant nano-system,
PI/FBC, was fabricated by co-assembling an iodized polymer
with a NIR photosensitiser, FBC. PI/FBC nanoparticles could
efficiently accumulate in tumor sites through the EPR effect,
which can be monitored in real time via NIR fluorescence
imaging. Upon being excited with an NIR laser, PI/FBC nano-
particles could not only produce cytotoxic ROS by transferring
energy to oxygen, but also cause highly toxic iodine free radical
production through an oxygen-irrelevant mechanism. There-
fore, PI/FBC nanoparticles could facilitate a significantly
enhanced antitumor efficiency by conquering the hypoxic
tumor environment in a controllable manner. This PI/FBC
radical nanogenerator treatment will no doubt broaden the
family of antitumor strategies by using nonoxygen free radicals,
which is significant for reference in the development of
prospective anticancer agents.
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