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A B S T R A C T

Selenoxide elimination reaction has been widely used in the field of organic synthesis. However, few studies
have been conducted to apply this reaction in biodegradable nanomedicine. In this work, the selenoxide elim-
ination reaction was used for cancer treatment via producing excess cellular reactive oxygen species (ROS) for
the first time. The β-seleno diesters and porphyrin derivates containing nanoparticle could be responsive to the
intracellular ROS and produce acrylates through the elimination reaction. The acrylates would further deplete
intracellular GSH in tumor cells and finally improved the anticancer activity in the mice tumor model. Different
from traditional ROS-responsive nanomedicine, the elimination product of this reaction could regenerate cy-
totoxic ROS and specifically disturb the redox balance of tumor cells. This work would provide attractive ave-
nues for the development of therapeutic strategies against cancer via synthesis of well-designed biodegradable
polymers.

1. Introduction

Reactive oxygen species (ROS) act as a second messenger in cell
signalling and are essential in supporting various cellular processes,
such as differentiation, proliferation, metabolism and apoptosis [1,2].
Excess ROS production induced by endogenous or exogenous stimuli,
leads to aberrant cell signalling and the disruption of cellular home-
ostasis. Owing to oncogenic transformation, cancer cells can constantly
generate higher levels of intracellular ROS (up to 100 μM) than normal
cells (approximately 20 nM) [3,4]. Cancer cells can maintain in-
tracellular redox homeostasis through their inherently flexible redox
regulation [5]. However, compared to normal cells, the high levels of
exogenous ROS in cancer cells makes them more vulnerable to reach a
threshold that triggers death [6]. Therefore, ROS-based cancer therapy
approaches aimed at generating ROS targeted in tumor cells may fur-
ther improve selective therapeutic efficiency in cancer cells.

The mechanism that underlies the ROS-based therapy exerted on
killing cancer cells is associated with elevated ROS levels that leads to
irreversible oxidative stress in tumor cells. Recently, many strategies
have been developed to increase the intracellular ROS levels in cancer
cells [7]. Photosensitizers or atomically dispersed metals have already
been employed to generate toxic levels of ROS in tumor cells,

respectively, in photodynamic therapy (PDT) [8–10] and chemody-
namic therapy (CDT) [11–13]. ROS-responsive components, including
selenide/telluride [14,15], disulphide/selenide [16–19], thioketal [20],
thioether [21], and arylboronic ester [22] etc, containing polymers are
widely used in these therapies to improve the targeting responsiveness
of nanodrugs in tumor cells [23–25]. Ironically, the elevated ROS levels
will quickly be neutralized by the intracellular antioxidant defense
system, such as glutathione (GSH), and could also be consumed by
these ROS-responsive linkers [26,27]. These endogenous and exo-
genous ROS consumptions would interfere with the therapeutic effect of
ROS-based therapy and enhance the drug resistance of chemotherapy.
Therefore, it is urgent to find a novel ROS-response chemical reaction
or linker to weaken the antioxidant defense systems and elevate in-
tracellular ROS generation after the response, leading to massive ROS
accumulation, to improve the efficacy of ROS-manipulation mediated
cancer therapy.

Acrylates, such as 2-hydroxyethyl methacrylate (HEMA) and trie-
thylenglycol dimethacrylate (TEGDMA) was reported to chemically
react with antioxidant GSH, depleting intracellular GSH, increasing
ROS levels and leading to cell apoptosis [28,29]. In our previous work
[30], we found that β-seleno diesters could be oxidized to acrylate by
ROS, such as hydrogen peroxide (H2O2), which was similar to the
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selenoxide elimination discovered by Sharpless in 1973 [31]. Hence, in
this work, the selenoxide elimination reaction was introduced into
cancer therapy for the first time. β-Seleno diesters were copolymerized
with porphyrin (Por) and terminated by polyethylene glycol (PEG) to
prepare amphiphilic polymers (PP3–Se). Polymer (PP6–Se) with the
replacement of β-seleno diesters by δ-substituted one was also prepared
as control. Both of them could self-assemble into nanoparticles in an
aqueous solution. A photosensitizer, Por, was employed for intracellular
imaging and generating exogenous ROS, especially singlet oxygen (1O2)
[32]. Under the irradiation of near-infrared (NIR) light, the PP3–Se and
PP6–Se polymeric nanoparticles could be oxidized by ROS from the
tumor microenvironment and light-induced 1O2. PP3–Se could be fur-
ther eliminated to acrylate, which act as an antioxidant inhibitor,
consuming intracellular GSH and replenishing the ROS levels in tumor
cells to induce cancer cell apoptosis (Scheme 1). The combination of
this ROS-triggered cytotoxicity from the molecular structure itself and
photoinduced ROS generation provides a new opportunity for im-
proving antitumor efficiency in ROS-manipulation-mediated cancer
therapies.

2. Experiments part

2.1. General information

1,6-Hexanediol, 3-Bromopropionyl Chloride and 6-
Bromohexanoylchloride were purchased from J&K Scientific, Tokyo
Chemical Industry (Shanghai) and Alfa Aesar, respectively. Selenium
powder (Aladdin), NaBH4 (Aladdin) and Tolylene-2,4-diisolyanate
(TDI, 98%) were used as received. Poly(ethylene glycol) monomethyl
ether (PEG) (Aladdin, average Mw=2000) was dried under 100 °C
vacuum before use. Meso-Tetraphenylporphyrin (TPP) was purchased
from 9 Ding Chemistry. Trifluoroacetic acid, Tetrahydrofuran (THF),
N,N-Dimethylformamide (DMF) and other solvents were purchased
from J&K Scientific. Cell Counting Kit-8 (CCK-8) was purchased from

Dojindo Laboratories. Cell Cycle and Apoptosis Analysis Kit and
Caspase 3,8 Activity Assay Kit were brought from Beyotime.
LysoTracker Green DND-26, Annexin V-FITC/PI Apoptosis Detection
Kit, and Reactive Oxygen Species Assay Kit were purchased from
YEASEN. Singlet Oxygen Sensor Green Reagent was obtained from life
technologies. Primary antibody Bax and Bcl2 were brought from Santa
Cruz. Secondary antibody HRP-conjugated rabbit anti-mouse IgG was
purchased from CST. TUNEL kit was obtained from Roche. 4',6-diami-
dino-2-phenylindole (DAPI) was purchased from Beijing Solarbio
Science & Technology Co. , Ltd. (item no. C0060).

1H NMR or 13C NMR spectra were obtained in dimethylsulfoxide-d6
or deuterochloroform solution, using BRUKER ASCEND™ 400 spectro-
meter. The GPC results were analysed using a Waters 2414 Index
Detector. The hydrodynamic size values of nanoparticles were mea-
sured using a Malvern Zetasizer Nano ZS90. Transmission electron
microscopy (TEM) was analysed using a JEPL JEM-2010 microscope. A
PHI Quantera scanning X-ray microprobe were employed to analyse the
valence state of Selenium. Fluorescence spectra were obtained by using
an RF-5301PC spectrophotometer (Shimadzu, Japan). Flow cytometry
were performed using the BD FACSAria III. And the inductively coupled
plasma mass spectrometry (ICP-MS) was detected by ELAN DRC-e ICP
Mass Spectrometer.

2.2. Synthesis of 5, 10(15)-bis (4-aminophenyl)-15,20-diphenylporphyrin

To a solution of TPP (0.5 g, 0.815mmol) in TFA (30mL) was added
sodium nitrite (NaNO2) (0.458 g, 8.1 equiv.). After 2min stirring at
room temperature, the reaction was terminated by water (40mL) and
further extracted with dichloromethane (DCM) until the colour of water
almost disappeared. The organic layers were washed with saturated
aqueous NaHCO3 and then dried over anhydrous Na2SO4.This residue
was purified on a plug of silica gel, eluting with DCM: petroleum ether
(PE) from 1:1 to 2:1 to pure DCM. After evaporation of solvent under
vacuum, the purple powder was dissolved into concentrated

Scheme 1. Schematic illustration of selen-
oxide elimination induced ROS-manipulation
for antitumor therapy. a) The selenium-con-
taining polymers can self-assemble into nano-
particles in aqueous solution. Only β-seleno die-
sters (x= 1), can be eliminated after oxidization
by 1O2, to generate acrylate. While the δ-sub-
stituted one could only be oxidized to selenoxide.
b) MDA-MB-231 cell-bearing nude mice were
intravenously injected with the PP3–Se nano-
particles. Due to the EPR effect, PP3–Se nano-
particles could be accumulated in tumor cells. β-
seleno diesters in polymeric nanoparticles could
be oxidized by intracellular ROS to generate ac-
rylate. When light was introduced, the selen-
oxide elimination reaction could be accelerated
to produce more acrylate. Acrylate could re-
generate the ROS level in tumor cells and further
reduce the tumor volume.
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hydrochloric acid (HCl) (30mL). Tin (II) chloride (1.428 g) was added,
while stirring, and the mixture was then heated to 65 °C for 4 h after
reaction, the mixture was poured into ice water (100mL) and further
neutralized with ammonium hydroxide until pH=8. The mixed solu-
tion was then extracted with DCM until colorless. The organic layer was
concentrated under vacuum and further purified by column chroma-
tography isolation using DCM: ethyl acetate (EA)=4:1 as elution to
give 100mg purple mixture of 5, 10(15)-bis (4-aminophenyl)-15,20-
diphenylporphyrin.

1H NMR (400MHz, DMSO‑d6) δ (ppm) 8.95 (d, J=6.1 Hz, 4H),
8.78 (d, J=7.2 Hz, 4H), 8.22 (dt, J=7.6, 2.4 Hz, 4H), 7.86 (dtd,
J=10.0, 5.4, 4.7, 2.2 Hz, 10H), 7.01 (dd, J=8.4, 3.0 Hz, 4H), 5.60 (d,
J=4.2 Hz, 4H), −2.80 (d, J=4.3 Hz, 2H). 13C NMR (400MHz,
DMSO‑d6) δ (ppm): 149.12, 141.99, 141.91, 136.03, 135.98, 134.67,
131.82, 128.97,128.86, 128.41, 127.43, 122.16, 121.66, 119.93,
119.48, 113.04, 113.02, 101.59. HR-MS (ESI+), calcd. 644.26885,
Found:645.27667 (M + H+).

2.3. Synthesis of bis(6-hydroxyhexyl) 3,3′-selenodipropionate and bis(6-
hydroxyhexyl) 6,6′-selenodihexanoate

3-Bromopropionyl Chloride (3.428 g, 20 mmol) was added dropwise
with stirring to a solution of 1,6-hexanol (2.3636 g, 20 mmol) in an-
hydrous tetrahydrofuran (THF) (20 mL) in ice water bath. The resulting
solution was stirred at room temperature for 12 h. After evaporation of
THF, the colourless oil was purified on a plug of silica gel, eluted with
EA:PE (from 1:3 to 1:2). After evaporation of the solvent, the residue
was dissolved into THF (20 mL) and then added into an aqueous so-
lution of selenium (0.5 equiv.) and sodium borohydride (4 equiv.). The
mixture solution was stirred at 50 °C overnight, and then extracted by
DCM (3*50 mL). After evaporation of solvent, the faint yellow oil was
purified through column chromatography isolation, eluting with EA:PE
(from 1:1 to 2:1).

1H NMR (400MHz, Chloroform-d) δ 4.09 (t, J=6.6 Hz, 4H), 3.62
(t, J=6.6 Hz, 4H), 2.81 (dd, J=7.7, 5.8 Hz, 4H), 2.71 (dd, J=7.7,
5.8 Hz, 4H), 1.61–1.51 (m, 8H), 1.39 (p, J=3.5 Hz, 8H). 13C NMR
(400MHz, CDCl3) δ (ppm): 172.30, 64.79, 62.70, 35.82, 32.51, 28.63,
25.80, 25.44, 18.01. HR-MS(ESI+), calcd. 426.15206, Found:
449.14122 (M + Na+).

Bis(6-hydroxyhexyl) 6,6′-selenodihexanoate was prepared and pur-
ified in the similar way.

1H NMR (400MHz, Chloroform-d) δ 4.07 (t, J=6.7 Hz, 4H), 3.64
(t, J=6.6 Hz, 4H), 2.55 (t, J=7.4 Hz, 4H), 2.31 (t, J=7.4 Hz, 4H),
1.74–1.56 (m, 12H), 1.53–1.32 (m, 16H). 13C NMR (400MHz, CDCl3) δ
(ppm): 173.80, 64.40, 62.80, 34.32, 32.70, 30.40, 29.55, 28.80, 25.88,
25.49, 24.66, 23.81. HR-MS(ESI+), calcd. 510.24596, Found:
533.23519 (M + Na+).

2.4. Synthesis of PP3–Se, PP6–Se, and poly-C6-C3(6)-Se-PEG2k

100mg 5, 10(15)-bis (4-aminophenyl)-15,20-diphenylporphyrin
and 330.1 mg bis(6-hydroxyhexyl) 3,3′-selenodipropionate was dis-
solved in 5mL of anhydrous DMF in a 100mL flask and sealed with a
rubber plug. A solution of TDI (200 μL) in 10mL anhydrous DMF was
injected to the flask under the atmosphere of nitrogen. After stirring for
6 h at 50 °C, 376mg PEG dissolved in 10mL anhydrous DMF was added
into this flask and the reaction was carried out for another 24 h. The
resulting products were washed by water and ethyl alcohol for three
times, respectively, followed by drying under vacuum to give a purple
sticky-solid.

PP6–Se, and Poly-C6-C3(6)-Se-PEG2k were prepared and purified in
the similar way.

2.5. Preparation of polymeric nanoparticles

20mg of Se-polymers were first dissolved into 4mL dimethyl

sulfoxide, and then added into 10mL of deionized water dropwise
under ultrasonication. Subsequently, the polymeric nanoparticles were
purified through 48 h dialysis (molecular cut off=3.5 k), and finally
diluted to pre-determined concentration.

2.6. Singlet oxygen generation

Singlet oxygen sensor green (SOSG) was employed to detect the
generation of 1O2, which could be oxidized by 1O2, followed by en-
hancement of fluorescence, with excitation peaks at 504 nm and
emission peaks at 525 nm. Solution of PP3–Se with SOSG (~10 μM) was
irradiated with a 660 nm laser at a power density 1.0W/cm2 for 2 or
4min. The fluorescence intensity was recorded by RF-5301PC SPECT-
ROFLUOROPHOTOMETER (SHIMADZU).

1O2 levels were detected by the EPR trapping technique using
2,2,6,6-tetramethyl-4-piperidone (TEMP) as a spin trap. After irradiated
with a 660 nm laser at a power density 1.0W/cm2 for 2 or 10min, the
EPR spectra was recorded by JES-FA200 ESR Spectrometer.

2.7. Cell culture

Cell lines MDA-MB-231 (human breast cancer cells), A549 (human
lung cancer cells) and L-02 (human hepatocyte cells) were cultured in
DMEM supplied with 10% (v/v) FBS, streptomycin (100 μg/mL) and
penicillin (100 U/mL). Cells were incubated at 37 °C in a humidified 5%
CO2 atmosphere.

2.7.1. In vitro cytotoxicity and apoptosis
CCK-kit 8: MDA-MB-231, A549 and L-02 cells were seeded on 96-

well plates (7000 cells per well). After seeding for overnight, the cells
were cultured with various drug formulations for pre-determined time
(e.g. 48 h or 72 h). The cell viability was evaluated by CCK-8 kit assay
according to the manufacturer's instructions.

Apoptosis: MDA-MB-231 cells were seeded on 6-well plates (for
HHA) or 24-well plates (for polymeric nanoparticles) at a density of 200
k or 80 k cells per well. After seeding 12 h, the cells were then co-
incubation with various drug formulations for 24 or 48 h (for HHA) or
for 4 h for PP3–Se or PP6–Se nanoparticles. To polymeric nanoparticles
group, we then irradiated the well for a certain time (660 nm laser,
0.75W/cm2), and further cultured for 48 h. Cells were then stained
with Annexin V-FITC/PI Apoptosis Detection Kit, and further analysed
by FCM.

2.8. Cell uptake and intracellular distribution

Cell uptake: MDA-MB-231 cells were seeded at a density of 100 k
per well onto 12-well plates, and then co-incubation with PP3–Se na-
noparticles (100 μg/mL) for 4, 8 or 24 h. The medium was then washed
by phosphate buffer saline (PBS) for three times and then replaced with
fresh medium. The cells were incubated with 1mL trypsin for 1min,
and then centrifugated to collect cells and then resuspended into 2mL
PBS. Owing to the fluorescence imaging ability of Por, FCM was em-
ployed to analyse the cell uptake ability.

Intracellular distribution: MDA-MB-231 cells were seeded at a den-
sity of 100 k cells per well onto a glass-bottom dish with 2mL medium
and then cultured overnight. The cells was then incubated with PP3–Se
nanoparticles (100 μg/mL) for 4 or 24 h at the dose of 19 μg/mL Por at
37 °C. And then the cells were washed by PBS for three times, and re-
placed with 1.0 mL fresh medium, which was contained with Hoechst
33343 (1.0 μg/mL) and LysTracker Green DND-26 (100 nM). After
20min incubation, the cells were washed by PBS for three times before
CLSM observation (Leica SP8).

2.9. ROS detection

MDA-MB-231 cells were seeded at a density of 80 k cells per well
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into 24-well plates and incubated overnight in 2mL medium. The
medium was replaced with fresh medium, followed by addition of
PP3–Se nanoparticles (100 μg/mL). The cells were then co-incubation
for 4 h, before irradiated with red laser (660 nm laser, 0.75W/cm2) for
total 4 min with 1min interval after 1min laser exposure. ROS probe
(DCFH-DA) was added into the medium with a final concentration
(10 μM) immediately or 20 h after irradiation. To evaluate ROS gen-
eration, cells were washed with ice-cold PBS for three times, and then
detached by trypsin, harvested and resuspended in PBS for FCM. For
FCM, Por was excited with 488 nm laser and emission at 660 nm. The
emission wavelength of DCFH-DA was set at 530 nm (excited with
488 nm). Data were analysed with Flowjo Software.

2.10. Western blot

MDA-MB-231 cells were seeded at a density of 10 k cells per well
onto 24-well plates, and then cultured overnight before treated with
PP3–Se or PP6–Se nanoparticles. The cells were then co-incubated with
nanoparticles for 4 h and subsequently irradiated with red laser
(660 nm laser, 0.75W/cm2) for total 4 min with 1min interval after
1min laser exposure. And further cultured for 10min, 12 h or 20 h, the
total intracellular protein was extracted with RIPA buffer and loaded
into 12% polyacrylamide SDS-PAGE gel. Protein was further transferred
to nitrocellulose membrane in SDS-electroblot buffer. The membrane
was then washed by TBS for three times and blocked by 5% BSA so-
lution for 1 h at room temperature. And then the membrane was im-
munoblotted with primary antibodies (anti-Bax or Bcl2 and anti-
Tubblin) overnight at cold temperatures. After five times washed with
TBST (TBS with 0.1% tween), the membrane was incubated with sec-
ondary antibodies at room temperature for another 1 h. The membrane
was washed by TBST for three times (5min per time), and then vi-
sualized by enhanced chemiluminescence (ECL).

To HHA group, the cells were incubated with 300 μM HHA for
10min, 12 h or 24 h. And we then analysed the regulation of Bax or
Bcl2 proteins in cells by Western blot analysis followed above methods.

2.11. Caspase activity detection

The activation of caspase 3 or 8 in MDA-MB-231 cells were de-
termined by using corresponding kits under the manufacturer's in-
structions. BCA kit was also employed to evaluate the protein con-
centration in each group.

2.11.1. Exo vivo fluorescence imaging
The BALB/c nu/nu mice (4 weeks old) with tumor xenograft was

first injected with PP3–Se nanoparticles (11.1mg/kg) via lateral tail
vein and then scarified after 4 or 24 h post-injection. The tumor, kidney,
liver, lung, spleen and heart were removed for ex vivo fluorescence
imaging using a IVIS lumina II in vivo spectrum imaging system at an
excitation 488 nm. And meanwhile we also employed ICP-MS to de-
termine the selenium concentrations.

2.11.2. In vivo anti-tumor effect
Breast cancer tumor xenografts were formed in to the BALB/c nu/nu

mice (4 weeks old) orthotopically by injecting MDA-MB-231 cells with
a density of 2000 k into the breast (7 mice/group). When the tumor
volume reached about 100mm3, the mice were injected with various
drug formulations, including saline, PP3–Se nanoparticles and PP6–Se
nanoparticles, on every three days. The laser treatment was carried out
for a total 4 or 10min at a power density of 0.75W/cm2 with 1min
interval after every 2min laser exposure 24 h after pro-administration.
Tumor size was measured using Vernier calipers, and tumor volume
were calculated using formula V=1/2 ab2, where a represents the long
axis and b is short axis. The body weight was measured simultaneously
to evaluated the side effects of polymers. After 46 days, the mice were
scarified and the tumor xenografts were excised for following

experiments.

2.12. Side effects on mice

To study the side effects of PP3–Se nanoparticles with or without
light irradiation in vivo in our work, at 46 days, another three mice in
each group were anesthetized and various organs and serum were
collected for further study. H&E staining were employed to study the
potential organ morphology changes in kidney, liver, lung, spleen and
heart. Serum was used for blood chemistry and haematology analysis.

2.13. Statistical analysis

GraphPad Prism 7 was used for statistical analyses. The statistical
differences between mean values were determined by one-way analysis
of variance (ANOVA). A probability level of 95% (P value < 0.05) was
considered statistically.

2.14. Safety statement

No unexpected or unusually high safety hazards were encountered.

3. Results and discussion

Synthesis and preparation of PP3–Se nanoparticles. The synth-
esis of monomers and polymers is described in detail in the
Experimental Section in Supporting Information [SI]. Briefly, we first
synthesized the ROS-responsive eliminable amphiphilic ABA triblock
copolymer (PP3–Se), which consisted of both hydrophobic segments
containing bis(6-hydroxyhexyl) 3,3′-selenodipropionate and porphyrin
(ester: por= 5:1) and hydrophilic PEG (Mw=2 kg/mol) segment (Fig.
S1). For comparison, a control polymer (PP6–Se) was also prepared to
further show the unique properties of the selenoxide elimination reac-
tion. Another two ABA type block copolymers, Poly-C6-C3-Se and Poly-
C6-C6- Se, were also synthesized for porphyrin-free nanoparticles to
study the influence of porphyrin. 1H NMR (Fig. S2a, Fig. S4a and Fig.
S5b) and gel permeation chromatography (GPC) (Fig. S2b, Fig. S4b and
Fig. S5a) confirmed the successful synthesis of the polymers, indicating
that PP3–Se and PP6–Se had molecular weights (Mw) of 34 k and 37 k,
respectively. The total concentration of Por in PP3(6)-Se was de-
termined to be 0.192(0.11) mg/mg, according to the method described
in our previous work [33].

The nanoparticles were prepared through a dialysis method.
Dynamic light-scattering (DLS) measurements showed that both PP3–Se
and PP6–Se could self-assemble in aqueous solution with hydrodynamic
diameters of approximately 69 nm and 125 nm (Fig. 1a, Fig. S4c), re-
spectively. Transmission electron microscopy (TEM) images showed
that these nanoparticles were spherical micelles (Fig.1b, Fig. S4d). Both
of PP3–Se and PP6–Se could be well-dispersed in aqueous solutions,
such as phosphate-buffered saline (PBS) or DMEM, and their mean
count rate remained almost unchanged even after incubation for one
week, indicating the stability in physiological environment (Fig. S7a).
As indicated by the DLS results, the critical aggregation concentration
(CAC) of PP3–Se was 1.53 ×10−3 g/L (Fig. S2c). The UV/Vis absorption
spectrum of PP3–Se nanoparticles in dimethyl formamide (DMF) dis-
played an absorption peak in the red region (600–700 nm) (Fig. 1c). For
high tissue penetrability and minimal phototoxicity, a 660 nm laser was
chosen to be used in the following experiments. Additionally, the
PP3–Se nanoparticles maintained the bioimaging capability of por-
phyrin derivatives (excitation/emission= 488/663 nm) (Fig. S2d).

ROS generation and responsiveness of PP3–Se nanoparticles.
The covalently linked porphyrin in the main chains of PP3–Se can
generate 1O2 when irradiated with red light. Subsequently, we in-
vestigated the ROS production from the PP3–Se nanoparticles upon
irradiation with a 660 nm laser. The Singlet Oxygen Sensor Green
Reagent (SOSG, excitation/emission of reaction product 488 nm/
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525 nm) was applied to determine the generation of 1O2. Upon irra-
diation of PP3–Se for 4min (660 nm, 1W/cm2), a significant en-
hancement in the fluorescence intensity of the SOSG was detected at
525 nm (Fig. S2e). Meanwhile, the production of 1O2 under irradiation
could also be detected using electron spin-resonance spectroscopy
(ESR) (Fig. 1d). Together, they confirmed the ROS generation of PP3–Se
nanoparticles under red light irradiation.

According to previous work, selenium-inserted polymer aggregates
could be oxidized by 1O2 and further disassembled without main chain
degredation [34]. However, in the selenoxide elimination reaction,
carbon-selenium bonds could be oxidized and cleaved by ROS, leading
to the production of acrylates (Fig. 2a). First, the response of PP3–Se
nanoparticles was examined using the 1H NMR spectrum and GPC.
PP3–Se nanoparticles were irradiated with a 660 nm laser (1W/cm2) at
various exposure times (from 0min to 6min). The solutions were then
freeze-dried to produce solids for following experiments. Part of the
solids was dissolved into deuterium chloroform for 1H NMR spectra
measurements and the remaining parts were dissolved in DMF for the
GPC test. Three new chemical shifts (between 5.5 and 6.7 ppm) be-
longing to acrylate was observed in the 1H NMR spectra (Fig. 2b). When
the PP3–Se nanoparticles were irradiated for 2min, 30% of the β-seleno
diesters would be oxidized and then eliminated to form acrylates. By
prolonging the light exposure, the ratio of oxidation products slowly
increased. GPC results were consistent with the 1H NMR spectra
(Fig. 2c). After irradiation, the peak corresponding to PP3–Se was wi-
dened, and its retention time was lengthened, indicating that the
polymers were partially degraded. Meanwhile, some peaks associated
with low molecular weight products appeared. For the PP6–Se polymer,
only hydrogen belonging to α-C of selenoxide was found in the 1H NMR
spectra and no new peaks appeared in the GPC plots under the same
treatment (Fig. S4e, S4f and S4g). X-ray photoelectron spectroscopy

(XPS) of Se3d demonstrated that the binding energy of selenium in
PP3–Se remained nearly unchanged, for selenide ether and elemental
selenium share similar electronic configuration [35], while a new peak
at 58.5 eV belonging to selenoxide appeared in PP6–Se after 2-min-ir-
radiation (Fig. S4h).

To further verify the ROS responsiveness, the morphological trans-
formation of PP3–Se nanoparticles with laser exposures was char-
acterized by TEM. Unlike the barely changed self-assemble behavior of
PP6–Se (Fig. S4i, Fig. S4j), the PP3–Se nanoparticles were first enlarged
and then completely disassembled after longer exposure times (ap-
proximately 30min) with a decrease in the mean count rate of nano-
particles (Fig. 2d, Fig. S3). These results, together with 1H NMR spectra
and GPC plots, indicated that photoinduced ROS could cleave the β-
seleno dieste linkers, leading to the degradation of PP3–Se nano-
particles and followed by the generation acrylates.

Endocytosis and anticancer activity of PP3–Se nanoparticles.
Owing to the bioimaging capability of Por, PP3–Se nanoparticles could
be used as a fluorescent probe to study endocytosis and intracellular
distributions. MDA-MB-231 cells were incubated with PP3–Se nano-
particles and then examined at different time points by confocal laser
scanning microscopy (CLSM) and flow cytometry (FCM). As shown in
Fig. 3a, the cellular fluorescence intensity of PP3–Se was enhanced over
time, which was consistent with the Por fluorescence signals measured
by FCM (Fig. 3b), suggesting that the PP3–Se nanoparticles could be
internalized continuously through intracellular endo/lysosomal trans-
portation (Fig. S8a). Inductively coupled plasma mass spectrometry
(ICP-MS) was also employed to measure the selenium concentration in
blank, PP3–Se and PP6–Se treated group. These results further proved
selenium-containing nanoparticles could be ingested by MDA-MB-
231 cells (Fig. S9). Thus, the anticancer bioactivity of PP3–Se was fur-
ther evaluated. MDA-MB-231, A549 and L-02 cell lines were co-

Fig. 1. Characterization of PP3–Se. a) Size distribution. b) TEM image (Scale bar= 1 μm). c) UV–Vis absorbance spectra of free Por and PP3–Se (concentration:
PP3–Se= 0.5mg/mL, Por=0.1mg/mL, solvent: DMF). d) ESR spectra of 1O2 after laser irradiation to PP3–Se nanoparticles (1 mg/mL). 2,2,6,6-tetra-
methylpiperidine (30mM) was used as a spin trap.
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incubated with PP3–Se nanoparticles at different concentrations
without light irradiation. Cell viability was quantified using a CCK-8
assay. The results (Fig. S8b) demonstrated that PP3–Se nanoparticles
exhibited almost no cytotoxicity to different cells without irradiation,
even at a concentration of approximately 100 μg/mL. The dark cyto-
toxicity of PP6–Se nanoparticles was also investigated in the same way
with the MDA-MB-231 cell line and no cytotoxicity was observed (Fig.
S8c).

The amounts of Por in PP3–Se and PP6–Se nanoparticle solutions
were adjusted to the same concentration in the following cell experi-
ments. All light illumination conditions were harmless to the above cell
lines (Fig. S8d) and no obvious hyperthermia was observed in nano-
particle solutions under irradiation (Fig. S7b). After different exposure
times to the laser (660 nm, 0.75W/cm2), significant cytotoxicity to
MDA-MB-231 cells was found when co-incubated with PP3–Se nano-
particles for 72 h (Fig. 3c, Fig. S8e and Fig. S8f). Under the same irra-
diation time, the cytotoxicity of the PP3–Se nanoparticles group was
distinctly higher than that of PP6–Se groups toward MDA-MB-231 cells
(Fig. 3d). Even at a dosage of approximately 450 J/cm2, more than half
of the cancer cells remained alive in the PP6–Se group after 72 h of co-
incubation. In contrast, in the PP3–Se group, more than half of the cells
were killed after a light dosage about 150 J/cm2. These results sug-
gested that the photodynamic therapy of Por play a weak role in cy-
totoxicity. As such, we hypothesized that the elimination products,
acrylates, may also possess antitumor capacities. To prove this as-
sumption, H2O2, one of the typical ROS in cancer cells, was employed.
Poly-C6-C3(6)-Se nanoparticles were first oxidized by 1% H2O2 for 1 d
H2O2 was removed through dialysis. Then, the oxidation products were
used in MDA-MB-231 and A549 cell cultures. As shown in Fig. S5c, after
oxidation, the cytotoxicity of Poly-C6-C3-Se nanoparticles was sig-
nificantly enhanced compared to Poly-C6-C6-Se both in the MDA-MB-
231 and A549 cells. Similar results were also observed when MDA-MB-
231 cells were co-cultured with PP3–Se nanoparticles and low con-
centrations of H2O2 (Fig. S6). 6-Hydroxyhexyl acrylate (HHA) was also

prepared as a model molecule of the PP3–Se oxidation products (Fig.
S10). In MDA-MB-231and A549 cells, the half-maximal inhibitory
concentration (IC50) values of HHA were approximately 400 μM and
3mM, respectively (Fig. 3e). Both were lower than in L-02 cells
(IC50=8mM). These results might relate to the different expression
levels of intracellular GSH or ROS [36]. These results were consistent
with the PP3–Se nanoparticles under irradiation. From the above re-
sults, we could deduce that the ROS-triggered selenoxide elimination
reaction could be induced by Por under irradiation. The elimination
products could kill cancer cells and further improve antitumor effi-
ciency.

Subsequently, the anticancer mechanism of PP3–Se nanoparticles
under 660 nm irradiation was studied. As shown in Fig. 4a, after in-
cubation for 48 h, there was no obvious apoptosis in the PP3–Se group
(apoptotic ratio of 11.19%). A similar result was obtained for in the
PP6–Se + L (L = light irradiation) group (a total apoptotic ratio of
8.18%) (Fig. S11a). However, in the PP3–Se + L group, the apoptotic
ratio increased to 58.9%. When the irradiation time was reduced to
2 min, similar results were also found in PP3–Se and PP6–Se group(Fig.
S11b). However, as shown in Fig. S13c, the HHA treatment significantly
increased the early and late phases of cell apoptosis in a dose-dependent
manner. These results implied that the elimination products, acrylates,
improved the apoptosis-inducing ability. As shown in Fig. 4d, HHA
could react with GSH under mild condition. And remarkable reduction
in the reduced form of GSH levels was observed in MDA-MB-231 cells
when treated with HHA or PP3–Se + L for 20 h (Fig. 4c). Meanwhile,
total Glutathione or oxidized form of GSH were reduced or increased
respectively in PP3–Se + L group (Fig. S12). 2,7-Dichlorodi-hydro-
fluorescein diacetate (DCFH-DA) was employed as a probe to indicate
the generation of ROS. After incubation with or without PP3–Se na-
noparticles for 24 h, the fluorescence intensities in MDA-MB-231 cells
stained by DCFH-DA were observed. In the PP3–Se group, the ROS level
increased slightly (2.80%–6.85% for the control group) which might be
related to the acrylates produced by the microenvironment of the

Fig. 2. Evidence of photoinduced selenoxide elimination. a) Mechanism of the oxidation of PP3–Se under light irradiation (660 nm, 1W/cm2). b) 1H NMR
spectra of PP3–Se after light irradiation (400M, CDCl3, 25 °C). c) GPC plots. d) TEM images of PP3–Se nanoparticles after light exposure (scale bar: 1 μm).

C. Sun, et al. Biomaterials 225 (2019) 119514

6



cancer cells. Under light irradiation, Por could transfer energy from
light to intracellular 3O2 to generate ROS, and then greatly increase
intracellular ROS levels (59.7%) (Fig. 4e). In addition, after 20 h of light
irradiation, an increase in DCF fluorescence intensity in the presence of
oxidized and eliminated PP3–Se nanoparticles (from 2.40% to 14.9%)
indicated that acrylates, generated by the oxidation of intracellular ROS
and 1O2, might increase intracellular oxidative stress. These results
were further proved by HHA. (Fig. S13d). Glutathione peroxidase (GPx)
and catalase (CAT) could convert H2O2 to water, while superoxide
anion in cytosol could be converted to H2O2 by superoxide dismutase
(SOD). As shown in Fig. S14, the activity of SOD and the expression GPx
was downregulated in PP3–Se + L group, while the expression of CAT
was upregulated. Highly increased H2O2 would inhibit the enzymatic
activity of SOD, while a decrease in GSH levels caused downregulation
of the expression of GPx. Consequently, increased H2O2 formation in-
creased the activity of CAT. However, glutathione S-transferase (GST)
was upregulated in PP3–Se + L group which might catalyze the reac-
tion between acrylate and glutathione (Fig. S14c). We deduced that the
elimination products, acrylates, could act as antioxidant inhibitor and
induce cell apoptosis through the depletion of GSH levels and the
generation of oxidative stress.

Increased ROS formation induced by acrylates could cause DNA
damage, which might lead to cell cycle arrest and could markedly
regulate the level of apoptosis-related protein [37]. During DNA re-
plication, S-phase checkpoints can be activated once cells encounter
damage to their DNA, slowing the progression of S phase [38]. S phase
arrest was found in the PP3–Se + L group (Fig. 4b). After 24 h of cell
culture, the number of cells in S phase increased slightly from 40.35%

in the untreated group to 47.16% in the PP3–Se + L group. Whereas in
PP3–Se group, the number of S phase cells was similar to the untreated
group. As shown in Fig. S13e, HHA caused a concentration-related
delay of the cell cycle in S phase. Cyclin-dependent kinase inhibitor 1A
(P21) plays an important role in cell cycle arrest, so the expression of
P21 was also measured. As shown in Figs. S15a and 20 h after light
irradiation, P21 was upregulated in MDA-MB-231 cells in PP3–Se + L
group. ROS-damaged mitochondrial tend to release cytochrome c (Cytc)
into cytosol, and further activate the mitochondrial-mediated apop-
tosis. We therefore measured the expression of Cytc in MDA-MB-231. In
PP3–Se + L group, the Cytc expression was upregulated (Fig. S15 b).
Bcl-2 protein family acts as the key regulator in intrinsic mitochondrial
apoptosis. Among them, Bax and Bcl-2 are two-well known proteins
related to proapoptotic and anti-apoptotic effects [39,40]. As shown in
Fig. 4g, Western blot analysis revealed that 10 min to 20 h after light
irradiation, the expression of Bcl-2 decreased significantly while the
expression of Bax gradually increased in the PP3–Se + L group.
Meanwhile, in the PP6–Se + L group, even 20 h after light irradiation,
there were no obvious changes in the expressions of Bax and Bcl-2.
These results were consistent with the HHA treatment cells (Fig. S13b).
Compared to the untreated and light group, caspase 3 and caspase 8 in
the MDA-MB-231 cells were all upregulated to different degrees in the
PP3–Se + L group or HHA groups, which implied that death receptor
mediated apoptotic pathway was also activated (Fig. 4f and Fig. S13a).
These results further proved that acrylate, generated through the ROS-
triggered selenoxide elimination reaction, was the key cause of cell
apoptosis to MDA-MB-231 cancer cells.

In vivo drug delivery and antitumor treatment. Nanomedicines

Fig. 3. Cellular uptake and cytotoxicity of PP3–Se nanoparticles. a) cellular uptake of PP3–Se nanoparticles. CLSM images of MDA-MB-231 cells stained with
LysoTracker Green and Hochest 33342 after 4 or 24 h incubation with PP3–Se nanoparticles at the dose of 100 μg/mL (Por concentration=19 μg/mL). b) FCM
analysis of the Por fluorescence intensity in MDA-MB-231 cells. c) Cytotoxicity of PP3–Se under irradiation (660 nm, 0.75W/cm2), n= 3. d) Normalized viability of
MDA-MB-231 cells treated with PP3–Se and PP6–Se nanoparticles after 48 or 72 h incubation under 4–10 min irradiation. The results were repeated three times,
independently. Error bars denote mean ± s.d., **p < 0.01. Statistical significance was assessed by Student t-test (paired, two tailed). e) Cytotoxicity of HHA toward
MDA-MB-231, A549 and L-02 cells after 72 h incubation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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with suitable diameters can be accumulated in tumors through en-
hanced permeability and retention (EPR) effects [41,42]. To investigate
whether PP3–Se nanoparticles could have the EPR effect in vivo, MDA-
MB-231 cell-bearing nude mice were intravenously injected with saline
or PP3–Se nanoparticles. As shown in Fig. S16a, PP3–Se nanoparticles
exhibited a time-dependent tumor accumulation, which implied that
PP3–Se nanoparticles could survive from being adsorbed by protein or
cleared by the reticuloendothelial system during the long circulation in
mice. We then monitored the concentration of selenium in tumors at
different timepoints by ICP-MS. Our results were consistent with the ex
vivo fluorescence imaging. Even at 24 h after administration, the ac-
cumulation of PP3–Se nanoparticles was maintained in tumors due to

the PEG modification (Fig. S16b). These results demonstrated that
PP3–Se nanoparticles exhibited an excellent delivery to tumor cells in
vivo.

To evaluate the in vivo therapeutic efficacy of the 660 nm laser-
mediated therapy nanoplatform, MDA-MB-231 orthotopically xeno-
grafted tumor-bearing nude mice were chosen and divided into 7
groups. When the tumors reached a predetermined size (approximately
100mm3), we began the tail-intravenous injections with different for-
mulations, including saline, PP3–Se nanoparticles and PP6–Se nano-
particles. The laser treatment was performed for a total of 4 or 10min at
a power density of 0.75W/cm2 with a 1min interval after every 2min
of exposure. As shown in Fig. 5a and Fig. 5c, the tumors treated with

Fig. 4. Mechanism of PP3–Se nanoparticles induced apoptosis, concentration of PP3–Se nanoparticles 100 μg/mL and PP6–Se=174 μg/mL in all ex-
periments. a) FCM analysis of MDA-MB-231 cell apoptosis induced by PP3–Se nanoparticles with or without light (660 nm laser, 0.75W/cm2, 4min). b) Distribution
of cells in G1, S and G2 phase after a 24 h exposure to PP3–Se nanoparticles with or without light. c) Depletion of GSH by various treatment of PP3–Se (100 μg/mL)
and PP6–Se (174 μg/mL) nanoparticles in MDA-MB-231 cells using DNTB (5,5’-dithiobis (2-nitrobenzoic acid) kit. d) Equal mole GSH and HHA (10mM) were
dissolved into mixed solvent (DMF: water= 1:10) and then reacted at 37 °C for 3 h. The mixture was then measured by electrospray ionization (ESI), peak belonging
to their chemical combination product was observed. e) ROS detected through FCM analysis. f) Influences of PP3–Se nanoparticles with or without light on caspase 3
and caspase 8 activity levels. The results were repeated three times, independently. Error bars denote mean ± s.d., **p < 0.01, ***p < 0.001. Statistical
significance was assessed by Student t-test (paired, two tailed). g) Western blot analysis of the expression of Bcl2 and Bax protein.
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saline and blank PP6–Se nanoparticles (19.3 mg/kg, 2.1 mg Por/kg)
grew progressively. However, for the mice treated with blank PP3–Se
nanoparticles (11.1 mg/kg, 2.1 mg Por/kg), a certain delay of the tumor
growth was observed, which was similar with the PDT therapy effi-
ciency of PP6–Se/4min. A Similar phenomenon was also observed in
cell experiments. As shown in Fig. S17, when co-cultured with 500 μg/
mL PP3–Se for 48 h, half of the MDA-MB-231 cells were killed, whereas
at the same Por concentration, PP6–Se was almost nontoxic. These re-
sults indicated that PP3–Se nanoparticles would first accumulate in
tumor tissue, after which the selenoxide elimination reaction could be
triggered by the high ROS levels in cancer cells to produce acrylates and
inhibit tumor growth. While in the PP3–Se/4min and PP3–Se/10min
group, a more effective repression of cancer progression was observed
due to the generation of more acrylates after laser irradiation. These
results were consistent with the growth curves and tumor images
(Fig. 5d). To validate the extent of apoptosis in the tumors after various
treatments, H&E and TUNEL staining were performed (Fig. 5b and e).
Only basal level apoptosis could be found in saline, 4 min light, and
PP6–Se groups. While in PP3–Se, PP6–Se/4 min and PP3–Se/4min
groups, apoptosis with different degrees was observed. These results
demonstrated that PP3–Se could be oxidized by ROS, further enhancing
the antitumor effects under laser exposure.

Subsequently, we focused on the side effects of PP3–Se with or
without light in mice. Five groups were studied: saline control, PP3–Se,
PP3–Se/4min, PP6–Se, PP6–Se/4min. Mice slowly gained weight in all
groups, as shown in Fig. S18a. In addition, no obvious changes in organ
morphology for the heart, liver, spleen, lungs and kidneys, based on H&
E staining (Fig. S18b). Blood chemistry/haematology detection of

serum further confirmed the safety of PP3–Se with or without light (Fig.
S18c, Fig. S18d and Fig. S19). Hence, we deduced that low doses of
acrylates generated by endo/exogenous ROS through oxidation and
elimination were almost harmless to the body.

4. Conclusion

In summary, the selenoxide elimination reaction was, for the first
time, introduced into nanomedicine mediated cancer therapy. β-seleno
diesters containing nanoparticle could be oxidized and further elimi-
nated by intracellular ROS to produce acrylates with antitumor cap-
abilities. With photosensitizers introduced into this system, the elim-
ination process could be accelerated by 1O2 generated under light
irradiation. The elimination product, acrylates, increased ROS levels
and apoptosis in tumor cells, and finally improved anticancer activity in
the mice tumor model. This selenoxide elimination reaction has ex-
tensive application prospect in the field of biodegradable nanomedi-
cine. Moreover, different from traditional ROS-responsive linkers, β-
seleno diesters could regenerate cytotoxic ROS and further disturb the
redox balance of the tumor cells more effectively and specifically. In
addition, the combination between this structural design with photo-
sensitizers would achieve a persistent generation of ROS for sustainable
phototherapy even under dark conditions. We anticipate this ROS-ma-
nipulation method will provide more opportunities for efficient cancer
treatment.

Fig. 5. Antitumor effects in orthotopically xenografts MDA-MB-231 tumor-bearing nude mice. a) Tumor volume images of various drug formulations. b)
Representative TUNEL (scale bar: 50 μm) and H&E (scale bar: 200 μm) sections of the tumors. c) Tumor growth curves. d) Tumor weight in various treatment groups.
e) Apoptosis degrees after treatment with different drug formulations. The results in d and e were repeated seven and three times, independently. Error bars denote
mean ± s.d., *p < 0.05, **p < 0.01, ***p < 0.001, compared to Saline group. Statistical significance was assessed by Student t-test (paired, two tailed).
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