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Amplification of oxidative stress via intracellular
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Cancer cells are commonly characterized by high cellular oxidative stress and thus have poor tolerance to
oxidative insults. In this study, we developed a nano-formulation to elevate the level of reactive oxygen
species (ROS) in cancer cells via promoting ROS production as well as weakening cellular anti-oxidizing
systems. The nanoagent was fabricated by encapsulating two natural product molecules,
cinnamaldehyde (CA) and diallyl trisulfide (DATS), in PLGA-PEG copolymer formulated nanoparticles. CA
promotes ROS generation in cancer cells and DATS depletes cellular glutathione. CA and DATS exhibited
a synergistic effect in amplifying the ROS levels in cancer cells and further in their combined killing of
cancer cells. The in vivo experiments revealed that the CA and DATS-encapsulated nanoagent
suppressed tumors more efficiently as compared with the single drug-loaded ones, and the tumor-
targeted delivery further enhanced the therapeutic efficacy. This study suggests that the combined
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Introduction

Reactive oxygen species (ROS) are a group of oxygen-containing
chemical species with high reactivity, including the non-radical
species of hydrogen peroxide and the free radicals such as
superoxide and hydroxyl.' In all the aerobic organisms, ROS
serve as a second messenger in cellular signaling and play
crucial roles in various biological processes such as cellular
proliferation and differentiation, and the response to various
cellular stresses.>”® The imbalance of cellular ROS is generally
involved in the promotion and progression of diverse
diseases.®® For instance, cancer cells are characterized by high
levels of oxidative stress due to the aberrant metabolism and
signaling, and they have also adapted to the high oxidative
stress by activating the non-enzymatic and/or enzymatic anti-
oxidizing systems.'®" In cancer cells, the high level of ROS
production is exerted to promote proliferation, metastasis and
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enhancement of oxidative stress by CA and DATS could be a promising strategy for cancer therapy.

other actions for tumor progression.”” However, high levels of
ROS are generally detrimental to both normal and cancer cells.™
ROS can cause cellular damage of proteins, lipids and DNA,
leading to apoptotic cell death.™ In this regard, ROS are also
used to kill cancer cells.**® As evidence, all the non-surgical
therapies including chemotherapy, radiotherapy and photody-
namic therapy are found to share the mechanism of ROS-
generation induced cell death.™>*

In comparison with normal cells, cancer cells have adapted
to high levels of cellular oxidative stress, but have a low ROS
tolerance and are, therefore, easily attacked by extra ROS
induced by exogenous stimuli.>* Therefore, a new type of ther-
apeutic strategy termed “oxidation therapy” has been recently
developed, whereby the level of ROS in cancer cells is increased
to cause ROS-mediated cancer cell death.**?® In general, there
are two ways to promote the levels of ROS in cancer cells. One
way is to introduce agents to promote ROS generation, and the
other is to disrupt the cellular anti-oxidizing systems.”” Based
on this idea, the ROS generating agents like arsenic agents,
curcumin and emodin have been utilized either alone or in
combination with conventional therapeutics for the clinical
treatment of diverse cancers.”®*° To enhance ROS production,
disrupting the enzymatic (such as superoxide dismutase and
thioredoxin) and/or the non-enzymatic (for instance, gluta-
thione (GSH) and thiols) antioxidant systems can also increase
the cellular oxidative stress to cause apoptosis of cancer
cells.*** GSH plays a critical role in the maintenance of

This journal is © The Royal Society of Chemistry 2020
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intracellular redox status and the defense against oxidative
stress.* It consumes the intracellular ROS directly as a free
radical scavenger and/or as a substrate for GSH peroxidase.*®
However, excessive amounts of ROS will exhaust GSH and cause
cell apoptosis.*” Recently, a combination strategy has been re-
ported, involving the construction of a hybrid anticancer
molecule with dual functions of ROS generation and antioxi-
dant depletion.*® This strategy has achieved the highly efficient
suppression of tumors, but the design and synthesis of such
a bifunctional anticancer molecule are commonly complicated
and difficult. Therefore, a universal and efficient formulation
should be developed for ROS-involved anticancer therapy.

In this study, we developed a nano-formulation to deliver two
natural product molecules to promote ROS generation as well as
interfere with cellular antioxidant systems for oxidation-
associated cancer therapy. The nanoagent was fabricated by
loading cinnamaldehyde (CA) and diallyl trisulfide (DATS) in
poly(p,L-lactic-co-glycolic  acid)-block-poly(ethylene  glycol)
(PLGA-PEG) nanoparticles. CA is a natural product molecule
from the cinnamon tree and is able to elevate the cellular ROS
production.®® DATS is also a natural constituent of allium
vegetables, which can deplete GSH.* Both CA and DATS can
induce apoptosis in cancer cells due to the enhanced oxidative
stress and have been wused individually for anticancer
therapy.*** We found that CA and DATS remarkably enhanced
the oxidative stress in cancer cells in comparison with their
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individuals, and exhibited a synergistic effect on the efficiency
of killing cancer cells in vitro. The CA and DATS-loaded PLGA-
PEG nanoparticles (PP-CD) were fabricated for in vivo studies,
and they could more efficiently kill cancer cells in vitro and
suppress tumors in vivo as compared to the single drug-loaded
nanoagents. Finally, the tumor-targeting peptide of cyclic Arg-
Gly-Asp (RGD) was modified on PP-CD (PPR-CD) to improve
the drug delivery and therapeutic efficiency.

Results and discussion

CA and DATS-induced ROS enhancement and cancer cell
death

The anticancer effects of individual CA and DATS or their
combination were first evaluated on human breast cancer MDA-
MB-231 cells in vitro. The individual treatment using DATS at
40.0 pM showed little cytotoxicity (87.9% relative cell viability,
Fig. 1a), based on which the concentrations of CA were tuned to
determine the best synergistic effect for killing cancer cells. The
data shown in Fig. 1a suggested that the combination treatment
at a CA concentration of 37.5 uM and at a DATS concentration of
40.0 uM exhibited the best synergistic effect for killing cancer
cells. The individual treatment of CA at 37.5 uM could only
reduce the cell viability by 11.0%, and that of DATS at 40.0 uM
by 12.1%. However, their combination decreased cell viability
by 50.6%. Based on this, the typical CA concentration at 37.5 uM
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Fig.1 The combination effect of CA and DATS on ROS promotion and cytotoxicity. (a) The cytotoxicity of CA, DATS, and their combination of CA
+ DATS on MDA-MB-231 cells after 48 h incubation. The concentration of DATS was fixed at 40.0 uM, and that of CA was varied in the range of
0-50 uM (n = 6). (b) Apoptosis of MDA-MB-231 cells treated with CA, DATS, and CA + DATS for 24 h. The cells were stained by Annexin V-FITC
and Pl and analyzed by flow cytometry (c and d) ROS detection via DCFH-DA staining. Fluorescence images (c) and the average fluorescence
intensities (d) of MDA-MB-231 cells treated with CA, DATS, and CA + DATS for 12 h (n = 3). (e) The mitochondrial membrane potential changes of
MDA-MB-231 cells treated with CA, DATS, and CA + DATS for 2 h. (f) Regression of ROS by GSHoet reduced the cytotoxicity of CA + DATS (n = 6).
The concentration of CA was 37.5 uM, and that of DATS was 40.0 uM in the assays showed in b—f. *P < 0.05, **P < 0.01 and ***P < 0.001 were
analyzed by Student's t-test.
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and DATS concentration at 40.0 uM were utilized in the
subsequent treatment of MDA-MB-231 cells. To confirm the
synergistic effect, we further evaluated CA and DATS-induced
apoptosis individually or in combination on MDA-MB-231
cells. The individual treatment by CA only induced 16.3%
apoptosis in cancer cells, and that by DATS induced 18.5%
apoptosis (Fig. 1b). In comparison, the combination of CA and
DATS amplified the Kkilling efficiency, leading to 87.7%
apoptosis of cancer cells (Fig. 1b). The data suggested that the
combination treatment by CA and DATS could more efficiently
kill cancer cells in vitro. We also evaluated the synergistic effect
of CA and DATS on human breast cancer MCF-7 cells. The data
showed that CA at 100 pM and DATS at 50 uM represented the
best synergistic effect for killing MCF-7 cells (Fig. S1 and S21). In
order to explore the mechanism of killing cancer cells, we
evaluated the ROS levels in cancer cells after different treat-
ments. MDA-MB-231 and MCF-7 cells were stained with
dichloro-dihydro-fluorescein diacetate (DCFH-DA), an agent for
the quantitative assessment of oxidative stress. The fluores-
cence images and flow cytometry data showed that both CA and
DATS could promote ROS production in cancer cells, and in
comparison, their combination could remarkably elevate the
ROS generation to a higher level (Fig. 1c, d and S31). ROS-
induced apoptosis is generally accompanied by the loss of
mitochondrial membrane potential.** The decrease in the red/
green fluorescence intensity ratio in cancer cells stained by
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JC-1 dye indicates the mitochondria depolarization and thus the
apoptosis of cells.** The healthy MDA-MB-231 cells showed red
fluorescence, and the cells treated individually by CA or DATS
represented red plus yellow fluorescence, indicating little loss of
the mitochondrial membrane potential (Fig. 1e). However, the
cells treated by both CA and DATS represented a dominant
green fluorescence intensity, indicating the major loss of the
mitochondrial membrane potential (Fig. 1le). Similarly, the
combination of CA and DATS on MCF-7 cells also induced
a huge loss of the mitochondrial membrane potential (Fig. S47).
DATS could quickly consume GSH in vitro (Fig. S51), which is
consistent with the previous report.** Therefore, DATS might act
on the non-enzymatic system to elevate the ROS levels in cancer
cells. To identify whether the ROS production responds to
apoptosis, cancer cells were pretreated with GSH-reduced ethyl
ester (GSHoet, an antioxidant agent) and then treated with CA
and DATS. The data showed that GSHoet could reduce the
anticancer efficiency of CA and DATS (Fig. 1f), which indicated
that CA and DATS promoted ROS-induced apoptosis in cancer
cells.

Fabrication of the nanoagent of PP-CD

We fabricated the nano-formulation of PP-CD for the in vivo
study. The PLGA-PEG copolymer was synthesized and
employed as a carrier due to its excellent biocompatibility and
biodegradability (Fig. S61).* The two agents CA and DATS were
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Fig. 2 Formation and characterization of PP—CD. (a) Schematic illustration of the formulation of PP-CD. CA and DATS were encapsulated in
PLGA-PEG nanoparticles via nanoprecipitation. (b) TEM image of PP—-CD. (c) FT-IR spectra of CA, DATS and PP-CD. (d) The hydrodynamic
diameters of PP-CD in DI water. (e) The hydrodynamic diameter changes of PP—CD in PBS or PBS containing 10% FBS (n = 3). (f) Time-elapsed
evolution of the zeta potential of PP—CD in PBS (n = 3). (g) The accumulative drug release of CA and DATS from PP-CD in PBS (pH =7.4,n = 3).
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encapsulated in PLGA-PEG nanoparticles via a nano-
precipitation method (Fig. 2a). The concentrations of CA and
DATS were determined by high-performance liquid chroma-
tography (HPLC, Fig. S7t). The drug encapsulation efficiencies
for CA and DATS were 1.0% and 20.0%, respectively, and the
drug loading ratios for the two agents were 1.0% and 1.5%,
respectively (Table S1t). The as-obtained PP-CD had a spherical
shape and an average diameter of 123.5 + 26.6 nm (Fig. 2b). The
Fourier transform infrared (FT-IR) spectra of CA, DATS and PP-
CD were recorded. The typical absorption peak for CA at
1764 cm ' was assigned to the stretching vibration of the
aldehyde group in its structure and the DATS peaks at 973 and
917 cm™ ! were assigned to the bending vibration of the alkenyl
group in its structure (Fig. 2¢). The PP-CD spectrum consisted
of both the typical absorption peak for CA at 1764 cm ™', and
those for DATS at 973 and 917 cm™ ' (Fig. 2c), which suggested
that both CA and DATS were successfully encapsulated in the
nanoparticles. The dynamic light-scattering analysis revealed
that PP-CD had a hydrodynamic diameter of 145.0 nm (Fig. 2d),
and had a negative zeta potential in deionized (DI) water
(—21.5 mvV, Fig. $8t). Their hydrodynamic sizes had negligible
changes in phosphate-buffered saline (PBS) and in 10% fetal
bovine serum (FBS) in PBS during a long incubation (Fig. 2e).
The data suggested that PP-CD was very stable in physiological
conditions. Moreover, PP-CD also had a negative zeta potential
in PBS, which changed minimally after three days of incubation
(Fig. 2f). The stability of the drugs in their formulation of PP-CD
was further evaluated via measuring their ultraviolet-visible
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(UV-Vis) spectra at different time points. As shown in Fig. $9,
the absorption of both CA and DATS gradually decreased along
with the time. In comparison, their absorption in the nano-
particles decreased slowly. The results indicated that the
nanoparticle could improve the stability of both CA and DATS.
Finally, the drug release behavior was evaluated. As shown in
Fig. 2g, there was a burst release for both CA and DATS at the
beginning, and then the slow release was continued until the
assays were stopped. Finally, 71.1% CA and 63.3% DATS were
released from PP-CD in 105 h (Fig. 2g).

PP-CD-associated ROS enhancement-induced cancer cell
death

We further evaluated the efficiencies of the different nano-
agents for killing cancer cells in vitro. The MDA-MB-231 cells
were treated with PBS, CA-encapsulated PLGA-PEG nano-
particles (PP-C), DATS-encapsulated PLGA-PEG nanoparticles
(PP-D) and PP-CD, respectively. The cellular ROS level was first
determined by using DCFH-DA. As shown in Fig. 3a and S10,7
the ROS levels were enhanced in the cells treated with PP-C and
more obviously in the cells treated with PP-D 12 h post-
incubation, while the cells treated with PP-CD showed the
highest ROS enhancement. The cytotoxicity of these nanoagents
was further evaluated. The data revealed that the individual
treatment by using PP-C and PP-D had little cytotoxicity at both
time points of 24 and 48 h post-treatment, as the cell viabilities
were both at a relatively high level of around 80% (Fig. 3b and
S117). However, the cells treated with PP-CD retained 55.0% of
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Fig. 3 ROS production and the cytotoxicity induced by different agents. (a) ROS generation in MDA-MB-231 cells treated with PP-C, PP-D and
PP-CD for 12 h (n = 3). The cells were stained with DCFH-DA and analyzed by flow cytometry. (b) The cytotoxicity of PP-C, PP-D and PP-CD on
MDA-MB-231 cells after 48 h incubation (n = 6). (c) AO/EB-stained MDA-MB-231 cells after incubation with PP—C, PP-D and P-CD for 24 h. (d)
Apoptosis of MDA-MB-231 cells treated with PP-C, PP-D and PP—CD for 24 h. The cells were stained by Annexin V-FITC and Pl and analyzed by
flow cytometry. (e) The cellular uptake of PP-—Co6 and PPR-Co6 analyzed by flow cytometry. The MDA-MB231 cells were incubated with PP—
Co6 and PPR-Co6 for 1 h. Insets are the fluorescence images of the cells. (f) The cytotoxicity of PP-CD and PPR-CD on MDA-MB-231 cells after
incubation for 18 h (n = 6). *P < 0.05, **P < 0.01 and ***P < 0.001 were analyzed by Student's t-test.
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their viability at 24 h, and 33.6% at 48 h (Fig. 3b and S117). The
cells treated with different nanoagents were further stained by
acridine orange (AO)/ethidium bromide (EB) to detect
apoptosis. As shown in Fig. 3c, few cells were stained with a red
color 24 h after the treatment with PP-C and PP-D; however, in
the cells treated with PP-CD, most of the cells died and thus
only a few cells adhered in the culture media. Moreover, we
employed flow cytometry to quantify the apoptotic cells. The
data confirmed that PP-C and PP-D demonstrated little toxicity
to the cells (14.1 apoptosis for PP-C and 16.3% apoptosis for
PP-D), but PP-CD represented much greater toxicity than the
individual formulation (78.2% apoptosis, Fig. 3d). We further
decorated the tumor-targeting RGD peptides on the surface of
PP-CD. The as-obtained PPR-CD had a hydrodynamic diameter
of 164 nm (Fig. S12t) and was larger than that of PP-CD due to
the modification of RGD (Fig. 2d). The zeta potential of PPR-CD
was measured to be —19.0 mV, which was less negative than
that of PP-CD (Fig. S8t). To quantitatively evaluate the cellular
uptake in vitro, a hydrophobic fluorescein molecule coumarin-6
(Cob) was encapsulated in PLGA-PEG and PLGA-PEG-RGD (i.e.
PP-Co6 and PPR-Co06). The flow cytometry data showed that
more PPR-Co6 was taken by MDA-MB-231 cells than PP-Co6
(Fig. 3e). The DCFH-DA staining assay revealed that PPR-CD
could more efficiently elevate the cellular ROS levels as
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compared to the PP-CD in MDA-MB-231 cells (Fig. S137).
Furthermore, the cell-killing efficiency of PPR-CD was evalu-
ated. The AO/EB staining assay revealed that more cancer cells
were killed on treatment with PPR-CD as compared with that by
PP-CD (Fig. S141). The apoptosis of MDA-MB-231 cells treated
with PPR-CD was also quantified by the Annexin-V/propidium
iodide (PI) staining assay. The data showed that PPR-CD
caused more cell apoptosis than PP-CD (Fig. S157). Finally, the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay revealed that PPR-CD caused greater cytotoxicity
than PP-CD in MDA-MB-231 cells (Fig. 3f). All these results
suggested that RGD could enhance the cellular uptake of the
nanoagents in cancer cells overexpressing avf3 integrin,*” and
thus caused enhanced intracellular ROS and more cancer cell
death.

PP-CD-associated in vivo tumor treatment

The in vivo anticancer effect was assessed on a mice model
bearing MDA-MB-231 tumors. The mice in four groups were
intravenously administered with PBS, PP-C, PP-D and PP-
CD, respectively (Fig. 4a). The average tumor sizes in the PP-
C and PP-D groups were obviously reduced in comparison
with that in the PBS group, which suggested that the two
drugs had anticancer effects in their individual treatments
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Fig. 4

In vivo anticancer treatment (a) the scheme depicts the experiment process. The mice bearing MDA-MB-231 tumors were intravenously

injected with PBS, PP-C, PP-D and PP-CD, respectively. (b) The changes in tumor sizes during treatment. (c) Photograph of the tumors isolated
from sacrificed mice after treatment. (d) The average weights of tumors after treatment (n = 5). () The changes in body weights during treatment.
(f) Apoptosis (red) in tumor cells analyzed by a TUNEL assay. The cell nuclei were stained by Hoechst 33342. *P < 0.05 and ***P < 0.001 were

analyzed by Student's t-test.
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Fig. 5 In vivo anticancer effect of PPR—CD (a) the changes in tumor sizes during treatment (n = 5). (b) Photograph of the tumors isolated from

sacrificed mice after treatment. (c) The average weights of tumors after treatment (n = 5). (d) Apoptosis (red) in tumor cells analyzed by a TUNEL
assay. (e) The changes in body weights during treatment (n = 5). *P < 0.05, **P < 0.01 and ***P < 0.001 were analyzed by Student's t-test.

(Fig. 4b). The combination treatment using PP-CD more
efficiently caused regression of the tumor growth as
compared to the individual treatments using PP-C or PP-D
(Fig. 4b). The tumors were isolated from sacrificed mice after
treatment. The tumors in the PP-CD group were small and
had the lightest average weight (Fig. 4c and d). The terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay suggested that there were more apoptotic
tumor cells in the PP-CD group as compared with PP-C and
PP-D groups (Fig. 4f), which confirmed that PP-CD repre-
sented the highest anticancer efficiency. The body weights of
all the mice changed negligibly during the treatment, and the
main organs showed no detectable changes after treatment,
which indicated that these nanoagents had non-detectable
toxicity in vivo (Fig. 4e and S167).

PPR-CD-associated targeted tumor treatment

To enhance the therapeutic efficacy, we conducted another in
vivo assay for tumor-targeting therapy. The mice in three
groups were injected with PBS, PP-CD and PPR-CD, respec-
tively. It was observed that the tumors in the PPR-CD group
grew more slowly as compared to those in the PP-CD group
(Fig. 5a), and the isolated tumors in the PPR-CD group were
smaller and lighter (Fig. 5b and c). The TUNEL assay revealed
that there were more apoptotic tumor cells in the PPR-CD
group than in the PP-CD group (Fig. 5d); the data confirmed
that the targeted treatment enhanced the therapeutic effi-
cacy. The body weights of the mice changed minimally
during the treatment (Fig. 5e), and the main organs of the
mice were all in healthy condition (Fig. S177), which sug-
gested that the nanoagents had no-detectable toxicity in vivo
during the treatment.

This journal is © The Royal Society of Chemistry 2020

Conclusion

In summary, we fabricated a CA and DATS-encapsulated
nanoagent formulated by PLGA-PEG copolymers for
oxidation-mediated cancer therapy. CA and DATS are both
natural product molecules. CA promoted cellular ROS produc-
tion, and DATS interfered with the cellular antioxidant system.
The combined use of CA and DATS could significantly enhance
the ROS levels in cancer cells, and therefore caused the oxida-
tion stress-induced apoptosis of cancer cells. The in vivo treat-
ment demonstrated that the oxidation therapy associated with
PP-CD could more efficiently suppress tumors than the indi-
vidual treatment mediated by PP-C or PP-D, and the tumor-
targeting PPR-CD formulation exhibited greater efficacy than
PP-CD.

Materials and methods

Materials and chemicals

Carboxyl-terminated PLGA (PLGA-COOH, lactide : glycolide =
50 : 50, molecular weight = 38 000-54 000 Da) was obtained
from Aladdin (Shanghai, China). Amine-PEG-maleimide (NH,-
PEG-Mal, molecular weight = 2000 Da) was bought from Pon-
sure Biotechnology (Shanghai, China). N-Hydroxysuccinimide
(NHS) and GSHoet were obtained from Macklin Biochemical
Co. Ltd (Shanghai, China). 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) was obtained from
Shanghai Medpep Co. Ltd (Shanghai, China). CA was bought
from J&K Scientific (Shanghai, China). DATS was obtained from
Huaxia Reagent (Chengdu, China). Acetonitrile was bought
from J. T. Baker (Phillipsburg, USA). Dimethyl sulfoxide (DMSO)
was obtained from Sinopharm Chem (Shanghai, China). AO was
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purchased from Sangon Biotech (Shanghai, China). Annexin V-
FITC/PI Apoptosis Detection Kit was obtained from BD Biosci-
ences Pharmingen (San Diego, USA). EB was bought from
Tiangen Biotech (Beijing, China). ROS Assay Kit and Mito-
chondrial Membrane Potential Assay Kit with JC-1 were bought
from Beyotime Biotechnology (Shanghai, China). Hoechst
33342 and Co6 were obtained from Sigma-Aldrich (St Louis,
USA). The TUNEL Apoptosis Assay Kit was obtained from Roche
Diagnostics (Mannheim, Germany). All the chemicals were used
as received without further purification.

Synthesis of PLGA-PEG

In a standard synthesis, PLGA-COOH (100.00 mg) was dissolved
in DMSO (2 mL), and then EDC (2.08 mg) was added. The
reaction solution was stirred for 10 min. NHS (0.25 mg) was
dissolved in DMSO (50 uL), and was then added to the reaction
solution. The reaction was conducted under magnetic stirring
for 2 h. After that, NH,~PEG-Mal (21.70 mg) was added to the
reaction solution, and the reaction was conducted for 24 h.
Finally, the product was dialyzed three times with DMSO and
then ten times with DI water. The purified product was stored at
4 °C for use.

Preparation of PP-CD, PP-C and PP-D

PP-CD was prepared via a nanoprecipitation method. Typically,
PLGA-PEG (10 mg), DATS (0.4 mg) and CA (6.6 mg) were dis-
solved in acetonitrile (1 mL), and then the solution was added
dropwise to PBS (3 mL) under magnetic stirring. The reaction
proceeded for 7 min. After that, the product was collected via
centrifugation (11 000 rpm, 15 min) and washed five times with
PBS; the product was suspended in PBS for use. The PP-C and
PP-D were synthesized and purified via the same procedure.

Synthesis of PPR-CD

PLGA-PEG-RGD was synthesized by a click reaction using
PLGA-PEG-MAL and thiol-RGD. The PLGA-PEG-MAL was dis-
solved in DMSO, then thiol-RGD was added to the reaction
solution. The reaction was conducted for 24 h. The product was
dialyzed three times with DMSO and then ten times with DI
water. The purified product was stored at 4 °C for use. PPR-CD
was synthesized and purified via the same procedure as PP-CD.

Characterization

Transmission electron microscopy (TEM) images were taken on
a transmission electron microscope (HT7700, HITACHI, Japan).
The hydrodynamic diameter and zeta potential of nanoparticles
were measured by dynamic light scattering (Zetasizer Nano
7890, Malvern, UK). The nuclear magnetic resonance (NMR)
spectra of polymers were collected using an NMR spectrometer
(500 MHz, Bruker Avance, Germany). The FT-IR spectra of the
drugs were collected using an FT-IR spectrometer (Nicolet iS50,
Thermo Scientific).
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Drug loading of PP-CD

The drug loading parameters of PP-CD were first determined.
Typically, the PP-CD suspension in PBS (10 mg mL™"; 10 pL)
was added to acetonitrile (90 L) to disrupt the nanoparticles,
and then DATS and CA in PP-CD were quantitatively deter-
mined on an Agilent 1100 HPLC. The standard curve for DATS
and CA was determined in a concentration range of 0-0.2 mg
mL ™" (Fig. S71). To determine the drug-encapsulation efficiency
and drug-loading ratio, the PP-CD suspension was lyophilized
and weighed. The drug encapsulation efficiency and the drug
loading ratios of PP-CD were calculated according to the
following formulas:

Drug encapsulation efficiency = the weight of the loaded drug/the
weight of the drug in feed x 100%

Drug loading ratio = weight of the loaded drug/the weight of
micelle x 100%

Stability of PP-CD

The stability of PP-CD was also assessed by dynamic light
scattering. PP-CD was incubated with PBS and PBS containing
10% FBS. The hydrodynamic diameters and the zeta potentials
of the nanoparticles were recorded at different time points.

Drug stability in the nanoparticles

The stability of the drugs was assessed by measuring their UV-
Vis spectra at different time points. The free drugs CA (3.75
uM) and DATS (4.0 uM) were dissolved in acetonitrile, and their
nanoparticle formulation of PP-C (37.5 pM) and PP-D (40.0 pM)
was incubated in DI water. At the time points of 0, 24, 72, 120,
168 h, 0.9 mL of CA and DATS in acetonitrile were taken out,
and then 0.1 mL DI water was added to each sample. At the
same time points, 0.1 mL PP-C and PP-D were taken out and
diluted with 0.9 mL acetonitrile. The UV-Vis spectra of these
samples were recorded on an Agilent Cary 60 UV-Vis spectro-
photometer (Agilent Technologies, USA). The absorption of CA
was measured at the wavelength of 291 nm, and that of DATS
was done at 254 nm.

In vitro drug release from PP-CD

In a typical assay, twenty-one samples of PP-CD (10 mg mL ™,
10 pL in PBS) in EP tubes were prepared and incubated at room
temperature. At each time point, three tubes were picked out,
and the nanoparticles in each were collected via centrifugation
(15 000 rpm, 30 min), dissolved in acetonitrile and analyzed
using HPLC.

Cell culture

MDA-MB-231 cells (a human breast adenocarcinoma cell line,
ATCC) were cultured in MEM medium. MCF-7 (a human breast
adenocarcinoma cell line, ATCC) cells were cultured in DMEM
medium. The cell culture media were supplemented with 10%

This journal is © The Royal Society of Chemistry 2020
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FBS, 100 ug mL ™" streptomycin, and 100 pg mL ™" penicillin. All
the cells were cultured at 37 °C under 5% CO,.

Cytotoxicity assay

MDA-MB-231 cells (1 x 10*) were cultured in 96-well plates for
24 h. The cells were co-incubated with DATS at a concentration
of 40.0 uM and CA at different concentrations (0, 12.5, 25, 37.5,
50 uM) for 48 h. After that, a standard MTT assay was carried out
to evaluate the cell viability. The cytotoxicity of CA and DATS
was also determined on MCF-7 cells. The MCF-7 cells (1 x 10%)
were cultured in 96-well plates for 24 h. The cells were co-
incubated with DATS at a concentration of 50 uM and CA at
different concentrations (0, 25, 50, 100, 200 uM) for 48 h. A
standard MTT assay was carried out to evaluate the cell viability.

The cytotoxicities of PP-C (CA, 37.5 uM), PP-D (DATS, 40.0
uM) and PP-CD (CA 37.5 uM, DATS 40.0 uM) were analyzed on
MDA-MB-231 cells by using a standard MTT assay after 24 and
48 h incubation.

Cytotoxicity of PP-CD on GSHoet pre-treated cells

MDA-MB-231 cells (1 x 10*) were cultured in 96-well plates for
24 h. The cells were incubated with GSHoet (1 mM) for 2 h and
then CA (37.5 uM), DATS (40.0 uM) and CA (37.5 uM) + DATS
(40.0 uM) were added. After 48 h incubation, the cell viability
was examined by a standard MTT assay.

Cytotoxicity of PPR-CD

MDA-MB-231 cells (2 x 10°) were cultured in a 24-well culture
plate for 24 h and treated with PBS, PP-CD (CA 37.5 uM, DATS
40.0 uM) and PPR-CD (CA 37.5 uM, DATS 40.0 uM). After 18 h,
the cell viability was assessed via a standard MTT assay.

AO/EB staining assay

The cytotoxicities of PP-C, PP-D and PP-CD were also evaluated
by the AO/EB staining assay. MDA-MB-231 cells were treated as
above, and then the cells were stained by AO (5 pg mL~") and EB
(5 ng mL™") in PBS for 10 min. Finally, the cells were washed
with PBS and imaged by a fluorescence microscope (Moticam
5000, Motic Instruments Inc.). The cell death induced by PP-CD
(CA 37.5 uM, DATS 40.0 uM) and PPR-CD (CA 37.5 pM, DATS
40.0 uM) were also assessed by the same method.

Apoptosis detection

The Annexin V-FITC/PI kit was used to detect cell apoptosis.
MDA-MB-231 cells (2 x 10%) were incubated in 24-well plates for
24 h. The cells were then incubated with CA (37.5 uM), DATS
(40.0 uM) and CA (37.5 uM) + DATS (40.0 pM) for another 24 h.
For the analysis of apoptosis, the cells were stained with
Annexin V-FITC (5 pL) and PI (5 pL) at room temperature for
15 min. Finally, the cells were analyzed by flow cytometry (FACS
Caliber, Becton Dickinson, San Jose, CA). The nanoparticles of
PP-D (DATS, 40.0 uM), PP-C (CA, 37.5 uM) and PP-CD (CA 37.5
uM, DATS 40.0 uM)-induced apoptosis was assessed by using
the same method. The comparison of PP-CD (CA 25.0 uM, DATS
26.7 uM) and PPR-CD (CA 25.0 uM, DATS 26.7 uM)-induced
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apoptosis was also evaluated by the same method, except that
a lower concentration of the agents was added.

ROS detection

MDA-MB-231 cells (2 x 10°) were cultured in a 24-well culture
plate for 24 h, and then were treated with CA (37.5 uM), DATS
(40.0 pM) and CA (37.5 uM) + DATS (40.0 uM) for 12 h. After that,
the cells were washed twice with cold PBS and were added to
diluted DCFH-DA (1 : 1000), followed by incubation for 20 min
at 37 °C in the dark. Finally, the cells were imaged by a fluo-
rescence microscope and analyzed by a flow cytometer. The ROS
promotion capability of PP-C (CA, 37.5 uM), PP-D (DATS, 40.0
uM) and PP-CD (CA 37.5 uM, DATS 40.0 uM) was also evaluated
via the same method. The comparison of PP-CD (CA 25.0 uM,
DATS 26.7 uM) and PPR-CD (CA 25.0 uM, DATS 26.7 pM)-
induced ROS was also evaluated by the same method.

Mitochondrial membrane potential detection

MDA-MB-231 cells (1 x 10°) were cultured for 24 h and treated
with CA (37.5 pM), DATS (40.0 uM) and CA (37.5 uM) + DATS
(40.0 pM) for 2 h. The cells were then dyed with JC-1 and
Hoechst 33342 according to the instructions of the kit. Finally,
the cells were observed by a laser scanning confocal microscope
(Olympus FV1000).

Cellular uptake of the RGD-modified nanoagent

MDA-MB-231 cells (2 x 10°) were cultured in a 24-well culture
plate for 24 h and then incubated with PP-Co6 and PPR-Co6 for
1 h at 37 °C in the dark. Next, the cells were washed with PBS
three times and imaged by an inverted fluorescence microscope
(Olympus); they were then collected via trypsin-digestion and
analyzed by a flow cytometer (BD, FACSCalibur, USA).

In vivo treatment of tumors

All the animal experiments in this study were carried out
according to the National Institutes of Health guidelines for the
care and use of laboratory animals and approved by the ethics
committee of the East China Normal University (ECNU). The
animals were housed under specific-pathogen-free conditions
within the animal care facility at the ECNU. BALB/c nude female
mice (4 weeks old, ~18 g) were used to establish the tumor
model. MDA-MB-231 cells (~10° cells) suspended in 150 uL PBS
were subcutaneously injected in the lower back of the nude
mice. After two weeks of feeding, the tumor-bearing mice were
randomly grouped, with five mice in each group, and were
intravenously injected with one of the following: PBS, PP-C (CA,
0.55 mg kg™ '), PP-D (DATS, 0.77 mg kg™ ') and PP-CD (CA
0.55 mg kg ', DATS 0.77 mg kg '). The treatments were
repeated every three days for four injections. The tumor
volumes and the body weights of the mice were recorded every
day. The anticancer capability of PPR-CD was further evaluated
as above.
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Histological examination

After the mice were sacrificed, the fresh heart, liver, spleen,
lungs, and kidneys were collected and fixed with 4% para-
formaldehyde. After dehydration, the tissues embedded in
paraffin were cut into slices of 4 pm thickness on a microtome.
After that, the tissue sections were stained with hematoxylin
and eosin and were observed using a fluorescence microscope.

TUNEL assay

The tumor tissues harvested from sacrificed mice were fixed in
4% formalin solution, embedded in paraffin, and sectioned into
slices with a thickness of 4 um. The tumor sections were then
incubated with proteinase K, the TUNEL reaction mixture and
Hoechst 33342 according to the protocols of the in situ
apoptosis detection kit. Apoptotic cells in the sections were
imaged by a fluorescence microscope.
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