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Abstract

Efficient drug accumulation in tumor is essential for chemotherapy. We developed
redox-responsive diselenide-based high-loading prodrug nanoparticles (NPs) for targeted triple
negative breast cancer (TNBC) treatment.

Method: Redox-responsive diselenide bond (Se-Se) containing dimeric prodrug (PTXD-Se) was
synthesized and co-precipitated with TNBC-targeting amphiphilic copolymers to form ultra-stable
NPs (uPA-PTXD NPs). The drug loading capacity and redox-responsive drug release behavior were
studied. TNBC targeting effect and anti-tumor effect were also evaluated in vitro and in vivo.

Results: On-demand designed paclitaxel dimeric prodrug could co-precipitate with amphiphilic
copolymers to form ultra-stable uPA-PTXD NPs with high drug loading capacity. Diselenide bond
(Se-Se) in uPA-PTXD NPs could be selectively cleaved by abnormally high reduced potential in
tumor microenvironment, releasing prototype drug, thus contributing to improved anti-cancer
efficacy. Endowed with TNBC-targeting ligand uPA peptide, uPA-PTXD NPs exhibited reduced
systemic toxicity and enhanced drug accumulation in TNBC lesions, thus showed significant
anti-tumor efficacy both in vitro and in vivo.

Conclusion: The comprehensive advantage of high drug loading, redox-controlled drug release
and targeted tumor accumulation suggests uPA-PTXD NPs as a highly promising strategy for
effective TNBC treatment.
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Introduction

Polymeric nanoparticles (NPs) have been
explored as a promising platform for chemo-drug
delivery, which could overcome various drawbacks of
free drugs (e.g., poor solubility, broad and
non-specific biodistribution, poor circulation half-life,
etc.) [1-3]. Polymeric NPs often involve the use of an
amphiphilic copolymer, which can spontaneously
self-assemble in aqueous solution during which
hydrophobic drugs can be encapsulated into the core

of the NPs. The stability of such NPs relies on the
hydrophobic interactions between hydrophobic
chemo-drugs and hydrophobic segments of the
amphiphilic copolymers. Weak intermolecular force
results in low drug loading (often significantly less
than 10%) [4-6], compromised stability of NPs, and
undesired burst-release during circulation, and
therefore reduced therapeutic efficiency. To improve
the therapeutic efficiency, anticancer drugs have been
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covalently conjugated to the copolymers, forming
nanoscaled micelles or nanovehicles [7, 8]. Although
such strategy could increase the drug loading
efficiency, the uncontrollable drug release profile due
to the covalent conjugation would retard its
pharmacodynamic effects, inducing long-term
exposure of tumor to insufficient drug dose, thus
activating the tumor to be metastatic and multi-drug
resistant [9-11]. To solve the uncontrollable drug
release problem, many researchers conjugated
anticancer drugs to amphiphilic copolymers wvia
stimuli-responsive linkage, achieving temporally and
spatially controlled drug release in response to
triggers in the tumor microenvironment. However,
due to the balance of hydrophobic and hydrophilic
ratio in amphiphilic copolymers, the drug loading
capacity is still limited [12-14]. Therefore, it is still a
great challenge to design new polymeric NPs that
simultaneously achieve high drug loading capacity
and controllable drug release.

In this regard, our approach employed a
“structure defects” concept to the prodrug design by
forming a dimeric structure with less rigidity. Rigid
molecules may easily form crystals/aggregates
during drug formulation, while less-rigid molecules
with structure defects can prevent the formation of
long-distance-order structure and large aggregates
during self-assembly [15-18]. Therefore, paclitaxel
(PTX), a widely used hydrophobic anti-tumor drug
was used as the model drug and embedded into the
“structure defects” dimeric structure. We deliberately
designed a dimeric PTXD-Se prodrug (Scheme 1),
where two PTX molecules were conjugated to a
phenol backbone with a freely rotatable side chain.
Such unique structure was much less rigid than
prototype PTX, which could effectively prevent the
formation of long-range-order structure and large
aggregates during nanoprecipitation, substantially
improving the drug loading capacity.

Undesired drug release from drug delivery
systems is another critical barrier to therapeutic
efficacy. Stimuli-responsive drug delivery systems
that display precise spatially controlled drug release
in response to triggers at the tumor site have great
potential in the field of controllable drug delivery
[19-23]. It is noteworthy that the intracellular
glutathione (GSH) level (~10 mM) in tumor
microenvironment is approximately three orders of
magnitude higher than that of the extracellular
environment (~10 pM) [24], serving as an ideal trigger
for drug delivery design. To date, many scientists
have employed disulfide bond (S-S) triggered by the
high GSH concentration in tumor microenvironment
[25-28]. However, given the reality of the
heterogeneously distributed GSH [29], the responsive

property of disulfide bond is far from enough and a
new trigger with higher sensitivity and specificity
should be developed. Selenium’s  unique
electronegativity and atomic radius leads to lower
bond energy of Se-Se (172 kJ/mol) than C-C (346
kJ/mol) and commonly used S-S (240 kJ/mol) [30, 31],
which makes it easier to be reduced in tumor
microenvironment. Therefore, we introduced
diselenide bond into PTX dimeric prodrug to achieve
the ultra-sensitive redox responsiveness.

Taking advantage of the huge difference of GSH
concentration between the extracellular and
intracellular environments, we firstly applied
diselenide-bond as the responsive unit in the prodrug
design to obtain a novel redox-responsive
diselenide-based PTX dimer prodrug (PTXD-Se). By
encapsulating PTXD-Se into a biodegradable
amphiphilic polypeptide copolymer, we successfully
developed a well-controlled redox-responsive
nanoparticle with extremely high drug loading.
Noting that urokinase-type plasminogen activator
receptor (uPAR) plays a major role in invasive cancer
cells and also shows high expression in TNBC [32, 33],
a uPAR ligand, uPA peptide (sequence:
VSNKYFSNIHW) [34], was covalently anchored onto
the PTXD-Se NPs surface to achieve TNBC-targeting
capability in vivo through binding with uPAR.

The novel uPA-PTXD NPs rationally designed
have the following features: i) dimeric structure of
PTX prodrug could enable ultra-high drug loading
capacity; ii) the redox-sensitive diselenide bond could
achieve high PTX stability and selective drug release
inside tumor cells; iii) modification of uPA peptide
onto NPs obviously improves the TNBC
accumulation of PTX. The design, synthesis and
characterization of the NPs were carried out. The drug
formulation of the NPs was optimized. The in vitro
drug release profile and tumor-targeting property
were investigated, inspired by which, the in vivo
anti-cancer efficacy was studied in detail. We believe
uPA-PTXD NPs can well serve as a promising
strategy for TNBC treatment.

Results and Discussion

Design and synthesis of PTXD-Se prodrug and
outer-shell copolymers

Paclitaxel (PTX) is one of the most effective
anticancer drugs in tumors including breast cancer,
ovarian cancer and prostate cancers. PTX, as a
cytoskeletal drug targeting tubulin, can stabilize the
microtubule polymer from disassembly, therefore
inhibiting proliferation of cancer cells [8]. However,
such hydrophobic drugs tend to form drug
aggregates/crystals during formulation, which might
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highly compromise the drug loading efficiency.
Therefore, we deliberately designed a dimeric
PTXD-Se prodrug (Scheme 1), where two PTX
molecules were conjugated to a phenol backbone with
a freely rotatable side chain. Such unique structure
was much less rigid than prototype PTX, which could
effectively prevent the formation of
long-distance-order structure and large aggregates
during nanoprecipitation, resulting in high drug
loading of NPs.

To further achieve a precise drug release profile,
we introduced diselenide bond into the dimeric
prodrug side chain. As illustrated in Scheme 2, we
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computationally calculated the detailed bond energy
of C-C, S-S and Se-Se in the designed dimeric PTXD
prodrugs (PTXD-C, PTXD-S, PTXD-Se). PTXD-C,
PTXD-S and PTXD-Se prodrugs showed similar
chemical structures; however, selenium’s unique
electronegativity and atomic radius lead to a lower
bond energy (197.5 kJ/mol), which could be more
sensitive to redox potential in the tumor intracellular
environment. Therefore, diselenide bond is more
sensitive to cleavage in the high concentration of GSH
in tumor cytosol, which will induce self-cyclization
and 1,6-elimination to release prototype PTX
spontaneously.
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Scheme 1. (A) Schematic illustration of uPA-PTXD NPs and GSH-triggered drug release profile. (B) In vivo uPAR-mediated transport and intracellular drug release.
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Scheme 2. Calculate bond energy of C-C, S-S and Se-Se in PTXD-C, PTXD-S, and PTXD-Se prodrugs. Green frame: C-C, yellow frame: S-S, orange frame: Se-Se
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The synthetic routes for diselenide-containing
redox-responsive PTXD-Se prodrug and outer-shell
amphiphilic polypeptide copolymers were illustrated
in Scheme 3 and Scheme S1. The chemical identities
of PTXD-Se prodrug were confirmed by 'H NMR
(Figure S1-12).

Amphiphilic copolymers mPEGsi-pPhe(n) and
N3-PEGsk-pPhe(15) were synthesized via ROP reaction
in the presence of mPEGs-NH> and N3-PEGs.-NH> as
the initiator and L-phenylalanine N-carboxyan-
hydride (Phe-NCA) as monomer. To further optimize
the PTXD NPs formulations, we adjusted the molar
composition ratio of PEG to Phe-NCA moieties from
1:5, 1:10, 1:15 to 1:20, forming a series of amphiphilic
copolymers. The characterization peaks of PEG at 3.54
ppm (methylene groups, EG), Phe at 45 ppm
(methylene of benzyl group) and at 7.21 ppm
(phenolic group) in TH NMR spectra confirmed the
successful synthesis of mPEGs-pPhe(15) (Figure S13).
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To endow the NPs with TNBC-targeting
capability, uPA peptide was conjugated to the end of
N3-PEGsi-pPhe(15) via  copper(I)-catalyzed azide-
alkyne click reaction, forming TNBC-targeting
copolymer uPA-PEGsi-pPhe(15). Hexynoic-modified
uPA peptide could react with the azide group of
N3-PEGsi-pPhe(15) in the presence of Cul catalyst to
form physiologically stable triazole (Scheme S1). As
shown in IR spectra (Figure S14), the disappearance
of the peak at ~2100 cm™ also indicated the successful
synthesis of uPA-PEGsi-pPhe(15).

Formulation and characterization of PTXD-Se
NPs

To form the polymeric NPs with high drug
loading capacity, we encapsulated dimeric PTXD-Se
with amphiphilic polymers acting as surface
stabilizers while the dimeric prodrug component
formed the condensed core (as shown in Scheme 1).
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Scheme 3. Synthesis route of PTXD-Se.

PTXD-Se

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 18

4888

During polypeptide copolymerization, we used
different molar ratios of hydrophobic monomer
NCA-Phe to adjust the hydrophobic and hydrophilic
property of the outer shell copolymer, to optimize the
most appropriate copolymer for dimeric PTXD-Se
prodrug encapsulation. By modulating the weight
ratio of PTXD-Se and amphiphilic polypeptide
copolymer, we prepared a series of NPs with different
particle sizes and stability (Figure 1). PEGsk-pPhe (15),
due to its sufficient hydrophobicity and phenol
groups in the amphiphilic copolymer, showed strong
intermolecular  interaction = with  hydrophobic
PTXD-Se prodrug and spontaneously self-assembled
into the smallest and most uniform nanoparticles with
average particle size of 103.6+2.4 nm and PDI of
0.141+0.004 (Table 1, Entry 3), which is suitable for
passive accumulation in cancer tissue wvia the
enhanced permeability and retention (EPR) effect [35,
36]. As for TNBC targeting NPs, uPA-PTXD NPs
showed a slightly increased diameter due to the
modification of uPA peptide. The morphologies of
PTXD-Se NPs and uPA-PTXD NPs were visualized by
TEM (Figure 1B, D), which revealed spherical
morphology with a condensed drug aggregate core.
Such phenomenon is rarely observed in organic
material-based nanoparticles, which directly reveals
the high encapsulation capacity of PTXD-Se NPs. To
further examine the stability of the nanoparticles,
uPA-PTXD NPs were incubated with PBS (pH 7.4)
and 5% FBS-containing PBS buffer for 12 h. As shown
in Figure S17, uPA-PTXD NPs showed ultra-stability
against PBS and FBS with little particle size change.

In previous studies formulating NPs of
water-insoluble employing  the

drugs by

nano-precipitation strategy, fast aggregation during
formulation often occurs, leading to large precipitates
and low drug loading capacity. In order to avoid such
phenomenon, we introduced the “structure defects”
theory to the drug modification with the aim of
obtaining weaker rigidity and corresponding less
packing efficiency [15]. For instance, as illustrated in
Figure 2A, upon the dimerization, a flexible
configuration that is different from the prototype is
obtained. To be more specific, an increased distance
between the benzene rings of PTX was significantly
noticed, which might increase the possibility of
intermolecular instead of intramolecular interactions.
Subsequently, it is deduced that a cross-linked type
structure will be thus formed in the core of the
nanoprecipitate. As calculated by HPLC, the drug
encapsulation efficiency (EE) and drug loading (DL)
of PTXD-Se NPs were 98% and 36.4%, which
exceeded those of most current anti-cancer drug
formulations.

Table 1. Formulation of PTXD-Se with mPEG5k-pPhe(15) via
nanoprecipitation.

PTXD-Se Day 0 Day 7

/PEG5k-pPhe(15) Size (nm) PDI Size (nm)  PDI
1 81 150.3+1.1 0.184£0.046  190.8%5.5 0.211£0.038
2 41 135.047.2 0.170£0.057  152.5%5.9 0.170£0.057
3 21 103.6+2.4 0.14110.004  107.8%5.6 0.158+0.011
4 11 136.745.2 0.447+0.011 - -
5 12 - 0.317+£0.013
6 14 -

In vitro PTX release profile and mechanism

To verify the controllable tumor
microenvironment-responsive drug release property,

Figure 1. Size distribution of PTXD-Se NPs (A) and uPA-PTXD NPs (C). TEM images of PTXD-Se NPs (B) and uPA-PTXD NPs (D).
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Figure 2. (A) Calculated benzene ring distance variation of PTX between PTXD-Se prodrug and prototype PTX after GSH-triggered release. Green frame represents the PTX
molecule; orange frame represents Se-Se bond. (B) In vitro CPT release from PTXD-Se NPs and uPA-PTXD NPs triggered by different concentrations of GSH in PBS (pH 7.4)
at 37 °C. Data are presented as mean * SD (n = 3). (C) NPs size change in the presence of 10 yM GSH (b) and 10 mM GSH (c) after 4 h incubation.

we investigated the in vitro drug release behavior of
PTXD NPs and uPA-PTXD NPs in PBS (pH 7.4) with
different GSH concentrations (10 mM and 10 pM
GSH) mimicking the physiological and tumor
intracellular redox microenvironments respectively.
As shown in Figure 2B, prototype PTX was released
in a controlled manner in the presence of GSH in 48 h.
In the presence of 10 mM GSH, which represents the
tumor intracellular GSH concentration, as high as
89.9% and 89.1% of prototype PTX was released from
PTXD NPs and uPA-PTXD NPs, respectively. As for
10 pM GSH, which represents the extracellular GSH
concentration, only about 3% PTX was released. We
also monitored the particle size of PTXD-Se NPs in the
presence of different GSH concentrations. The particle
size of PTXD-Se NPs changed dramatically and
formed aggregates in the presence of 10 mM GSH
after 4 h incubation (Figure 2C). Whereas, the particle
size of PTXD-Se NPs remained unchanged in the
presence of 10 pM GSH even after 12 h incubation
(Figure 2C).

With the diselenide bond imbedded into the
self-immolative prodrug PTXD-Se, the GSH-respon-
sive PTX release property was achieved via the
cleavage of diselenide bond, which is regarded as
much more sensitive than conventional disulfide
bond to reducing agents including GSH. Encountered
with the high concentration of GSH in the cancer cell
cytosol, the diselenide bond in PTXD-Se prodrug

could be cleaved and reduced to selenol, which could
further cyclize toward the carbamate group. After
cyclization of the spacer, exposed phenol group could
induce 1,4-elimination self-immolation procedures
and release prototype PTX based on electronic
cascade (Scheme S2). The uncaged prototype PTX
molecule is a more rigid structure compared to
dimeric ~ PTXD-Se.  Increased  intramolecular
hydrophobic interaction in prototype PTX led to a
decreased benzene ring distance compared to that of
dimeric PTXD-Se (Figure 2A). Such configuration
variation could disrupt the original cross-linked type
structure in the nanoparticle, and a loosened
composition is easier to be attacked by environmental
GSH, which further induces prototype PTX liberation.

Cellular uptake and internalization
mechanism study

The urokinase-type plasminogen activator
receptor (uPAR) expression is reported to be
substantially upregulated in invasive cancer cells
compared to healthy cells or benign tumors [25]. We
confirmed the overexpression of uPAR in
MDA-MB-231 cells, which showed almost 5.6-fold
higher expression than non-carcinoma HEK-293 cells
(Figure S16), consistent with previous studies [37].
Inspired by the relatively high expression of uPAR in
MDA-MB-231 cells, we conjugated hexynoic uPA
peptide, a specific ligand to uPAR, onto

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 18

4890

N3-PEGsi-pPhe(15) copolymer via click reaction for
TNBC targeting. Compared with PTXD-Se NPs, the
cellular uptake of uPA-PTXD NPs was significantly
enhanced with increasing uPA-PEGs-pPhe(15) ratio
(from 10 wt% to 40 wt%) (Figure 3A-D, J). Whereas,
there was no significant difference of cellular uptake
between 20% and 40% uPA-PEGs-pPhe(15) ratios.
Such phenomenon might be due to saturation of the
transport capacity of uPAR expressed on the
MDA-MB-231 cells. Considering the potential risk of
mononuclear phagocyte system (MPS) clearance and
aiming for systemic long circulation, we finally
selected the 20% uPA-modified NPs (uPA-PTXD NPs)
in the following studies.

We further investigated the internalization
mechanism of uPA-PTXD NPs. Multiple inhibitors
including uPA peptide (blocking uPAR), filipin
(blocking caveolae-mediated pathway), colchicine
(blocking macropinocytosis) and phenylarsine oxide
(blocking  clathrin-dependent  pathway) were
pretreated to MDA-MB-231 cells to block several
endocytosis pathways (Figure 3). Notably, cellular
uptake was significantly inhibited by low
concentration of uPA peptide (Figure 3E), which
indicated the active targeting capability of uPA-PTXD
NPs. Among the three endocytic inhibitors, filipin
exhibited the most significant inhibition of uPA-PTXD
NPs internalization (Figure 3F), indicating that the
main endocytosis pathway of uPA-PTXD NPs is
caveolae mediated. The internalization was also
significantly inhibited by 4 °C (Figure 3I), which
indicated an energy-dependent cellular uptake.
Considering these result, we believe that uPA peptide

might be responsible for actively recognizing and
binding to MDA-MB-231 cells through uPAR, and the
intrinsic properties of NPs such as size and charge
played a critical role in uPA-PTXD NPs
internalization.

In vitro anticancer efficacy

To evaluate the in vitro anticancer efficacy of the
NPs, MTT cytotoxicity assay on TNBC MDA-MB-231
cells and cellular apoptosis assays were implemented
(Figure 4). By incubating MDA-MB-231 cells with the
commercially available PTX formulation Taxol,
PTXD-Se NPs and uPA-PTXD NPs for 72 h,
significant cell proliferation inhibition was observed
in a concentration-dependent manner (Figure 4A). It
was noticed that uPA-PTXD NPs showed lower ICsp
value (461.3 ng/mL) than PTXD-Se NPs (585.3
ng/mL) (Figure 4A). Such difference was mainly due
to the active targeting effect of uPA peptide. ICsp
values of PTXD-Se NPs and uPA-PTXD NPs were
slightly higher than that of Taxol. Such phenomenon
was ascribed to the relatively slower release profile of
the PTXD-Se prodrug compared to the burst release of
free PTX in Taxol.

The in vitro anticancer efficacy of NPs was
further confirmed by Annexin V-FITC and PI assay on
MDA-MB-231 cells (Figure 4B). Annexin V-FITC was
used to indicate early apoptosis (green), while PI
staining could indicate late apoptosis or necrotic cells
(red). The results of the apoptosis experiment were
consistent with the MTT study (Figure 4A), which
showed the potential of uPA-PTXD NPs as a
promising anti-cancer drug delivery system.

Sampie Name

\J.T LPAQ
10% WPAP
20% uPAP
40% uPAP
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Figure 3. Cellular uptake of (A) PTXD-Se NPs and uPA-PTXD NPs with uPA modifying ratios of (B) 10, (C) 20, and (D) 40 wt% in MDA-MB-231 cells after 30 min incubation.
(E-I) Possible endocytosis pathway of uPA-PTXD NPs in this study. Cells were blocked by the inhibitors (E) 20 uM uPA peptide, (F) | pg/mL filipin, (G) 0.3 yg/mL PhAsO, (H)
1 pg/mL Colchicine, and (1) cells were incubated at 4 °C. Scale bars represent 100 um. (J) Quantitative results of cellular uptake and endocytosis pathway from flow cytometry

analysis.
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cells; red, Pl-labeled dead cells; scale bars represent 20 pm. (C) Cell cycle distribution and (D) confocal microscopy images of B-tubulin alteration induced by Taxol, PTXD-Se
NPs, and uPA-PTXD NPs. Green: immunocytochemcial staining of B-tubulin; blue, nuclei stained with DAPI; scale bars represent 10 um.

A previous study proved that PTX could trigger
cell cycle arrest at G2/M to induce robust mitotic
delay through microtubule stabilization [16]. We
investigated cell cycle arrest induced by Taxol,
PTXD-Se NPs and uPA-PTXD NPs wvia Cell Cycle
Detection Kit (KeyGEN BioTECH). G2/M arrest in
MDA-MB-231 cells was investigated after 48 h
treatment with Taxol, PTXD-Se NPs and uPA-PTXD
NPs. As shown in Figure 4C, Taxol, PTXD-Se NPs and
uPA-PTXD NPs all showed significant G2/M phase
delay (12.65-22.8%). Compared to PTXD-Se NPs,
uPA-PTXD NPs showed slightly higher G2/M phase
delay, which might be due to the active targeting

effect of uPA modification. It was noticed that the
G2/M phase delay effect of both prodrug NPs was
lower than that of Taxol. Such phenomenon was
understandable since the burst release of prototype
PTX in Taxol is quicker than the release profile of
PTXD-Se NPs and uPA-PTXD NPs. We also studied
the tubulin alteration effect of the different
formulations. Treated with Taxol, PTXD NPs and
uPA-PTXD NPs separately, MDA-MB-231 cells all
showed significant tubulin aggregation and reduction
of free cytosolic tubulin compared to untreated cells
(Figure 4D). Such results indicated intracellular GSH
could successfully cleave the diselenide bond and
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release prototype PTX to induce cytotoxicity, as we
designed. The percentage of G2/M phase delay and
microtubule stabilization effect were consistent with
the previous MTT study and cell apoptosis study,
which further confirmed the active targeting effect of
uPA peptide and the promising anti-tumor efficacy of
uPA-PTXD NPs.

Enhanced TNBC accumulation and reduced
systemic toxicity in vivo

To evaluate the TNBC-targeting effect of
uPA-PTXD NPs, BODIPY-loaded PTXD-Se NPs and
uPA-PTXD NPs were intravenously injected into
orthotopic MDA-MB-231 tumor-bearing nude mice at
an equivalent amount of BODIPY. The real-time
biodistribution of NPs were tracked by in wvivo
imaging system. As shown in Figure 5A, both NPs
showed progressive accumulation in target tissue due
to the EPR effect. Nevertheless, uPA-PTXD NPs
exhibited significantly higher targeting efficiency in
TNBC tissues compared to non-targeting PTXD-Se
NPs from 4 h to 12 h (Figure 5A). Furthermore, 3D
imaging of uPA-PTXD NPs-treated mice showed
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co-localization of uPA-PTXD NPs to the tumor tissue.

After 12 h, tumors and major organs were
excised for ex vivo imaging to further quantify the
biodistribution of the NPs (Figure 5B-C). uPA-PTXD
NPs showed significantly higher accumulation in
tumor tissues comparing to PTXD-Se NPs. Moreover,
uPA-PTXD exhibited similar accumulation in major
organs (Figure 5B-C). The relatively high
accumulation in the liver is mainly due to the intrinsic
size distribution of the NPs, and indicated that the
NPs were eliminated predominately via the MPS
system such as Kupffer cells in the liver. To further
confirm the potential liver and systemic toxicity, H&E
staining of the principal organs was also performed
following in vivo anti-cancer efficacy experiments. As
shown in Figure 6D, uPA-PTXD NPs did not cause
severe toxicity to the liver tissue or other major
organs. Therefore, uPA-PTXD NPs could serve as an
efficient TNBC-targeting drug delivery system, which
could reduce anti-cancer drug systemic toxicity while
improving the drug delivery efficiency to TNBC sites.

(o

Figure 5. Biodistribution and targeting effects of PTXD-Se NPs and uPA-PTXD NPs in MDA-MB-231 tumor-bearing mice. (A) In vivo 3D imaging 12 h after i.v. injection of
uPA-PTXD NPs and in vivo 2D imaging 4 h (a), 8 h (b), 12 h (c) after i.v. injection of PTXD-Se NPs (left) and uPA-PTXD NPs (right). (B) Quantitative fluorescence intensities of
tumors and organs from ex vivo imaging. Data are presented as mean * SD (n=3), *P<<0.05. (C) Ex vivo images of tumors and organs of tumor-bearing mice sacrificed at 12 h after

i.v. injection of PTXD-Se NPs (left) and uPA-PTXD NPs (right).
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Figure 6. (A) Tumor volume and (B) body weight changes of MDA-MB-231 orthotopic breast cancer xenograft mice after 4-dose i.v. injection of different PTX formulations
at a normalized PTX dose of 5 mg/kg on day 0, 4, 8 and 12. Saline group served as control. Data are presented as mean + SD (n=8). *P<<0.05; **P<<0.01. (C) Representative
histological images of MDA-MB-231 tumor xenografts of treated groups using TUNEL assay. Green, apoptotic cells; scale bars represent 50 um. (D) H&E staining of main organs

from MDA-MB-231 tumor xenografts of treated groups; scale bars represent 100 pm.

In vivo anti-tumor efficacy study

The antitumor effects of the NPs were evaluated
in MDA-MB-231 tumor-bearing mice. Saline, Taxol,
PTXD-Se NPs and uPA-PTXD NPs were administered
on day 0, 4, 8 and 12. Compared with the control
group (saline), tumor growth was apparently
inhibited in Taxol, PTXD-Se NPs and uPA-PTXD NPs
groups, whereas uPA-PTXD NPs showed the most
significant antitumor efficacy (Figure 6A). Various
degrees of limited tumor inhibition were observed in
the Taxol and PTXD-Se NPs groups mainly due to the

rapid clearance of Taxol or the absence of a tumor
targeting ligand. The mice body weights were also
recorded every two days to evaluate the general
toxicity of the different treatments (Figure 6B), and all
groups showed no significant difference.

After four treatments, mice were sacrificed and
tumors were excised and stained with terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay to evaluate apoptosis at the tissue
level (Figure 6C). The green signal represents
apoptosis sites in the tumor tissue, whereas blue
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signal indicates the nuclei. Compared with the Taxol
group, PTXD-Se NPs-treated mice presented better
antitumor efficacy, possibly due to NPs accumulation
caused by the EPR effect and the long circulation of
the drug formulation. uPA-PTXD NPs-treated mice
showed the most extensive apoptosis, indicating the
most effective antitumor efficacy, which was
consistent with the tumor volumes observation. Such
results indicated the excellent anti-tumor efficacy of
uPA-PTXD NPs.

Conclusion

We designed a novel dimeric structure prodrug
with intrinsic capability of forming nano-aggregates
instead of long-ranged ordered, large aggregates or
precipitates in aqueous solution, and used it as the
key structural element for the preparation of
nanoparticles with ultra-high drug loadings.
uPA-PTXD NPs exhibited an extremely high drug
loading rate, which could significantly reduce the
polymer burden in drug administration, while the
quantitative drug loading efficiency relieves concerns
of quality control and reproducibility of the
nanomedicine. The diselenide bond in the NPs
successfully enabled a tumor redox
microenvironment-controlled drug release profile,
which prevented unexpected pre-drug leakage in
physiological condition. The significant TNBC
targeting ability of uPA-PTXD NPs achieved TNBC
accumulation, thus exhibiting stronger anti-tumor
efficacy both in witro and in wvivo. Therefore,
uPA-PTXD NPs have great potential in TNBC therapy
and such dimeric structured nanoplatform could be
applied as a potential drug platform for drug
delivery.

Methods

Materials

Anhydrous dimethylformamide (DMEF),
tetrahydrofuran (THF) and dichloromethane (DCM)
were dried with a column packed with 4 A molecular
sieves. Paclitaxel (PTX) was purchased from Meilun
Biological Technology Co., Ltd (Dalian, China).
Methoxypolyethylene glycol amine (mPEG5K-NH2)
and azide polyethylene glycol amine
(N3-PEG5K-NH2) were purchased from JemKem
technology Co., Ltd (Beijing, China). Sodium azide,
2-chloroethanol,  dithiothreitol(DTT), glutathione
(GSH) and MTIT (3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide), coumrin-6, DAPI
were purchased from Sigma-Aldrich. The fluorescent
probe BODIPY (700/730) was synthesized as
described previously. Selenium, 3-chloro-1-propanol,
N,N’-dimethylethylenediamine, hydrazine hydrate,
4-nitrophenyl chloroformate (PNP), 4-dimethyl-

aminopyridine (DMAP), 2,6-bis(hydroxymethyl)-4-
cresol, imidazole, tert-butyldimethylsilyl chloride
(TBSCI),  di-tert-butyl  dicarbonate  ((Boc)20),
amberlyst-15, trifluoroacetic acid and copper(I) iodide
were all purchased from J&K Chemical Co., Ltd
(Shanghai, China). Triphosgene was purchased from
Macklin Co., Ltd (Shanghai, China). All other
chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China) unless mentioned
otherwise.

MDA-MB-231-luci cells and MDA-MB-231 cells,
were purchased from the American Type Culture
Collection (Rockville, MD, USA) and Cell Bank of the
Chinese Academy of Sciences (Shanghai, China)
respectively. Both cell lines were cultured in
Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum, 100 U/mL
penicillin G, and 100 pg/mL streptomycin at 37 °C
under 5% CO; humidified atmosphere.

Balb-c nude mice (female, 18-20 g) were
purchased from the Department of Experimental
Animals, Fudan University. All animal experiments
were performed in accordance with guidelines
evaluated and approved by the ethics committee of
Fudan University. For construction of an orthotopic
breast cancer xenograft model, 1x10° MDA-MB-
231-luci cells in suspension solution of 5% Matrigel in
100 pL DMEM were subcutaneously inoculated into
the right flank of mice under the fat pad.

Instrumentation

NMR spectra were measured using an NMR
spectrometer (Bruker, Billerica, MA, USA). All
chemical shifts are reported in parts per million
(ppm). Particle sizes and polydispersities (PDI) were
measured by dynamic light scattering (DLS)
(Zetasizer Nano-ZS, Malvern, U.K.). TEM samples
were prepared by dropping NPs solutions on 200
mesh carbon film-supported copper grids and dried
at room temperature overnight. The prepared
samples were imaged using a 120 kV Biology
Transmission Electron Microscope (TEM) (Tecnai G2
SpiritBiotwin, FEI, USA). HPLC was performed using
Agilent 1260 series (Palo Alto, CA, USA) coupled with
a UV detector and fluorescence detector and a C18
column (250 x 4.6 mm, 5 pm). A gradient method was
adopted using 0.1% TFA-H>O and acetonitrile (ACN)
as mobile phase (Figure S15).

Synthesis of PTXD-Se and outer shell
copolymers

The synthesis routes of PTXD-Se and outer shell
copolymers are generally described in Scheme 3 and
Scheme S1. Characterization of related compounds is
shown in Figure S1-14.
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Preparation of PTXD-Se NPs and uPA-PTXD
NPs

PTXD-Se was dissolved in DMF with
mPEGsk-pPhe(15) at a certain ratio and the PTXD-Se
concentration was 20 mg/mL if not specified. Then,
40 pL of the above solution was added dropwise into
2 mL of DI water with mild stirring using a magnetic
bar. For uPA-modified NPs preparation, PTXD-Se,
mPEGs-pPhe(15) and uPA-PEGsi-pPhe(15) were
dissolved at certain ratios and added dropwise into 2
mL of DI water with mild stirring.

To trace the NPs in wvitro and in wvivo, we
encapsulated coumarin-6 and BODIPY(700/730),
which contain large phenol rings and share similar
hydrophobicity as the dimeric prodrug. coumarin-6
and BODIPY(700/730)-labeled NPs were prepared
according to the procedure mentioned above by
mixing PTXD-Se and outer shell materials
(uPA-PEG-pPhe(15) or mPEGsk-pPhe(15)) at a weight
ratio of 2:1 containing 0.5% dye in DMF.

All the formulation solutions were dialyzed
against deionized water for 24 h using a membrane
(MWCO 3500) to remove DMF solvent. Freshly pre-
pared NPs were used for the following experiments.

Characterization of PTXD-Se NPs and
uPA-PTXD NPs

The particle size and distribution of PTXD-Se
NPs and uPA-PTXD NPs were measured by dynamic
light scattering (DLS) (Zetasizer Nano-ZS, Malvern,
U.K.). The morphology of NPs was observed using
TEM (Tecnai G2 SpiritBiotwin, FEI, USA).

To determine the stability of the nanoparticles,
100 pL freshly prepared NPs solution was diluted
with 900 pL PBS (pH 7.4) and stored at 4 °C. For the
serum stability test, 100 pL NPs was diluted with 900
pL 5% FBS-containing PBS buffer and stored at 4 °C
for 12 h. The size and distribution of the NPs were
monitored by DLS at certain time points.

To determine drug loading (DL) and drug
encapsulation efficiency (LE) in PTXD-Se NPs, freshly
prepared NPs were diluted in PBS and prototype PTX
was cleaved by 100 mM DTT for 4 h. The amount of
PTX was quantified via HPLC using a corresponding
standard calibration curve. The weight of PTXD-Se
NPs was collected via lyophilization. Drug loading
was calculated as DL = w(PTX)/w(NPs) and drug
encapsulation efficiency was calculated as EE =
w(PTXD-Se)/w(initial PTXD-Se added).

In vitro PTX release from PTXD-Se NPs and
uPA-PTXD NPs

PTX release behavior was studied using a
dialysis method (n=3). In brief, 300 pL freshly
prepared PTXD-Se NPs and uPA-PTXD NPs solutions

were sealed in a dialysis bag (MWCO 2000). Then, the
bag was immersed in 12 mL 0.1% tween 80-containing
PBS buffer (pH 7.4) with 10 mM or 10 pM GSH and
shaken at 37 °C. PTX release was monitored by HPLC
and measured in triplicate at certain time points. The
HPLC detection method and PTX standard curve are
illustrated in Figure S15.

Cellular uptake and internalization
mechanism

MDA-MB-231 cells were seeded in 6-well plates
(Corning, USA) at a density of 4x10* cells/well and
incubated overnight before reaching a confluence of
90%. Cells were incubated with coumarin-6-labeled
PTXD-Se NPs and uPA-PTXD NPs with different uPA
modifying ratios (0, 10, 20, 40 wt%) at normalized
coumarin-6 concentration. After 30 min incubation,
cells were washed three times with Hank’s and
observed via a fluorescence microscope (Leica,
Wetzlar, Germany). For flow cytometry analysis, cells
were incubated with the above PTX formulations for
30 min, and then washed with Hank’s three times,
digested and re-suspended in PBS. The fluorescence
intensity of coumarin-6 was analyzed using a flow
cytometer (BD bioscience, Bedford, MA, USA) with
1x10* events recorded for each assay.

For the internalization mechanism study, cells
were pre-incubated with various inhibitor solutions
including 20 mM uPA peptide as uPAR inhibitor, 1
pg/mL filipin, 0.3 pg/mL phenylarine oxide
(PhAsO), or 1 pg/mL colchicine. After 20 min
pre-incubation, coumarin-6-labeled uPA-PTXD NPs
were administered to the cells. After 30 min
incubation at 37 °C or 4 °C, cells were washed with
Hank’s three times and then visualized under a
fluorescence microscope (Leica, Wetzlar, Germany).
For flow cytometry analysis, cells were treated as
above, then digested and re-suspended in 500 pL PBS
and analyzed using a flow cytometer (BD bioscience,
Bedford, MA, USA).

In vitro cytotoxicity of PTXD-Se NPs and
uPA-PTXD NPs: Standard MTT protocol was
followed to evaluate the cytotoxicity of PTXD-Se NPs
and uPA-PTXD NPs. Briefly, MDA-MB-231 cells were
seeded in 96-well plates at 1000 cells/well in 100 uL
DMEM medium and were allowed to attach
overnight. Then, cell media were discarded and cells
were administrated freshly prepared Taxol, PTXD-Se
NPs and uPA-PTXD NPs formulations at certain
concentrations of PTX. After 72 h, 10 pL of 5 mg/mL
MTT solution was added to the medium and
incubated at 37 °C for another 4 h. Then, the medium
was carefully removed and the violet crystal was
dissolved in 100 pL DMSO and quantified by
absorption at 570 nm.
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For the cell apoptosis assay, MDA-MB-231 cells
were seeded in 24-well plates at a density of 1x10*
cells/well and incubated at 37 °C for 24 h before
reaching 80% confluence. Cells were treated with
Taxol, PTXD-Se NPs and uPA-PTXD NPs at a
normalized PTX concentration of 1 pM for 24 h.
Afterwards, cells were washed three times with
Hank’s, stained with Annexin V-FITC Apoptosis
Detection Kit (KeyGEN BioTECH, Nanjing, China)
according to protocols and visualized under a
fluorescence microscope (Leica, Wetzlar, Germany).

Cell cycle determination: MDA-MB-231 cells
were seeded in 6-well plates at a density of 1x10*
cells/well and incubated at 37 °C for 24 h before
reaching a confluence of 80%. Cells were
administrated Taxol, PTXD-Se NPs and uPA-PTXD
NPs at a normalized PTX concentration of 1 pM for 12
h. The drug solutions were then removed and cells
were incubated for another 12 h. Afterwards, cells
were harvested and stained with Cell Cycle Detection
Kit (KeyGEN BioTECH, Nanjing, China) according to
protocols and detected by a flow cytometer (BD
Biosciences, Bedford, MA, USA). The percentage of
cell cycle phases and apoptosis were analyzed with
Flowjo 6.0.

Nanoparticle distribution in MDA-MB-231
tumor-bearing nude mice

MDA-MB-231 tumor-bearing nude mice were
intravenously injected with BODIPY (700/730)-
loaded NPs at a normalized BODIPY dose of 0.1
mg/kg. At 4 h, 8 h and 12 h, mice were anaesthetized
by 1% isoflurane/oxygen mixture and monitored
using an IVIS Spectrum with Living Image software v
4.2 (Caliper Life Science). After 12 h in vivo imaging,
mice were anesthetized with diethyl ether and
sacrificed by decapitation. Tumors and organs were
dissected and imaged.

In vivo anti-tumor efficacy study

Orthotopic MDA-MB-231 tumor-bearing mice
were divided into four groups (n=8). An in vivo
anti-tumor efficacy study was performed by
intravenously injecting saline, Taxol, PTXD-Se NPs
and uPA-PTXD NPs on day 0, 4, 8 and 12 at a
normalized PTX dose of 5 mg/kg. Body weights of
the nude mice were recorded every other day. Tumor
volume was calculated as axb?/2, where a is the
largest and b is the smallest diameter.

At the end of the efficacy study, nude mice were
sacrificed on day 20 and major organs including heart,
liver, spleen, lung, kidney and tumor were excised
and fixed in 4% neutral buffered formalin solution.
Histological changes in main organ tissues were
evaluated using hematoxylin and eosin (HE) staining.

The apoptotic cells in tumor tissues were evaluated
using terminal deoxynucleoidyl transferase-mediated
nick en labeling (TUNEL) assay (KeyGEN BioTECH,
Nanjing, China).

Bond energy calculation

All the calculations were performed using
Gaussian 16 program package and density functional
theory (DFT) method. In order to avoid
time-consuming computations, the central fragments
of the molecules were chosen for the later calculations.
All the structures were optimized at B3LYP level [38]
with the basis sets of 6-31G (d, p) for C, H, O, N, S
atoms and LanLO08 (d) for Se atom. Grimme’s DFT-D3
was applied for the available corrections of dispersion
effects [39]. To rationally describe pairwise interaction
energies, the basis set superposition error (BSSE) was
computed via Boys-Bernardi counterpoise technique.
The solvent effect of water was treated with the
polarizable continuum models (PCM) [40].

Statistical analysis

Analyses were performed using GraphPad
Prism Software and the results are presented as mean
t SD. Statistical comparisons among multiple groups
were assessed by P-test analysis.
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