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Polymer nanogels/nanocapsules with encapsulation stability, stimuli responsiveness and tumor targeting
have emerged as one of the most remarkable carriers for anticancer drug delivery. In this work, we
design a multifunctional, four-armed, branched copolymer, PEG-PPS-cRGD, and use it to develop
a dual redox-responsive and a,f3 integrin-targeting nanocapsule via a simple and straightforward self-
crosslinking strategy through the disulfide exchange reaction between the polymer arms. The dissolution
rate studies illustrate that the PEG-PPS—cRGD nanocapsules had robust drug release profiles under both
oxidation and reduction conditions. The in vitro and in vivo investigations demonstrate that the
nanocapsules exhibited precise tumor targeting, outstanding antitumor effect and excellent biological
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Introduction

Over the past several decades, unprecedented numbers of
studies have focused on the development of high-performance
drug nanocarriers for cancer chemotherapy.’* Polymer nano-
carriers, as a promising candidate, have attracted enormous
attention. To date, various polymer nanocarriers have been
explored, including amphiphilic copolymer micelles/polymer-
somes,”>” polyester-based polymer nanoparticles,®**® and poly-
mer nanogels/nanocapsules.”*™** The polymer micelles may be
able to carry the drugs but with poor stability, leading to serious
side effects due to the premature leakage of the drugs during in
vivo circulation.'** Alternatively, the polyester-based polymer
nanoparticles, including polylactide (PLA), poly(e-caprolactone)
(PCL), and poly(lactide-co-glycolide) (PLGA), have high drug
loading capacity and outstanding encapsulation efficiency, but
the therapeutic applications of these polymer nanoparticles are
hampered by the slow drug release rate and poor dispersibility
in the aqueous phase due to the slow biodegradation rate and
high hydrophobic properties of such a polymer main back-
bone.'*"” Recently, polymer nanogels/nanocapsules have
emerged as one of the most remarkable drug delivery carriers to
overcome the defects of polymer micelles and polyester-based
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delivery platform for cancer therapy and other applications.

polymer nanoparticles. However, the preparation of polymer
nanogels was usually complicated because a series of mono-
mers, crosslinkers and initiators must be introduced into the
synthetic process, which are difficult to purify and may lead to
serious toxicity and side effects in further treatment.*®*

A variety of stimuli-responsive factors, such as acidity, light,
magnetism, temperature, enzyme, reduction, and reactive
oxygen species (ROS) have been utilized to design and fabricate
smart drug delivery systems to improve the efficiency of the
drugs in cancer therapy.”® Owing to the high level of reducing
agents of glutathione (GSH) in intracellular fluids of cancer
cells, the reduction-responsive nanocarriers containing disul-
fide bonds, which can be triggered to burst release the payload
drugs by collapsing the original structures by dividing the
disulfide bonds under the reduction environment, have been
extensively explored for designing drug nanocarries.” >
Otherwise, ROS is another important stimuli-responsive factor
for anticancer drug delivery because that many tapes of cancer
cells generate higher levels of ROS that can be used as a trigger
to release the loading drugs by oxidating and degrading ROS-
responsive carriers.**>® The sulfur(u)-containing polymers
such as poly(propylene sulfide) (PPS) have been used for fabri-
cating ROS-responsive drug delivery systems due to it's hydro-
phobicity can be transformed into hydrophilicity upon
oxidation conditions.*”

Recently, star/branched polymers based on multi-arm PEG
have been exploited for biomedical applications such as drug
delivery and tissue engineering.”**° The drug nanocarriers
modified with PEG corona have multiple advantages including
low toxicity, aqueous stability as well as long blood circulation.

This journal is © The Royal Society of Chemistry 2017
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In contrast with linear PEG, the multi-arm PEG of similar
mass possess better water solubility and faster resolubilization
rate due to high PEG densities, that makes these PEG more
valuable for applying in drug delivery systems.**

The other main challenge in the applications of drug
nanocarries for anticancer drug delivery is the low accumu-
lation in tumor tissues.*” To date, there were so many research
strategies focus on developing efficient drug nanocarries to
overcome this fundamental limitation, such as fabricating
worm-like nanoparticles or micelles,**** applying magnetic
nanomaterials,*** and modifying targeting molecules.>”*® As
we know, integrin plays a critical role in many types of the
tumors,*>*® and therefore the peptide cyclic(Arg-Gly-Asp-b-
Phe-Lys) (cRGD), which effectively bonds to tumor cells that
overexpress a,fB; integrins was often used for targeting anti-
cancer drug delivery to promote tumor accumulation of the
drugs.*

Herein, we use four-arm PEG as a water-soluble polymer
backbone with PPS as a hydrophobic component and pyridine
dithione as the end-capping agent to design a PEG-PPS
amphiphilic branched copolymer terminated with protected
disulfide bonds. The end-capping pyridine dithione groups
were partly replaced to modify the targeting peptide thiol-
cyclic(Arg-Gly-Asp-p-Phe-Lys) (cRGD-SH), and thereby synthe-
size PEG-PPS-cRGD copolymers through a disulfide exchange
reaction. This PEG-PPS-cRGD branched copolymers can self-
assemble into micelles via the physical association of the
hydrophobic PPS blocks in water and can further self-crosslink
to form nanocapsules via disulfide exchange reaction of the
pyridine dithione groups under alkaline conditions.** Further-
more, by using these multifunctional PEG-PPS-cRGD nano-
capsules, we developed a smart, dual redox-responsive, drug-
delivery system for the targeted chemotherapy of squamous
cell carcinoma.

Our synthesis strategy is described in Fig. 1. First, doxoru-
bicin (DOX) was chosen as model drug to encapsulate into PEG—
PPS-cRGD by solvent-antisolvent method to form DOX-loaded
PEG-PPS-cRGD nanocapsules, which self-crosslinked by disul-
fide bonds with initiation of triethylamine (TEA). Subsequently,
DOX-loaded PEG-PPS-cRGD nanocapsules can effectively bond
with o,f; integrins, which are overexpressed on the surface of
squamous cells (SCC-15 cell-line), and further enter cells via the
a.Bs-mediated endocytosis pathway.*" After the nanocapsules
accumulate in tumor tissues and enter into the endocytosis, the
high level of ROS can oxidate diethyl sulfide to swell the
nanocapsules for releasing the loading DOX; further, the
disulfide bonds in the nanocapsules will be cut off in GSH-rich
cytoplasm to promote a second phase of loading drug release.*
Finally, the free DOX will diffuse into cell nucleus and interca-
late on DNA to induce cell death. Moreover, in vitro studies
demonstrated that the nanocapsules exhibit significant cyto-
toxicity against SCC-15 cells. The in vivo investigations proved
that the nanocapsules can effectively target the tumor site in
a xenograft model of squamous cell carcinoma in nude mice
and strongly inhibit the tumor growth with high biological
safety.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustration showing the preparation and cellular
uptake of DOX-loaded PEG-PPS—cRGD nanocapsules. |, DOX-loaded
PEG-PPS—-cRGD nanocapsules were prepared by a solvent—anti-
solvent process; I, these DOX-loaded PEG—-PPS—-cRGD nanocapsules
can target cells via the a,Bs-integrin receptor; I, the nanocapsules
undergo further uptake into cells by receptor-mediated endocytosis
pathway; IV, the nanocapsules disassemble to release DOX cargo due
to the oxidation and reduction conditions; V, released DOX enters into
nucleus and intercalates on DNA to induce cell death.

Experimental section
Materials

Sodium hydride (NaH), allyl bromide, thioacetic acid, 2,2"-azo-
bisisobutyronitrile, sodium methoxide (NaOMe), propylene
sulfide, and 2,2’-dithiodipyridine were purchased from Sigma-
Aldrich. Four-arm poly(ethylene glycol) (PEG) (MW: 20 000)
was purchased from Creative PEGWorks. Cyclic(Arg-Gly-Asp-p-
Phe-Lys)-thioglycolic acid (cRGD-SH) and cyclic(Arg-Gly-Asp-p-
Phe-Lys) (cRGD) were synthesized by Scilight Biotechnology,
LLC. All other chemicals were purchased from Fisher Scientific
unless otherwise noted.

Instruments

Proton nuclear magnetic resonance (1H NMR) spectra were
recorded at room temperature with a Bruker spectrometer
(AV600) using CDCl; as solvent. The particle size of the nano-
capsules was determined using a Malvern ZetaSizer Nano
instrument (ZS90). The morphology of the samples was exam-
ined using transmission electron microscopy (TEM, Tecnai 20).
The drug-loading capacity and dissolution rate of DOX-loaded
nanocapsules were calculated based on the absorbance value
using a UV-visible spectrophotometer (Varian Cary 50).

Synthesis of PEG-PPS and PEG-PPS-cRGD copolymers

Four-arm PEG-PPS amphiphilic branched copolymer was
synthesized by three steps according to a previous work
(Fig. S17).*> Briefly, four-arm PEG (20 kDa) was dissolved in
anhydrous THF and further reacted with allyl bromide by add-
ing NaH to generate the alcoholate to synthesize PEG-allyl
ether. Second, PEG-allyl ether was reacted with thioacetic acid

RSC Adv., 2017, 7, 53552-53562 | 53553
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via the initiation of AIBN in anhydrous degassed toluene to
prepare PEG-thioacetate. Finally, the PEG-PPS copolymer was
synthesized by open-ring polymerization. PEG-thioacetate was
dissolved in degassed THF, and then NaOMe, propylene sulfide
(PPS), and dipyridine dithione were sequentially added into
reaction system. After the reaction, a PEG-PPS copolymer
terminated with a capping group of pyridine dithione by
disulfide bond was formed. All intermediate and final products
were characterized by "H NMR, and the data are shown in
Fig. S2-84.%

PEG-PPS-cRGD copolymer was synthesized using cRGD-SH
to partially substitute the capping group of PEG-PPS through
a disulfide exchange reaction. PEG-PPS was dissolved in ultra-
pure water at a concentration of 0.5 wt%, and PBS buffer
(150 mM, pH 7.4) was used to adjust the pH of the PEG-PPS
solution to 7.4. Then, cRGD-SH was added into the PEG-PPS
solution under vigorous stirring for 120 min at room tempera-
ture. The modification rate of cRGD on PEG-PPS was calculated
by the absorbance change of reaction solution at wavelength of
342 nm (Fig. S51).*>

Preparation of DOX-loaded nanocapsules

Three milligrams of DOX-HCI and 2.5 pL of triethylamine
(TEA) were dissolved in 0.5 mL of DMSO and mixed for 15 min
under stirring to obtain the DOX base. Further, 5 mL of PEG-
PPS or PEG-PPS-cRGD aqueous solution (0.5 wt%) was slowly
dropped into the DOX solution. After adding PEG-PPS or PEG-
PPS-cRGD, the reaction solution was stirred at 45 °C for
another 2 h. Finally, the product was dialyzed against ultra-
pure water by dialysis bag (MWCO: 3500 Da) to remove
unloaded DOX and DMSO. The DOX-loaded nanocapsules
were then freeze dried.

The stability test of DOX-loaded nanocapsules in both PBS
and DMEM medium was studied by DLS. The DOX-loaded
nanocapsules were dispersed in PBS (pH 7.4, 150 mM) or
complete DMEM medium (DMEM + 10% serum + antibiotics) as
final concentration of 0.2 mg mL ™", and the detection period
was 48 h.

The drug-loading capacity (DLC) of the nanocapsules was
determined using a UV-visible spectrophotometer with an
absorption wavelength at 485 nm and calculated according to
the formula: DLC (wt%) = (weight of loaded drug/weight of drug
— loaded nanoparticles) x 100%.

In vitro DOX release from the nanocapsules

Each 1 mg of DOX-loaded PEG-PPS or PEG-PPS-cRGD nano-
capsules was dispersed in 1 mL of PBS buffer and transferred
into a dialysis bag with MWCO of 3500 Da. Then, this dialysis
bag was placed into 10 mL of PBS buffer containing 500 uM of
H,0, or 10 mM of reduced glutathione (rGSH), and further
incubated in water bath at 37 °C for 48 h. The cumulative
release rate of DOX from the nanocapsules were calculated by
determining the UV absorption of DOX at the wavelength of
485 nm.
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In vitro cellular uptake of the nanocapsules

Squamous carcinoma cell (SCC-15) cell line was obtained from
American Type Culture Collection (ATCC). Cellular uptake of
DOX-loaded PEG-PPS or PEG-PPS—-cRGD nanocapsules was
assessed via confocal laser scanning microscope (CLSM, LEICA,
TCS-SP5, Germany) and flow cytometry (FCM, Beckman Coulter
MOoFloXDP). For CLSM imaging, SCC-15 cells were seeded in
Lab-Tek chambered cover glass systems (8-wells) at a density of
7000 cells per well in 200 uL of complete DMEM medium, and
cultured overnight at 37 °C in 5% CO, atmosphere before use.
Afterwards, the cells were incubated with 50 pL of DOX-loaded
PEG-PPS or PEG-PPS-cRGD nanocapsules (final DOX concen-
tration of 9 ug mL ™) for 4 h at 37 °C. After incubation, the cells
were washed three times with PBS, and cell nuclei were further
stained with 4’,6-diamidino-2-phenylindole (DAPI); the extent of
internalization of the nanocapsules was visualized using
a CLSM. For FCM analysis, 100 000 cells in 2 mL of medium
were plated per well in a 6-well plate and cultured overnight.
After adding 500 pL of DOX-loaded PEG-PPS or PEG-PPS-cRGD
nanocapsules for 4 h, cells were washed three times with PBS,
trypsinized, centrifuged, re-suspended in PBS and analyzed
using a FCM. A total of 10 000 events was analyzed per sample.

To determine the effect of RGD receptor (a,B; integrin) on
DOX-loaded PEG-PPS-cRGD nanocapsule uptake, cRGD
peptide was added to the wells at a final concentration of
0.5 mM and pre-incubated with the cells for 30 min before
adding the nanocapsules. Then, the cellular internalization was
measured by CLSM and FCM, and the operation procedures
were similar to those described in the section above.

In vitro MTT assay

The cytotoxicity of copolymer and DOX-loaded nanocapsules
was assessed by using MTT assay. SCC-15 cells were plated into
a 96-well plate at a cell density of 4000 cells per well in 100 pL of
complete DMEM medium with 10% fetal bovine serum (FBS).
The cells were cultured overnight at 37 °C in 5% CO, before
adding copolymer and DOX-loaded nanocapsules. Various
concentrations of PEG-PPS, PEG-PPS-cRGD, free DOX, DOX-
loaded PEG-PPS nanocapsules, and DOX-loaded PEG-PPS-
c¢RGD nanocapsules were co-incubated with SCC-15 cells for
24 h at 37 °C. The polymer concentrations of PEG-PPS and PEG-
PPS-cRGD copolymers ranged from 3.3 pg mL™ ' to 330 ug
mL~. The free DOX, DOX-loaded PEG-PPS nanocapsules, and
DOX-loaded PEG-PPS-cRGD nanocapsules were diluted in PBS
with final DOX concentrations of 1.5 ug mL™" to 18 g mL™".
Further, 20 uL of MTT stock solution (5 mg mL™") was added to
the cell wells and incubated for another 4 h. Finally, the cell
media were completely removed, and 100 pL of DMSO was
added to the well to dissolve the formazan blue crystal. The
absorbance of the solution was detected using a microplate
reader (Thermo Fisher, MK3, America) at the wavelength of
570 nm. Cell viability was assessed via the formula:

Cell viability (%) = Asampie/ Acontrol X 100%

This journal is © The Royal Society of Chemistry 2017
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In vitro live-dead assay

SCC-15 cells were seeded in Lab-Tek chambered cover glass
systems (8-wells) at a density of 7000 cells per well in 200 pL of
complete DMEM medium and cultured overnight at 37 °C in 5%
CO, atmosphere before use. Afterwards, the cells were incu-
bated with 50 pL of free DOX and DOX-loaded nanocapsules
(final DOX concentration of 18 pg mL ") for 24 h at 37 °C. After
incubation, the cells were washed three times with PBS and
further stained with live/dead viability/cytotoxicity kit (Molec-
ular Probes, Eugene, OR) using the manufacturer's protocol.
Each gel was stained with 100 pL of the staining solution for
30 min at 37 °C in the dark and imaged with a CLSM.

In vitro apoptosis assay

To determine whether the DOX-loaded nanocapsules induced
apoptosis in tumor cells, an Annexin-V/propidium iodide (PI)
double staining apoptosis detection assay (BD Biosciences,
USA) was adopted. SCC-15 cells were collected after co-
incubating with free DOX and DOX-loaded nanocapsules
(final DOX concentration of 18 ug mL™") for 48 h, and the cell
concentration was adjusted to 1 x 10° cells per mL to make
a single-cell suspension. Annexin-V/PI was used to stain the
SCC-15 cells. The data were acquired on a FCM. All experiments
were repeated three times (n = 3).*%*

Furthermore, to further evaluate the in vitro apoptosis-
inducing capabilities, western blot was also used to test the
expression of cleaved caspase-3. SCC-15 cells were collected
after co-incubating with free DOX and DOX-loaded nano-
capsules (final DOX concentration of 18 ug mL ') for 72 h.
Protein extracts were prepared with RIPA lysis buffer and sub-
jected to electrophoresis on 8% or 12% SDS-polyacrylamide gels
and transferred to 0.45 um nitrocellulose membranes. The
membranes were stained with 0.2% Ponceau S Red to check
equal protein loading and transfer. After blocking with 5%
skimmed milk, the membranes were incubated with antibodies
against caspase-3 overnight at 4 °C. The membranes were
incubated with secondary antibody, GAPDH was used as the
loading control, and the blots were visualized by UVITEC
Cambridge western blotting detection reagents. All experiments
were repeated three times (n = 3).*

In vitro hemolysis assay

To evaluate the hemolysis characteristics in vitro, distilled water
(positive control group, abs;y), saline (negative control group,
abs,), PEG-PPS copolymers, and DOX-loaded nanocapsules
were co-incubated with a 2% suspension of sheep red blood
cells (Beijing Wobisen, China) in a water bath at 37 °C for 0.25,
0.5, 0.75, 1, 2, and 3 h, respectively. After incubation, the
suspensions were centrifuged at 3000 rpm for 10 min, and the
UV absorption of the supernatants was detected at the wave-
length of 545 nm. The hemolysis rate was calculated using the
following formula:

Hemolysis ratio = (abs — absg)/(abs;go — absy) x 100%.

This journal is © The Royal Society of Chemistry 2017
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In vivo acute toxicity test

To evaluate the systemic toxicity in vitro, a limit test was adopted
due to the physical characters and low toxicity of the nano-
capsules. One hundred Kunming mice (Vital River, China) were
randomly divided into 5 groups (each group contained 10 males
and 10 females) for saline, free DOX, PEG-PPS copolymers,
DOX-loaded PEG-PPS nanocapsules, and DOX-loaded PEG-
PPS-cRGD nanocapsules, respectively. After intravenous
administration of different samples (the same dose of DOX at
5 mg kg '), mice were continuously observed for general
behavioral changes, signs of toxicity and mortality for 1 h, then
intermittently for 4 h, and thereafter over a period of 24 h. The
mice were further observed and weighed for up to 14 days. The
mice were sacrificed on the 14th day; 100 pL of whole blood was
used for hematological determination (Siemens-Bayer
ADVIA2120, German), which included white blood cell counts
(WBC), lymphocyte counts (LYMPH), red blood cells (RBC),
platelets (PLT), and 200 pL of plasma was used for biochemical
examination (Toshiba Accute TBA-40FR, Japan), including
glutamic-pyruvic transaminase (ALT), glutamic-oxalacetic
transaminase (AST), creatinine (Cr), creatine kinase (CK) and
creatine kinase MB (CK-MB), to evaluate the harm to the liver,
kidney and heart. Heart, live, spleen, lung and kidney were
embedded in paraffin and stained with hematoxylin-eosin
(H&E) to observe histopathological changes.

Animal model

All of the animal studies were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Beijing
Vital River Laboratory Animal Technology Co., Ltd. and
approved by the Institutional Animal Care and Use Committee
of Beijing Vital River Laboratory Animal Technology Co., Ltd.

In vivo pharmacokinetics

In vivo pharmacokinetics of free DOX and the DOX-loaded
nanocapsules was investigated. Eighteen jugular vein catheter
(JvC) SD rats were randomly divided into 3 groups (each group
contained 3 males and 3 females) for free DOX, DOX-loaded
PEG-PPS nanocapsules, and DOX-loaded PEG-PPS-cRGD
nanocapsules. Then, 200 pL of blood sample was draw into
heparinized polythene tubes at 0.25, 0.5, 1, 2, 4, 6, 12, and
24 h after intravenous administration (the same dose of DOX at
5 mg kg™ ). After centrifugation at 10 000 rpm for 8 min, 100 uL
of plasma was collected and mixed with 300 pL of acetonitrile-
methanol (9:1, v/v) and 10 pL of the IS working solution
(2000 ng mL™"). The mixtures were vortexed for 1.0 min and
spun in a centrifuge at 10 000 rpm for 10 min. Then, 5 pL of
supernatant was injected into the ultra-performance liquid
chromatography (UPLC, DIONEX Ultimate 3000, USA) for
analysis.*®

Liquid chromatography was performed on an UPLC unit
with Thermo Syncronis C18 column (2.1 x 100 mm 5 pm
particle size). A gradient program was employed with the mobile
phase combining solvent A (0.1% formic acid and 2 mmol L™*
ammonium formate in water) and solvent B (acetonitrile). A

RSC Adv., 2017, 7, 53552-53562 | 53555
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subsequent re-equilibration time (1 min) was performed before
next injection. The flow rate was 0.30 mL min~ ", and the
injection volume was 5 pL. The column and sample temperature
were maintained at 40 °C and 4 °C,"*® respectively. An Thermo Q
EXACTIVE mass spectrometer equipped with an electro-spray
ionization (ESI) source was used for mass spectrometric detec-
tion. The detection was operated in Targeted-SIM mode. After
optimization, the source parameters were set as follows: nebu-
lizer gas, 35 arb; turbo gas, 10 arb; ion spray voltage, 2.8 kV; and
temperature, 320 °C. Data acquiring and processing were per-
formed using Analyst software (version 1.5, AB Sciex). The
standard DOX working curve was set up as follows:

Y= —1.5868 x 107> + 3.8283 x 107 x X ... R = 0.9998

The plasma drug concentration-time data for each rat were
analyzed by DAS 3.0 (BioGuider Co., Shanghai, China).*®

In vivo imaging and biodistribution

To evaluate the targeted distribution of DOX-loaded nano-
capsules in tumor-bearing mice, 24 BALB/c nude mice were
injected with SCC-15 cells (5 x 10° cells per mouse) suspended
in 100 pL of Matrigel (BD Biocoat Matrigel, USA) into the right
back via a percutaneous approach. Tumor volume was calcu-
lated according to the formula:

(Tumor length) x (tumor width)?/2.

When the tumor was approximately 200 mm? in volume, the
mice were randomly divided into 4 groups (each group con-
tained 3 males and 3 females). The distribution images of DOX
in vivo were taken at 1, 3, 6, 12, and 24 h after the intravenous
administration of 5.0 mg kg~ " of DOX via tail vein using the ex/
in vivo imaging system (CRi Maestro, USA) with a 503-535 nm
excitation wavelength and 560-750 nm filter to collect the FL
signals of DOX with auto-expose time.*>** The mice were sacri-
ficed after injection for 24 h, and the organs, including heart,
liver, spleen, lung, kidneys and tumor, were collected for FL
imaging. Then, DOX in various organs was extracted by chlo-
roform-methanol (4/1, v/v), and the concentration of DOX was
detected by UPLC-MS/MS system.

In vivo tumor growth inhibition

To evaluate the in vivo efficacy of DOX-loaded nanocapsules in
tumor-bearing mice, the 24 tumor-bearing mice were randomly
divided into 4 groups (each group contained 3 males and 3
females) for saline, free DOX, DOX-loaded PEG-PPS nano-
capsules, and DOX-loaded PEG-PPS-cRGD nanocapsules.
When the tumor reached approximately 200 mm?® in volume,
the mice were treated with 5 mg kg™~ * of DOX via tail vein 4 times
(at day 0, 7, 14, 21). The mice were observed for general
condition, and the tumor volumes were measured twice per
week. After 28 days, the mice were sacrificed, and their organs
and tumor were embedded in paraffin and stained with
hematoxylin-eosin (H&E) to observe histopathological

53556 | RSC Adv., 2017, 7, 53552-53562
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change.**** The inhibition rate of tumor (IRT) was calculated by
the following formula:

IRT (%) = (1 — DIS) x 100% (D: tumor volume of treatment
group; S: tumor volume of saline group).

Statistical analysis

All statistical analyses were performed using Instat (GraphPad,
San Diego, CA) and SPSS 20.0 (Chicago, USA). Experiments were
statistically analyzed using the one-way ANOVA test to compare
all pairs of data using a 95% confidence interval.

Results and discussion
Characterization of the nanocapsules

The synthesized mechanism of the nanocapsules is illustrated
in Fig. S6(a).t Four-arm PEG-PPS copolymer was self-
crosslinked via disulfide exchange reaction of pyridine
dithione groups with initiation of TEA. Fig. S6(b)} shows that
the rise in UV absorption intensity of pyridine thione (absor-
bance at 342 nm) with reaction time was related to the released
pyridine thione when the disulfide exchange reaction occurred
among the end-capping group of pyridine dithione of PEG-
PPS.* Fig. S6(c)t shows dynamic light scattering (DLS) of the
nanocapsules, indicating that the nanocapsules have an average
particle size of approximately 100 nm, which is the preferable
size for use in anticancer drug delivery. The TEM image also
proved that the particle size of the nanocapsules was in the
range of 50-100 nm (Fig. S6(d)T).

DOX-loaded nanocapsules were prepared using a solvent-
antisolvent process. Fig. 2(a) and (b) compare the sizes of DOX-
loaded PEG-PPS and PEG-PPS-cRGD nanocapsules by DLS. In
contrast to DOX-loaded PEG-PPS nanocapsules (particle size
approximately 220 nm), the particle size of DOX-loaded PEG-
PPS-cRGD nanocapsules increased to approximately 255 nm,
indicating that the modification of hydrophilic chain of ¢cRGD
peptide on PEG-PPS resulted in the particle size becoming larger
during the self-crosslinking process. Fig. 2(c) and (d) show TEM
images of the DOX-loaded nanocapsules. The nanospheres with
small dark drug particles dispersed among the gray polymer
matrices are presented, demonstrating that DOX was success-
fully encapsulated inside polymer nanocapsules.

Fig. S71 shows the stability test of DOX-loaded nanocapsules
by DLS test. During the detection period of 48 h, the average
particle size of the nanocapsules exhibited no obvious change
in both PBS and complete DMEM medium, suggesting that
these nanocapsules has well stability in biological mediums.

The drug-loading capacity (DLC) was calculated by redis-
solving the freeze-dried sample in DMSO for UV testing. The
results showed that both DOX-loaded nanocapsules exhibited
preferable drug-loading capacity with 4.4 wt% and 3.6 wt%,
respectively. Moreover, to prove the nanocapsules have dual
redox-responsive drug release property, we incubated DOX-
loaded nanocapsules in PBS buffers with or without 500 uM
H,0, or 10 mM rGSH.* Fig. 2(e) exhibits the drug release

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) and (b) Particle size distribution of DOX-loaded PEG—-PPS

and PEG-PPS-cRGD nanocapsules. (c) and (d) TEM images of DOX-
loaded PEG-PPS and PEG-PPS—cRGD nanocapsules. (e) DOX-release
profiles of DOX-loaded PEG—-PPS and PEG-PPS—cRGD nanocapsules
with or without 500 uM H,O, or 10 mM of rGSH. Data represent means
+ SD (n = 3). ***P < 0.001, ****P < 0.0001.

profiles. Without H,O, and rGSH, only 34.9% and 39.1% of DOX
was released from PEG-PPS and PEG-PPS-cRGD nanocapsules,
respectively, during the testing period of 48 h. In contrast, the
drug release rates of DOX-loaded nanocapsules co-incubated
with H,O, or rGSH were much faster, and cumulative release
of 61.7% and 70.2% observed for PEG-PPS and PEG-PPS-cRGD
nanocapsules co-incubated with H,0,, and 82.7% and 91.8%
was observed for PEG-PPS and PEG-PPS-cRGD nanocapsules
co-incubated with rGSH, suggesting that these nanocapsules
are ultrasensitive to both oxidation and reduction stimuli and
can be used as a promising carrier to prevent premature release
of drugs as well as improve therapeutic efficiency of drugs in
cancer chemotherapy.

In vitro cellular uptake of the nanocapsules

To prove that the cRGD targeting peptide can effectively direct
the nanocapsules bonding to a,B; integrin-overexpressed
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squamous cells and further promote cellular uptake through
the a,B; integrin receptor-mediated endocytosis pathway,** we
used CLSM and FCM to compare the cellular uptake of DOX-
loaded PEG-PPS and PEG-PPS-cRGD nanocapsules in SCC-15
cells. As shown in Fig. 3(a), a bright red fluorescent signal of
DOX was present in the cells incubated with DOX-loaded PEG-
PPS-cRGD nanocapsules, and the fluorescence was localized in
both the cytoplasm and nucleus. In contrast, weak fluorescence
was observed in the cells incubated with cRGD-free nano-
capsules. Fig. 3(b) and (c) assess the quantitative fluorescence
intensity of the cells incubated with both nanocapsules by FCM.
The average fluorescence intensity of the cells incubated with
DOX-loaded PEG-PPS-cRGD nanocapsules was approximately
1.8-fold higher than the cells incubated with cRGD-free nano-
capsules. Receptor blocking experiments were also performed.
The free cRGD peptide was pre-incubated with the cells to block
ayB; integrin before adding DOX-loaded PEG-PPS-cRGD
nanocapsules. From Fig. 3(a), the red fluorescent signal of DOX
was much weaker in the blocking cells compared to non-
blocking cells. Otherwise, the results from FCM (Fig. 3(b) and
(c)) were consistent with CLSM, and the average fluorescence
intensity of the cells pre-incubated with free cRGD was
dramatically decreased to 32% compared with non-blocking
cells. These results confirmed that the modification of cRGD
efficiently enhanced cellular uptake of the nanocapsules
through o, 3; integrin receptor-mediated endocytosis.

In vitro cytotoxicity assay of the nanocapsules

To evaluate the in vitro cytotoxicity of copolymers and drug-
loaded nanocapsules against SCC-15 cells, the MTT assay was
adopted. As shown in Fig. 4(a), the MTT assay of both PEG-PPS
and PEG-PPS-cRGD copolymers presented an excellent
biocompatibility, with more than 80% cells remaining alive
even after treatment with a highest concentration of 330 pg
mL~'. The MTT assays of free DOX and DOX-loaded nano-
capsules are displayed in Fig. 4(b). Both DOX-loaded nano-
capsules present a concentration-related cytotoxicity.
Compared to free DOX, DOX-loaded PEG-PPS and DOX-loaded

DAPI

(a) DOX Overlay (b)

Control
600-
400.
200.
1 10 100 1000
(C) Fluorescence intensity

Fig. 3 (a) CLSM and (b) and (c) FCM of SCC-15 cells after treatment
with DOX-loaded PEG-PPS nanocapsules (A), DOX-loaded PEG-
PPS—cRGD nanocapsules (B), and DOX-loaded PEG-PPS-cRGD
nanocapsules with blocking a,Bs integrin receptors by free cRGD
peptide (C).

Counts

Fluorescence intensity
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Fig. 4 (a) MTT assay of SCC-15 cells after treatment with PEG-PPS
and PEG-PPS—cRGD copolymers. (b) MTT assay of SCC-15 cells after
treatment with free DOX, DOX-loaded PEG-PPS and PEG-PPS—-cRGD
nanocapsules. Data represent means 4+ SD (n = 3). ***P < 0.001. (c)
Live—dead staining (green = live, red = dead) of SCC-15 cells after
treatment with free DOX, DOX-loaded PEG-PPS and PEG-PPS—-cRGD
nanocapsules. Scale bar = 50 um. (d) and (e) Apoptosis analysis of
SCC-15 cells after treatment with free DOX, DOX-loaded PEG-PPS
and PEG-PPS—cRGD nanocapsules by Annexin-V/Pl staining and
expression of cleaved caspase-3.

PEG-PPS-cRGD nanocapsules show a significant cytotoxicity
with 33.2% and 18.1% living cells at the highest DOX concen-
tration of 18 pg mL ™.

To visually identify live and dead cells after treating with free
DOX and DOX-loaded nanocapsules, the live-dead assay was
utilized for staining live cells with green FL (ethidium
homodimer-1) and dead cells with red FL (calcein-AM). Fig. 4(c)
shows that there were more dead cells in the DOX-loaded PEG-
PPS and PEG-PPS-cRGD nanocapsule-treated sample than in
the free DOX sample, proving that DOX-loaded nanocapsules
had a better effect of inducing tumor cell death.
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In vitro apoptosis assay of the nanocapsules

Annexin-V/PI double-staining labeled cells in each group
showed the number of apoptotic or necrotic cells, which was
quantified by FCM analysis in Fig. 4(d). The dot plot showed the
viable cells that did not bind Annexin-V or PI in the D3 quad-
rant. Cells at early stages of apoptosis that bound Annexin-V but
still had intact cell membranes and excluded PI are shown in
the D4 quadrant. Cells with advanced stages of apoptosis or
necrotic were both Annexin-V and PI positive and are shown in
the D2 quadrant. Cells that lost their intact cell membranes that
bound PI and excluded Annexin-V are shown in the D1 quad-
rant. The results showed that the SCC-15 cell apoptosis rate was
significantly higher in the DOX-loaded nanocapsule groups
than in the saline and free DOX groups.

To further investigate the effect of DOX-loaded nanocapsules
in apoptosis, the expression of cleaved caspase-3, which was
used to evaluate the degree of apoptosis, was assessed by
western blot assay. As shown in Fig. 4(e), after treating SCC-15
cells with both DOX-loaded nanocapsules, the expression of
cleaved caspase-3 was significantly increased, especially for
DOX-loaded PEG-PPS-cRGD nanocapsules, suggesting that
more apoptosis might be induced in SCC-15 cells by DOX-
loaded nanocapsules.®*>*

Biosafety evaluation of the nanocapsules

Cancer chemotherapy with safety and low toxicity is a desired
outcome. The hemolysis assay was used to evaluate the
compatibility of DOX-loaded nanocapsules with erythrocytes.
The hemolysis rate of DOX-loaded nanocapsules was less than
5% (in Table S1t), which met the standard requirements of
intravenous administration.

To assess the toxicity of DOX-loaded nanocapsules in vivo,
healthy mice were intravenously injected with saline, free DOX,
and both DOX-loaded nanocapsules for monitoring body
weight, hematological determination, biochemical examina-
tion, and histological analysis. As presented in Table S2,7 there
was no significant difference in body weight among the saline
group and both DOX-loaded nanocapsule groups, but the least
weight gain was observed in the group treated with free DOX.>
The results of hematological determination are shown in
Fig. 5(a). Compared with the saline negative group, WBC and
LYMPH of DOX-loaded nanocapsule groups observed no
significant decrease, suggesting that no myelosuppression
occurred. The indexes of biochemical examination are illus-
trated in Fig. 5(b). The expression of CK and CK-MB in DOX-
loaded nanocapsule groups exhibited no significant increase,
suggesting that the treatment with DOX-loaded nanocapsule
groups caused no obvious cardiac toxicity compared to the
saline group. Furthermore, histological analysis of H&E stain-
ing demonstrated that the groups treated with both DOX-loaded
nanocapsules had no noticeable histopathological change in
any of the tested organs, but free DOX group showed disordered
arrangement and swelling of muscle cells, fiber breakage and
dissolving of sarcoplasm in cardiac tissue (Fig. 5(c)).

Taken together, these biosafety evaluation results demon-
strate that loading DOX into PEG-PPS or PEG-PPS-cRGD

This journal is © The Royal Society of Chemistry 2017
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(a) Hematological determination, (b) biochemical examination, and (c) H&E staining of various organs at day 14 after treating the mice with

saline, free DOX, DOX-loaded PEG—-PPS and PEG-PPS—cRGD nanocapsules.

nanocapsules significantly alleviate the side effects of DOX due
to preventing drug premature leakage and cardiac accumula-
tion,*® making these nanocapsules valuable for cancer chemo-
therapy applications.

In vivo pharmacokinetics

After intravenously injecting the rats with free DOX and DOX-
loaded nanocapsules at the same dose of 5 mg kg™, 100 pL
of blood plasma was collected at different times for pharma-
cokinetic testing. As shown in Fig. 6(a) and (b), the DOX
concentration of both DOX-loaded nanocapsules in blood
plasma was much higher than that of free DOX at the same
time. Further, the main pharmacokinetic parameters from
a three-compartment model analysis are summarized.”” As
shown in Table 1, in vivo retention time of free DOX was short,
and the half time (¢;/,) was 4.02 h. When DOX was loaded in

This journal is © The Royal Society of Chemistry 2017

PEG-PPS and PEG-PPS-cRGD nanocapsules, ¢;,, was prolonged
by 2.35- and 2.68-fold, respectively, compared to free DOX. The
area under the concentration-time curve (AUC) of DOX-loaded
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Fig. 6 (a) Drug concentrations in the blood at different time points

after treating the mice with free DOX, DOX-loaded PEG-PPS and
PEG—-PPS—-cRGD nanocapsules. Data represent means + SD (n = 6).
(b) The percentage of rest drug comparing to initial drug concentration
at different time points after injection.
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Table 1 The main pharmacokinetic parameters after intravenous administration (n = 6)

AUCy_, o (hpg L) t12 (h) Cl(Lh 'kg™) MRTy_. . (h)
Free DOX 12.31 4.02 0.30 3.52
DOX-loaded PEG-PPS 63.29 9.44 0.06 9.72
DOX-loaded PEG-PPS-cRGD 91.19 10.78 0.05 12.51

nanocapsules was 5.14- and 7.41-fold that of free DOX, respec-
tively. The mean retention time (MRT) of DOX-loaded nano-
capsules was 2.76- and 3.55-fold, respectively, compared with
free DOX. The clearance (Cl) of DOX-loaded nanocapsules
dramatically decreased. Therefore, the main pharmacokinetic
parameters were superior to those of free DOX, indicating that
DOX-loaded nanocapsules had better long-term blood circula-
tion performance due to the structure of the nanocapsules
containing PEG segment, which can play an important role for
significantly prolonging the blood circulation time of the
loading drugs.*®
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In vivo imaging and biodistribution

To investigate the tumor-targeting abilities of DOX-loaded
nanocapsules, the BALB/c nude squamous cell carcinoma-
bearing mice were intravenously injected with saline, free DOX,
DOX-loaded PEG-PPS nanocapsules, and DOX-loaded PEG-
PPS-cRGD nanocapsules, and fluorescent images were subse-
quently recorded at different times by an ex/in vivo imaging
system. As shown in Fig. 7(a), FL of DOX demonstrated a time-
dependent biodistribution in the mice for all testing groups. In
contrast to free DOX, both DOX-loaded nanocapsules showed
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(a) In vivo fluorescence imaging of tumor-bearing mice after intravenous injection with saline, free DOX, DOX-loaded PEG—PPS and PEG—

PPS—-cRGD nanocapsules at different times. (b) Ex vivo fluorescence imaging of various organs and tumor tissue. (c) DOX concentrations in
various organs and tumor tissue. (d) and (e) The volume growth curves of tumors, and tumor inhibitory rate. Data represent means + SD (n = 6).
**P < 0.01, ¥***P < 0.001, ****P < 0.0001. (f) H&E staining for pathological changes in tumor sections.
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higher FL signals in the tumor tissue at all of the detection time-
points. After 24 h postinjection, the mice were sacrificed and
various organs were isolated to image ex vivo for further
monitoring the biodistribution of the nanocapsules. As shown
in Fig. 7(b), although the higher FL signal appeared in the liver,
spleen, lung, and kidney for both DOX-loaded nanocapsule
groups, only the DOX-loaded PEG-PPS-cRGD nanocapsule
group presented brighter FL signal in tumor tissue. Further,
DOX concentrations in the organs were measured for quanti-
tative drug distribution analysis (Fig. 7(c)). DOX concentrations
in tumor tissue from DOX-loaded PEG-PPS—-cRGD nanocapsule
group were 2.9- and 1.7-fold higher than those from free DOX
and DOX-loaded PEG-PPS nanocapsule groups, respectively.
Overall, these results clarified that the nanocapsules with the
tumor-targeting cRGD peptide effectively accumulate in the
tumor site, not only through passive targeting by the EPR effect
but also through active targeting by the cRGD receptor-
mediated effect.**

In vivo tumor growth inhibition

The in vivo tumor inhibition efficacy of the DOX-loaded nano-
capsules in the treatment of xenograft squamous cell carcinoma
was investigated by using the BALB/c nude tumor-bearing mice.
As shown in Fig. 7(d), compared to saline group, tumor growth
was significantly inhibited after injecting free DOX and DOX-
loaded nanocapsules. In particular, the mice in the DOX-
loaded PEG-PPS-cRGD nanocapsule group exhibited the
greatest effect of tumor growth inhibition and the inhibition
rate was 51.9% on 28th day (Fig. 7(e)). To further assess the in
vivo antitumor effect, the histological analysis of tumor is
shown in Fig. 7(f). Compared with the three other groups, the
DOX-loaded PEG-PPS-cRGD nanocapsule group exhibited
more obvious nuclear condensation and fragmentation in the
H&E images, indicating that DOX-loaded PEG-PPS-cRGD
nanocapsules had a better antitumor efficiency. Together,
loading DOX into PEG-PPS-cRGD nanocapsules could signifi-
cantly inhibit tumor growth as well as improve the chemo-
therapy effect of DOX for squamous cell carcinoma.

Conclusions

In summary, a self-crosslinked nanocapsule with smart dual
redox-responsiveness and tumor targeting was successfully
prepared using multifunctional PEG-PPS-cRGD branched
copolymers. DOX-loaded nanocapsules exhibited spherical
structures with small drug particles dispersed among the
polymer nanocapsules. The in vitro drug release studies showed
that DOX-loaded nanocapsules had a robust drug release profile
under both oxidation and reduction environment. Cellular
uptake experiments presented that DOX-loaded nanocapsules
are efficiently taken up into the cells by receptor-mediated
endocytosis. Furthermore, the in vitro cytotoxicity investiga-
tions demonstrated that DOX-loaded nanocapsules exhibit
serious cytotoxicity against the SCC-15 cell line. Finally, the in
vivo studies also proved that DOX-loaded nanocapsules effec-
tively target the tumor sites in xenograft models of squamous

This journal is © The Royal Society of Chemistry 2017
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cell carcinoma in nude mice, and extraordinarily inhibit tumor
growth with high biological safety. Moreover, we believe that
our work developed promising polymer nanocarriers, which are
not limited to use with DOX, and can be adapted to a variety of
chemotherapy drugs for different cancer treatments.
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