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Biodegradable micelles are one of the most studied systems for the delivery of hydrophobic anticancer drugs. Their
therapeutic efficacy in vivo is, however, suboptimal, partly due to poor tumor cell uptake aswell as slow intracellular
drug release. Here, we show that cRGD-functionalized intracellularly shell-sheddable biodegradable PEG-SS-PCL
micelles mediate enhanced doxorubicin (DOX) delivery to U87MG glioma xenografts in vivo, resulting in signifi-
cantly improved tumor growth inhibition as compared to reduction-insensitive cRGD/PEG-PCL controls. cRGD/
PEG-SS-PCLmicelles revealed a small size of ca. 61 nm, a decentDOX loading of 14.9wt%, and triggered drug release
in a reductive environment (10 mM glutathione). Flow cytometry, confocal microscopy, and MTT assays demon-
strated that cRGD/PEG-SS-PCL micelles with a cRGD ligand density of 20% efficiently delivered and released DOX
into αvβ3 integrin overexpressing U87MG cells. The in vivo pharmacokinetics studies displayed that DOX-loaded
cRGD20/PEG-SS-PCL micelles had a prolonged elimination half-life time of 3.51 h, which was comparable to that
of cRGD20/PEG-PCL counterparts, indicating that disulfide bonds in the PEG-SS-PCLmicelles are stable in the circu-
lation. Notably, in vivo imaging and biodistribution studies in U87MG glioma xenografts showed that cRGD20/PEG-
SS-PCL micelles led to efficient accumulation as well as fast drug release in the tumor. The therapeutic outcomes
demonstrated that DOX-loaded cRGD20/PEG-SS-PCL micelles exhibited little side effects and superior tumor
growth inhibition as compared to non-targeting PEG-SS-PCL and reduction-insensitive cRGD20/PEG-PCL counter-
parts. The reduction-sensitive shell-sheddable biodegradable micelles have appeared as a fascinating platform for
targeted tumor chemotherapy.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Biodegradable micelles based on poly(ethylene glycol)-poly(ε-
caprolactone) (PEG-PCL), poly(ethylene glycol)-polylactide (PEG-PLA),
and poly(ethylene glycol)-poly(lactide-co-glycolide) (PEG-PLGA) block
copolymers are among the most important nanosystems for anticancer
drug delivery [1–3]. These micelles offer several unique advantages
such as excellent biocompatibility, in vivo biodegradability, and approval
for human use by the US Food and Drug Administration (FDA) [4,5]. A
couple of biodegradable polymeric nanotherapeutics, e.g. Genexol-PM
(micellar paclitaxel) and BIND-014 (docetaxel nanoparticulates), have
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advanced to the clinic or clinical trials [6–8]. It should be noted, however,
that these micellar drugs exhibit suboptimal therapeutic efficacy in vivo,
partly due to poor tumor cell uptake as well as slow intracellular drug
release (as a result of gradual polymer degradation) [9–11].

Interestingly, we andWang et al. found independently that incor-
poration of a disulfide bond between hydrophilic and hydrophobic
blocks could significantly enhance the intracellular drug release
and in vitro antitumor efficacy of biodegradable micellar drugs [12–14].
These reduction-sensitive shell-sheddable biodegradablemicelles exhib-
it similar physicochemical and colloidal properties to the traditional ones
(reduction-insensitive counterparts) as polymer modification is mini-
mal. In recent years, several groups reported that reduction-sensitive
shell-sheddable micelles based on amphiphilic block copolymers with
different architectures and structures have all shown a triggered drug re-
lease behavior and markedly improved antitumor activity in various
tumor cells as compared to their reduction-insensitive counterparts
[15–28]. Galactose-decorated PEG-SS-PCL micelles were shown to effi-
ciently deliver and release doxorubicin (DOX) into the nuclei of HepG2
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cells [29]. In addition, redox-responsive PCL-SS-PEEP nanoparticles could
overcome multidrug resistance due to rapid drug release in MDR cells
[30]. These in vitro results demonstrate that reduction-sensitive shell-
sheddable biodegradable micelles are promising systems for anticancer
drug delivery. The fast triggered intracellular drug release is due to the
presence of a high glutathione level in the cytoplasm of tumor cells [31–
37]. It is interesting to note, nevertheless, that though in vitro results are
highly promising, reduction-sensitive shell-sheddable biodegradable mi-
celles have not been studied in vivo. It has been reported that disulfide-
containing delivery systemsmight encounter stability issues in the circu-
lation due to thiol-disulfide exchange reactions caused by the thiol pools
(e.g., Cys/CySS pool) in the blood circulatory system [38]. Taking themost
advanced antibody drug conjugates (ADCs) as an example, trastuzumab
DM1 conjugates with disulfide linker (SPDP) were pharmacokinetically
less stable as compared to FDA approved non-reducible trastuzumab-
MCC-DM1 (Kadcyla®) [39], implying the necessity to investigate the
stability of disulfide-containing delivery system in the blood circulation.

In this paper, we report on the in vivo pharmacokinetics, bio-
distribution, and therapeutic effects of DOX-loaded cRGD-functionalized
reduction-sensitive shell-sheddable biodegradable PEG-SS-PCL micelles
inU87MGgliomaxenografts (Scheme1). Here,we selected cRGDpeptide
as a model targeting ligand because it shows a high affinity for αvβ3

integrins, which are important biomarkers overexpressed on angiogenic
tumor endothelial cells as well as varying malignant tumor cells such as
U87MG glioblastoma cells and B16 melanoma cells [40–44].

2. Materials and methods

2.1. Materials

Poly(ethylene glycol) monomethyl ether (MeO-PEG, Mn =
5.0 kg/mol, Fluka, USA) was dried by azeotropic distillation from
toluene. ε-Caprolactone (ε-CL, 99%, Alfa Aesar, USA), dichloromethane
(DCM, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) and
dimethyl sulfoxide (DMSO, Sinopharm Chemical Reagent Co., Ltd.,
Scheme1. Illustration of cRGD-functionalized reduction-sensitive shell-sheddable PEG-SS-PCLm
PEG-SS-PCL and cRGD-PEG-PCL block copolymers; (ii) DOX-loaded micelles actively target to a
quickly released into the cytoplasm as a result of GSH-triggered shell shedding.
Shanghai, China) were dried by refluxing over CaH2 and distilled before
use. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC·HCl, 98%, J&K, Beijing, China), N-hydroxysuccinimide (NHS, 98%,
Alfa Aesar, USA), triethylamine (99%, Alfa Aesar, USA),mercaptopropionic
acid (99%, J&K, Beijing, China), 2,2′-Azobisisobutyronitrile (AIBN, 98%,
J&K, Beijing, China), pyrene (N99%, Sigma-Aldrich, USA), triton X-100,
hydrochloric acid, isopropanol, diethylether, N,N-dimethylformamide
(DMF), pyridine, paraformaldehyde were all obtained from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China, doxorubicin hydrochloride
(N99%, Beijing ZhongShuo Pharmaceutical Technology Development
Co., Ltd., Beijing, China), cRGDfK, Cyclo (-Arg-Gly-Asp-D-Phe-Lys),
(cRGD, 98%, ChinaPeptides Co., Ltd., Shanghai, China), glutathione (GSH,
N98%, Amresco, USA), 2-mercaptopyridine (Py-SH, 99%, Sigma, USA), di-
thiothreitol (DTT, 99%, Merck, Darmstadt, Germany), p-nitrophenyl
chloroformate (p-NPC, 97%, Alfa Aesar, USA), cystamine dihydrochloride
(N98%, Alfa Aesar, USA), 2,2′-dithiodipyridine (Py-SS-Py, 99%, Fluka,
USA), zinc bis[bis(trimethylsilyl)amide] (97%, Sigma-Aldrich, USA), and
1,1′-dioctadecyltetramethyl indotricarbocyanine iodide (DiR, 98%, AAT
Bioquest Inc., Sunnyvale, CA, USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT, Sigma, USA), DAPI (Invitrogen, USA),
trypsin (Jinuo Biomedical Technology, Hangzhou, Zhejiang, China), 6, 24
and 96-well plates (Thermo Fisher Scientific, USA)were used as received.

2.2. Cell culture and animal studies

The human gliomaU87MG cell line and human breast cancerMCF-7
cell line were purchased from the cell bank of the Chinese Academy of
Sciences (Shanghai, China). U87MG and MCF-7 cells were maintained
in DMEM medium (HyClone, Logan, Utah, USA) supplemented with
1% (v/v) penicillin and streptomycin (Jinuo Biomedical Technology,
Hangzhou, Zhejiang, China), and 10% (v/v) fetal bovine serum (FBS,
Gibco, Invitrogen, USA). The cells were cultured as a monolayer in a
humidified atmosphere containing 5% CO2 at 37 °C.

Female Balb/c nude mice of 4–6 weeks age were purchased from
Shanghai SLAC laboratory animal Co., Ltd. (Shanghai, China). Mice
icelles for targeted and triggeredDOXdelivery in vivo. (i) Themicelles are assembled from
nd efficiently accumulate in αvβ3-overexpressing U87MG glioma tumor; and (iii) DOX is
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were housed at 25 °C and 55% humidity under natural light/dark condi-
tions and allowed free access to standard food and water (Shanghai
SLAC laboratory animal Co., Ltd., Shanghai, China). All animal proce-
dures were performed following the protocol approved by the Animal
Study Committee of Soochow University.

2.3. Synthesis of polymers

cRGD-PEG-PCL was prepared as previously reported with slight
modifications [42]. Firstly, under a N2 atmosphere, allyl-PEG-b-PCL
(0.50 g, 46 μmol, 1 eq.), mercaptopropionic acid (0.01 g, 0.93 mmol,
20 eq.) and AIBN (0.11 g, 0.69 mmol, 15 eq.) were added to dry DMF
(6 mL). The mixture was stirred at 70 °C for 24 h. The adduct, HOOC-
PEG-b-PCL, was isolated by precipitation in cold diethyl ether, washed
several times with diethyl ether, and dried in vacuo at room tempera-
ture. Yield: 86.3%. HOOC-PEG-b-PCL (0.2 g, 18 μmol, 1 eq.) was reacted
with cRGD (21.7 mg, 36 μmol, 2 eq.) in 3 mL of DMF in the presence of
EDC (10.6 mg, 56 μmol, 3 eq.) and NHS (3.2 mg, 28 μmol, 1.5 eq.). The
reaction was carried out for 24 h at room temperature. The final product,
cRGD-PEG-PCL, was isolated through dialysis against deionizedwater for
48 h (MWCO 7000 Da) followed by lyophilization. Yield: 95.4%. 1H NMR
(400 MHz, DMSO-d6): PEG: δ 3.51; PCL: δ 1.30, 1.54, 2.30, 3.99; cRGD
moiety: δ 6.62, 6.90 (Fig. S4). Mn (GPC) = 17.6 kg/mol. The degree of
cRGD conjugation was determined to be 96% by the Micro BCA Protein
assay kit (Pierce, Thermo Scientific, USA).

PEG-PCL diblock copolymer, was synthesized by ring-opening poly-
merization of ε-CL in DCM at 40 °C using MeO-PEG as an initiator and
zinc bis[bis(trimethylsilyl)amide] as a catalyst. Briefly, in a glove-box
under a nitrogen atmosphere, zinc bis[bis(trimethylsilyl)amide] (19 mg,
50 μmol, 0.5 eq.) was quickly added to a stirred solution of PEG (0.50 g,
100 μmol, 1 eq.), ε-CL (0.30 g, 2.63 mmol, 2.6 eq.) in DCM (4.0 mL). The
reaction vessel was sealed and placed into an oil-bath thermostated at
40 °C. The polymerizationwas allowed to proceedwithmagnetic stirring
for 48 h. The resulting polymer was isolated by precipitation in cold
diethylether, filtration, and drying in vacuo.Mn (1H NMR) = 8.1 kg/mol,
Mn (GPC) = 16.1 kg/mol, PDI (GPC) = 1.21.

PEG-SS-PCL (Mn = 5.0–3.1 kg/mol, PDI = 1.12, Fig. S1 and S2) and
allyl-PEG-b-PCL (Mn= 6.4–3.2 kg/mol, PDI= 1.09, Fig. S3) were synthe-
sized according to our previous reports [12,45].

2.4. Characterization of polymers

1H NMR spectra were recorded on a Unity Inova 400 spectrometer
(Agilent, USA) operating at 400 MHz using deuterated chloroform
(CDCl3, CIL, Andover, MA, USA) or deuterated dimethylsulfoxide
(DMSO-d6, CIL, Andover, MA, USA) as a solvent. The molecular weight
andpolydispersity of the copolymersweredeterminedusing a gel perme-
ation chromatograph (GPC) instrument (Waters 1515, USA) equipped
with two linear PL gel columns (500 Å and Mixed-C) following a guard
column and a differential refractive-index detector (RI 2414). The mea-
surements were performed using DMF as the eluent at a flow rate of
1.0 mL/min at 30 °C and a series of narrow polystyrene standards for
the calibration of the columns.

2.5. Preparation and characterization of blank and DOX-loaded micelles

Typically, cRGD functionalized reduction-sensitive micelles with
different densities of cRGD were prepared by direct injection of 100 μL
of cRGD-PEG-PCL and PEG-SS-PCL block copolymers at a predetermined
molar ratio (10/90, 20/80 and 30/70) in DMF (10mg/mL) into 0.9 mL of
phosphate buffer (PB, 10 mM, pH 7.4) and standing at room tempera-
ture for 2 h to form a homogeneous dispersion, followed by extensive
dialysis against PB for 12 h at room temperature. The cRGD functional-
ized reduction-insensitive cRGD/PEG-PCL micelles and non-targeting
reduction-sensitive PEG-SS-PCL micelles were used as control groups
and prepared in a similar way.
The critical micelle concentration (CMC) was determined using
pyrene as a fluorescence probe.

Hydrophobic DOX was obtained by adding 2.4 mL of triethylamine
(Et3N) to DOX·HCl solution (5 mg DOX·HCl dissolved in 0.98 mL
DMSO) followed by stirring overnight at 37 °C in the dark, removing
the supernatant containing excess Et3N and Et3N·HCl, and finally stirring
overnight to remove residual Et3N by vaporization. Preparation of DOX-
loaded micelles was similar to that of blank micelles except that the or-
ganic phase was a mixture of block copolymers (5 mg/mL in DMF) and
hydrophobic DOX (5 mg/mL in DMSO). To determine the drug loading
content (DLC) and drug loading efficiency (DLE), DOX-loaded micelle
suspensionswere freeze-dried, dissolved inDMF and analyzedwith fluo-
rescence spectroscopy (Agilent Technologies, USA) at Ex = 480 nm,
Em=560nm.A calibration curvewas obtainedwithDOX/DMF solutions
with different DOX concentrations. DLC and DLE were calculated accord-
ing to the following formulae:

DLC wt%ð Þ ¼ weight of loaded drug=total weight of polymer and loaded drugð Þ � 100
DLE wt%ð Þ ¼ weight of loaded drug=weight of drug in feed� 100

The size of micelles was determined using dynamic light scattering
(DLS). Measurements were carried out at 25 °C using a Zetasizer
Nano-ZS (Malvern Instruments, UK) equipped with a 633 nm He-Ne
laser using back-scattering detection. Transmission electronmicroscopy
(TEM) was performed using a Tecnai G220 TEM (Hillsboro, OR, USA)
operated at an accelerating voltage of 200 kV.

The quenching of DOX in DOX-loaded PEG-SS-PCL micelles was in-
vestigated by measuring the fluorescence spectra of PEG-SS-PCL mi-
celles with different DOX loadings (2.5%, 5%, 10%, 20%).

2.6. Serum stability and reduction-triggered destabilization of micelles

The stability of PEG-SS-PCL and cRGD20/PEG-SS-PCL micelles in the
presence of 10% FBS was assessed by DLS. Samples were maintained at
37 °C in a shaking bath (THZ-C, Taicang Instrument Factory, Jiangsu,
China) at 200 rpm, for 24 h. At desired time intervals, the sizes were de-
termined by DLS.

The destabilization of cRGD20/PEG-SS-PCL micelles in response to
10 mM or 20 μM GSH in PB buffer (10 mM, pH 7.4) was investigated
by DLS measurements. Briefly, cRGD20/PEG-SS-PCL micelle dispersion
and GSH solution (the pH was adjusted to 7.4 with 1 M NaOH) were
gently bubbledwith nitrogen gas for 10min, respectively. Then GSH so-
lution was quickly added into themicelle dispersion (final GSH concen-
tration: 10mMor 20 μM) and themixture was immediately placed in a
shaking bath (200 rpm) at 37 °C. At different time intervals, the micelle
size was measured using DLS. PEG-SS-PCL and cRGD20/PEG-PCL mi-
celles were used as control groups.

2.7. Reduction-triggered drug release

The in vitro release of DOX frommicelles was studied using a dialysis
tube (Spectra/Pore,MWCO12000) at 37 °C in PB (10mM, pH 7.4) either
in the presence or absence of 10mMor 20 μMGSH. To acquire sink con-
ditions, drug release studies were performed at a micelle concentration
of 1.0 mg/mL (DOX concentration ~175 μg/mL) with 0.5 mL of micelle
dispersion dialyzed against 25mLof the samemedia. At desired time in-
tervals, 5 mL of release mediumwas taken out and replenished with an
equal volume of freshmedium. The amount of DOX released was deter-
mined by using fluorescence measurements.

2.8. Cellular uptake of micelles

Cellular uptake of micelles was analyzed by confocal laser scanning
microscopy (CLSM, Leica TCS SP5,Wetzlar, Germany) andflow cytometry
(FACS Calibur, BD Biosciences, USA). For confocal studies, U87MG cells
were seeded on round glass coverslips at a density of 2 × 104 cells/well
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in 24-well plates and cultured at 37 °C for 24h. DOX-loadedmicelleswere
added and incubated for 4 h or 12 h at a DOX concentration of 10 μg/mL.
The culture medium was removed and the cells were washed with PBS.
The cell nuclei were stained with DAPI for 10 min. The cells following
three timeswashingwith PBS, fixation using 4% (w/v) paraformaldehyde,
and three times washing again with PBS were examined with CLSM.

For flow cytometry analysis, U87MGcellswere seeded at a density of
2 × 105 cells/well in 6-well plates and cultured for 24 h. DOX-loadedmi-
celles were added and incubated for 4 h at a DOX concentration of
10 μg/mL. The cells were washed three times with PBS, detached with
trypsin, centrifuged at 156.5 ×g for 5 min and suspended in 0.5 mL of
PBS. The cells were analyzed using flow cytometry at the FL2-channel
(excitation 488 nm and emission ~575 nm). For each sample, 10,000
events were collected and U87MG cells cultured under normal condi-
tions were used as the control.

2.9. MTT assay

The antitumor activity of DOX-loaded micelles and free DOX·HCl
were determined by the MTT assay. Briefly, U87MG cells were seeded
at a density of 8 × 103 cells/well in 96-well plates and cultured for
12 h. The prescribed amounts of DOX-loaded micelles or free DOX·HCl
in 10 μL of PBS were added. The cells were incubated for 4 h, the
medium was removed and replaced with fresh medium, and the cells
were incubated for another 44 h. Subsequently, 20 μL of MTT stock
solution (5mg/mL)was added to eachwell, and the plateswere further
incubated for 4 h at 37 °C in the dark. The medium was discarded and
100 μL of DMSO was added to dissolve the blue formazan crystals. Cell
viability was assessed by the absorbance at 492 nm of the DMSO solu-
tion measured on a microplate reader. The data were expressed as the
percentages of viable cells compared to the survival of a control group
(untreated cells).

2.10. In vivo pharmacokinetics

The mice were handled under protocols approved by Soochow
University Laboratory Animal Center and the Animal Care andUse Com-
mittee of Soochow University. The DOX level in blood wasmeasured by
drawing ~10 μL of blood from the tail vein of nudemice at different time
points post-injection of DOX loaded PEG-SS-PCL, cRGD20/PEG-PCL,
cRGD20/PEG-SS-PCL or free DOX·HCl (10 mg DOX equiv./kg). Each
blood sample was dissolved in 0.15 mL of lysis buffer (1% v/v Triton
X-100) with brief sonication. DOX was extracted by incubating blood
samples in hydrochloric acid-isopropanol (HCl-IPA) at −20 °C over-
night. The samples were vortexed and centrifuged at 30,065 ×g for
15 min. The DOX level of the supernatant was determined by fluores-
cence measurement. Data are presented as the percentage injected
dose per gram blood (%ID/g). The elimination half-life (t1/2β) was calcu-
lated by fitting the experimental data using Software Origin8 exponen-
tial decay 2 model: y = A1 × exp(−x/t1) + A2 × exp(−x/t2) + y0, and
taking t1/2β = 0.693 × t2.

2.11. In vivo imaging

Tumor-bearing mice were established as described previously [42].
Briefly, about 1 × 107 U87MG cells were subcutaneously injected in
the scapular region of the mice. Tumors were allowed to grow to an
average volume of about 50 mm3 in diameter before the experiment.
The fluorescent dye DiR was entrapped into the micelles to investigate
the tumor targeting efficacy of different types ofmicelles in vivo. In a typ-
ical example, PEG-SS-PCL (4 mg, 0.5 μmol), cRGD-PEG-PCL (1.25 mg,
0.125 μmol) and DiR (0.05 mg, 1% drug loading content) were dissolved
in 200 μL DMF, mixed thoroughly and then injected into 1.0 mL of PB
(10 mM, pH 7.4). The solution was kept at room temperature for 2 h
and then extensively dialyzed against PB buffer for 12 h at room temper-
ature. The quenching of DiR in DiR-loaded PEG-SS-PCL micelles with
different DiR loadings (0.5%, 1%, 2.5%, 5%) was investigated in a similar
way as for DOX-loaded micelles described above. DiR-loaded PEG-SS-
PCL, cRGD20/PEG-PCL or cRGD20/PEG-SS-PCL micelles were injected
into tumor-bearing mice via the tail vein at a DiR concentration of
25 μg/mL, respectively. At 4, 8, 12, 24 and 72 h post injection, the mice
were anesthetized, and whole body fluorescence images were acquired
using a near-infrared fluorescence imaging system (Kodak, Rochester,
NewYork)with awavelength set at Ex=748 nm, Em=780 nm.During
the imaging acquiring process, 3% isoflurane anesthesia (Abbott labora-
tories, Chicago, IL) was delivered to the mice via a nose cone system.
The fluorescence intensity of DiR at the tumor site was measured by
using the region of interest (ROI) function and data are presented as
means ± SD (n= 3).

2.12. Biodistribution

To quantify the amount of DOX delivered to the tumor and different
organs, U87MG tumor-bearing mice following 4 h i.v. injection with
DOX loaded PEG-SS-PCL, cRGD20/PEG-PCL, cRGD20/PEG-SS-PCL mi-
celles or free DOX·HCl (10 mg DOX equiv./kg) were sacrificed. The
tumor and organs including heart, liver, spleen, lung, and kidney were
collected, washed with cold saline, weighed, and homogenized in
0.6 mL of 1% Triton X-100. Then 0.9 mL of the extraction solution (HCl-
IPA) was added, and the samples were incubated at −20 °C overnight.
After vortexing and centrifugation at 17, 226 ×g for 15 min, the DOX
level of the supernatant was determined by fluorescence measurement.
Data are presented as the percentage injected dose per gram tissue
(%ID/g). The corresponding tumor-to-normal tissue (T/N) distribution
ratios were calculated according to the formulae: T/N(%) = (percentage
injected dose per gram tumor/percentage injected dose per gramnormal
tissue) × 100.

2.13. In vivo antitumor efficacy

Nudemice bearing U87MG glioma xenografts were used to evaluate
the efficacy of DOX-loaded PEG-SS-PCL, cRGD20/PEG-PCL, cRGD20/
PEG-SS-PCL micelles and free DOX·HCl. The treatments were initiated
when the tumor reached a volume of 30–40 mm3. The day starting
the treatment was designated as day 0. On day 0, the mice were ran-
domly divided into six groups of 5 mice and injected intravenously via
the tail vein with the above formulations (10 mg DOX equiv./kg). The
treatmentwas repeated every 4 days for a total of 7 doses. The injection
volume was 0.2 mL per 20 g of mouse body weight. The tumor sizes
were measured by calipers and the volume was calculated according
to the formula V = 0.5 × L ×W × H, wherein L is the tumor dimension
at the longest point,W is the tumor dimension at thewidest point andH
is the height of the tumor.

2.14. Statistical analysis

All data are presented as the mean± standard deviation (SD). One-
way analysis of variance (ANOVA) was used to determine significance
among groups, after which post-hoc tests with the Bonferroni correc-
tion were used for comparison between individual groups. Statistical
significance was established at p b 0.05. * p b 0.05, ** p b 0.01, ***
p b 0.001.

3. Results and discussion

3.1. Preparation and triggered drug release behavior of
cRGD-functionalized reduction-sensitive shell-sheddable micelles

cRGD-functionalized reduction-sensitive shell-sheddable micelles
(cRGD/PEG-SS-PCL) were readily prepared from PEG-SS-PCL (5.0–
3.1 kg/mol) and cRGD-PEG-PCL (6.4–3.2 kg/mol) copolymers
(Table S1). In order to expose the cRGD ligand at the micelle outer



Fig. 1. Size and stability of blank cRGD20/PEG-SS-PCLmicelles. The size distribution of cRGD20/PEG-SS-PCLmicelles determined by DLS (A) and TEM (B). (C) The serum stability (against
10% FBS, n = 3) of cRGD20/PEG-SS-PCL micelles. cRGD20/PEG-PCL micelles and PEG-SS-PCL micelles were used as controls. (D) GSH-triggered destabilization (against 10 mM GSH) of
cRGD20/PEG-SS-PCL micelles.
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surface, the PEG in cRGD-PEG-PCL was designed longer than that in
PEG-SS-PCL (6.4 vs 5.0 kg/mol). It is known that ligand density is an
important factor for efficient active tumor-targeting [46,47]. Here, we
prepared different densities (10%, 20% and 30%) of cRGD functionalized
PEG-SS-PCL micelles by adjusting the molar ratios of cRGD-PEG-PCL to
PEG-SS-PCL (corresponding micelles were denoted as cRGD10/PEG-
SS-PCL, cRGD20/PEG-SS-PCL and cRGD30/PEG-SS-PCL, respectively).
Table S2 displayed that cRGD/PEG-SS-PCL micelles with different
cRGD densities had a similar size (61–63 nm), which was comparable
to that of PEG-SS-PCL micelles (56 nm). Then we established the
optimal cRGD density by flow cytometry. Fig. S5 shows that U87MG
cells treated with DOX-loaded cRGD20/PEG-SS-PCL micelles exhibited
stronger fluorescence intensity, which was about 3.8-fold and 2.2-fold
stronger than those treated with non-targeted PEG-SS-PCL and
cRGD10/PEG-SS-PCL counterparts, respectively; supporting that cRGD
peptide decoration facilitates the internalization of PEG-SS-PCLmicelles
into U87MG cells. Notably, increase of cRGD density to 30% did not fur-
ther increase intracellular DOX fluorescence, indicating that 20% cRGD
peptide density is optimal for efficient interaction with surface αvβ3

receptors of U87MG cells [40].
Therefore we fixed the density of cRGD to 20% and PEG-SS-PCL

micelles and cRGD20-functionalized PEG-PCL micelles (cRGD20/PEG-
PCL) were prepared as non-targeting and reduction-insensitive con-
trols, respectively. DLS showed that cRGD20/PEG-SS-PCL micelles had
a narrow size distribution and a small size of 61 nm (Fig. 1A). TEM
Table 1
Characterization of blank and DOX-loaded cRGD20/PEG-SS-PCL micelles, PEG-SS-PCL micelles,

Sample Blank micelles DOX-loaded mic

Size (nm)b PDIb Size (nm)b

cRGD20/PEG-SS-PCL 61 ± 1.2 0.09 62 ± 3.1
PEG-SS-PCL 56 ± 0.8 0.12 65 ± 2.1
cRGD20/PEG-PCL 64 ± 2.6 0.14 66 ± 2.7

a Determined by dynamic light scattering (DLS), n = 3.
b Determined by fluorescence measurement, n = 3.
c Determined using pyrene as a fluorescent probe, n = 3.
demonstrated that cRGD20/PEG-SS-PCL micelles had a uniform spheri-
cal morphology and an average size of about 50 nm (Fig. 1B), which
was close to that determined by DLS. Fig. 1C revealed that cRGD20/
PEG-SS-PCL micelles as well as PEG-SS-PCL micelles and cRGD20/PEG-
PCLmicelles were rather stable against 10% FBS likely due to the protec-
tion of the PEG layer [48,49]. However, in an intracellular-mimicking
reductive environment (10 mM GSH), cRGD20/PEG-SS-PCL micelles
disassembled and formed large aggregates (Fig. 1D), similar to PEG-
SS-PCL micelles (Fig. S6 A) [12], while there was no size change for
reduction-insensitive cRGD20/PEG-PCL micelles (Fig. S6 B). We also in-
vestigated the stability of cRGD20/PEG-SS-PCL micelles in the presence
of 20 μMGSHwhichmimics the reducing environment of the circulato-
ry system.No size changewas observed after 12 h incubation (Fig. S7 A),
indicating that this slightly reducing environment had little effect on
our shell-sheddable micelles.

Hydrophobic DOX was loaded into the micelles at a theoretical
drug loading content (DLC) of 20.0 wt%. The results showed a drug
loading efficiency (DLE) of 74.5% for cRGD20/PEG-SS-PCL micelles,
which led to a decent DOX loading of 15.7 wt% (Table 1). Notably,
the loading of DOX had little influence on the micellar size. The
in vitro release studies confirmed that DOX release from cRGD20/
PEG-SS-PCL micelles was triggered by 10 mM GSH (Fig. 2). In the
presence of 10 mM GSH, 72.3% drug was released from cRGD20/
PEG-SS-PCL micelles in 12 h. In contrast, only 14.1% drug was re-
leased under a non-reductive condition. It should further be noted
and cRGD20/PEG-PCL micelles (theoretical DLC = 20 wt%).

elles DLC (wt%)a DLE (wt%)a CMC (mg/L)c

PDIb

0.16 14.9 70.2 6.8
0.11 15.5 73.3 7.4
0.18 15.7 74.5 6.3



Fig. 2. In vitro drug release profiles of DOX-loaded cRGD20/PEG-SS-PCL micelles, either in
the presence (filled symbols) or absence (open symbols) of 10 mM GSH, at pH 7.4 and
37 °C. DOX-loaded PEG-SS-PCL micelles and cRGD20/PEG-PCL micelles were used as
controls. Data are presented as mean ± SD (n = 3).
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that cRGD20/PEG-SS-PCL micelles had almost the same release pro-
files as PEG-SS-PCL micelles, indicating that the incorporation of 20%
cRGD-PEG-PCL into PEG-SS-PCL micelles has no profound effect on
the DOX release. In comparison, DOX release from cRGD20/PEG-
PCL micelles (reduction-insensitive control) was not enhanced by
10 mM GSH. The drug release of cRGD20/PEG-SS-PCL micelles was
also investigated under a blood circulation-mimicking reducing en-
vironment (20 μM GSH), which was almost the same as that in the
absence of GSH (Fig. S7 B), again demonstrating that cRGD20/PEG-
SS-PCL micelles are able to remain intact in this slightly reducing
environment.
Fig. 3. Cellular uptake and intracellular drug release behavior of DOX-loadedmicelles inαvβ3 ov
DOX-loaded cRGD20/PEG-PCL micelles (a), 4 h incubation with DOX-loaded PEG-SS-PCL micel
with DOX-loaded cRGD20/PEG-SS-PCL micelles (d), and 12 h incubation with free DOX·HCl (
loaded cRGD20/PEG-SS-PCL micelles compared to DOX-loaded PEG-SS-PCL micelles and DO
negative MCF-7 cells (C). DOX-loaded micelles were added and incubated for 4 h at a DOX con
3.2. In vitro assessment of DOX-loaded cRGD/PEG-SS-PCL micelles

Next, we investigated the cellular uptake behavior of DOX-loaded
cRGD20/PEG-PCL, PEG-SS-PCL, cRGD20/PEG-SS-PCL and free DOX·HCl,
respectively. As shown in Fig. 3A, although with the same 20% cRGD
decoration, cells treatedwith cRGD20/PEG-PCLmicelles for 4 h exhibited
much weaker fluorescence intensity than those treated with cRGD20/
PEG-SS-PCL micelles, indicating that cRGD20/PEG-SS-PCL micelles
mediate faster intracellular DOX release than cRGD20/PEG-PCL micelles.
It is known that the fluorescence of DOX is self-quenched if encapsulated
in the micelles due to homo Förster resonance energy transfer (homo-
FRET) [50–52](Fig. S8). After 12 h incubation, DOX released from
cRGD20/PEG-SS-PCL gradually entered into the nucleus, the fluorescence
intensity of which was almost comparable with those treated with free
DOX·HCl. It was noted that the cytoplasm of cRGD20/PEG-SS-PCL
micelles treated cells was still highly fluorescent, probably because it
takes much more time for hydrophobic DOX to get across the nuclear
membrane while free DOX·HCl rapidly diffuses to the nucleus [53].
Flow cytometry showed that the cellular uptake of DOX for cRGD20/
PEG-SS-PCL micelles was about 2.3-fold and 4-fold stronger than that of
DOX for PEG-SS-PCL micelles and DOX for cRGD20/PEG-PCL micelles,
respectively (Fig. 3B), which is consistent with the CLSM observations.
However, in αvβ3 negative MCF-7 breast cancer cells, no difference was
observed in the cellular uptake of DOX between cRGD20/PEG-SS-PCL
micelles and PEG-SS-PCL micelles (Fig. 3C). The above results indicate
that cRGD20/PEG-SS-PCL micelles can efficiently target to αvβ3 overex-
pressing U87MG cells and efficiently deliver and release DOX into the
nuclei of the cells.

The in vitro antitumor efficiency of DOX-loaded micelles was
investigated by the MTT assay using U87MG cells. We firstly evaluated
the cytotoxicity of blank micelles. The results showed that even at a
high micelle concentration (1 mg/mL, corresponding to a system with
~175 μg DOX/mL in DOX-loaded micelles), the cell viability was over
92% (Fig. 4A), corroborating that cRGD20/PEG-SS-PCLmicelles are prac-
tically non-cytotoxic. Then, the cytotoxicity of DOX-loadedmicelles was
erexpressing U87MG cells. (A) CLSM images of U87MG cells following 4 h incubationwith
les (b), 4 h incubation with DOX-loaded cRGD20/PEG-SS-PCL micelles (c), 12 h incubation
e). The scale bars correspond to 10 μm in all the images. Flow cytometry studies of DOX-
X-loaded cRGD20/PEG-PCL micelles in αvβ3 overexpressing U87MG cells (B) and αvβ3

centration of 10 μg/mL. Cells without any treatment were set as control.



Fig. 5. (A) In vivo pharmacokinetics of DOX-loaded cRGD20/PEG-SS-PCL micelles in nude
mice (DOX dosage= 10mg/kg). DOX-loaded PEG-SS-PCL, DOX-loaded cRGD20/PEG-PCL,
and free DOX·HCl were used as controls. Data are presented asmean± SD, n= 3. N.S.: no
significance, *** p b 0.001, comparedwith the other threemicelle groups. (B)Whole-body
images of U87MG tumor-bearing nudemice at various time points after tail vein injection
of DiR-loaded PEG-SS-PCL micelles (a), DiR-loaded cRGD20/PEG-PCLmicelles (b), or DiR-
loaded cRGD20/PEG-SS-PCLmicelles (c). The red circle indicates the position of the tumor.

Fig. 4. MTT assays of blank micelles and DOX-loaded micelles in U87MG cells. (A) Viability of U87MG cells following 48 h incubation with blank PEG-SS-PCL, cRGD20/PEG-PCL, and
cRGD20/PEG-SS-PCL micelles; and (B) In vitro antitumor activity of DOX-loaded cRGD20/PEG-SS-PCL micelles against U87MG cells. The cells were incubated with DOX-loaded
cRGD20/PEG-SS-PCL micelles for 4 h, the medium was removed and replenished with fresh culture medium, and the cells were incubated for an additional 44 h. DOX-loaded cRGD20/
PEG-PCL micelles, DOX-loaded PEG-SS-PCL micelles and free DOX·HCl were used as controls. Data are presented as mean ± SD (n = 4).
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investigated at various DOX concentrations (0.01–50 μg/mL). Fig. 4B
showed that cRGD20/PEG-SS-PCLmicelles exhibited a high antitumor ef-
fect, with a half-maximal inhibitory concentration (IC50) of 6.36 μg/mL,
which was 5.3-fold and 2.9-fold lower than that of cRGD20/PEG-PCL
(33.75 μg/mL) and PEG-SS-PCL (18.35 μg/mL) controls, respectively.
These results further confirm that both active-targeting and reduction-
sensitive drug release are critical for PEG-PCL micelles to achieve high
antitumor activity.

3.3. In vivo pharmacokinetics and biodistribution in U87MG xenografts

An ideal disulfide-containing drug delivery system (DDS) should
remain stable in the blood circulation to avoid premature cleavage
[38]. However, some studies showed that thiol-disulfide exchange
reactions could also occur in blood, which led to rapid clearance of
DDS [39,54]. To investigate the stability of the disulfidebonds in our sys-
tem, aswell as the effect of targeting ligand on circulating time, we test-
ed the half-life time of different DOX-loaded micelles. Fig. 5A displayed
that DOX-loaded cRGD20/PEG-SS-PCL micelles had a prolonged elimi-
nation half-life time (t1/2β) of 3.51 h, which was comparable to that
for cRGD20/PEG-PCL counterparts, indicating that disulfide bonds in
this PEG-SS-PCL micelle system are stable in the circulation. The good
stability of cRGD/PEG-SS-PCL micelles in the circulation is likely due to
two aspects. One is the relatively weak reductive environment in the
blood circulation (approximately 2–20 μMGSH) leading to minimal di-
sulfide exchange reactions [31,38]. The other is the effective steric pro-
tection of the disulfide linkages against thiol-containing proteins by the
PEG layer [11,38]. As we demonstrated above, the cRGD20/PEG-SS-PCL
micelles remained stable and no accelerated drug release was observed
in the presence of 20 μM GSH (Fig. S7). In comparison, free DOX·HCl
was rapidly eliminated from the circulation with an extremely short
t1/2β of 0.13 h. It should further be noted that there was no significant
difference (p N 0.05, ANOVA + post hoc with Bonferroni correction) in
t1/2β between cRGD20/PEG-SS-PCL micelles and PEG-SS-PCL micelles,
indicating that 20% cRGD decoration has little effect on the pharmacoki-
netics of PEG-SS-PCL micelles.

To visualize the tumor-targeting effect of cRGD20/PEG-SS-PCL
micelles in vivo, micelles were loaded with DiR, a hydrophobic near in-
frared fluorescent dye. The U87MG bearing nude mice following tail
vein injection of DiR-loaded cRGD/PEG-SS-PCL micelles were imaged
using a near-infrared fluorescence imaging system. The results showed
that strong DiR fluorescence was observed at the tumor 8 h after injec-
tion of DiR-loaded cRGD20/PEG-SS-PCL micelles (Fig. 5Bc). In compari-
son, mice following 8 h injection with DiR-loaded cRGD20/PEG-PCL
(Fig. 5Bb) and PEG-SS-PCL (Fig. 5Ba) micelles displayed much weaker
DiR fluorescence and strong DiR fluorescence was observed only at
24 h post injection. It is also interesting to note that the fluorescence in-
tensity in the tumor was maintained for a much longer time for DiR-
loaded cRGD20/PEG-SS-PCL micelles than DiR-loaded cRGD20/PEG-
PCL and PEG-SS-PCL controls. The strong DiR fluorescence observed
for cRGD20/PEG-SS-PCL micelles as compared to cRGD20/PEG-PCL



Fig. 6. In vivobiodistribution of DOX-loaded cRGD20/PEG-SS-PCLmicelles inU87MG tumor-
bearing nudemice (DOXdosage=10mg/kg) at 4 hpost injection. DOX-loaded PEG-SS-PCL,
DOX-loaded cRGD20/PEG-PCL, and free DOX·HCl were used as controls. (A) Ex vivo DOX
fluorescence images of tumors and different organs (1: liver, 2: spleen, 3: kidney, 4: lung,
5: heart and 6: tumor). DOX-loaded cRGD20/PEG-SS-PCL (a), DOX-loaded cRGD20/PEG-
PCL (b), DOX-loaded PEG-SS-PCL (c), and free DOX·HCl (d); (B) DOX level, expressed as
injected dose per gram of tissue (%ID/g), in the tumor and different organs. * p b 0.05, **
p b 0.01, *** p b 0.001. Data are presented as mean ± SD (n = 3).
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micelles is likely due to themore efficient release of DiR. As we demon-
strated in Fig. S8, DiR is quenched if loaded in a high concentration in the
micellar core [55].WhenDiR releases frommicelles, it will anchor in the
cell membrane stably and emits stronger fluorescence [56]. Although
the release behavior of DiR-loaded PEG-SS-PCL micelles should be sim-
ilar as that of DiR-loaded cRGD20/PEG-SS-PCL micelles after arrival in
the cytoplasm of the tumor cells, cRGD20/PEG-SS-PCL micelles are ac-
tively targeting U87MG tumor cells, leading to an enhanced accumula-
tion of micelles in tumor tissue and subsequent higher amounts of
released DiR. The quantitative analysis (Fig. S9) also showed that the
fluorescence intensity at the tumor site for DiR-loaded micelles rapidly
increased for the first 24 h and then remained almost stable up to 72 h.
Obviously, cRGD20/PEG-SS-PCLmicelles at the tumor site at 72 h exhib-
ited much stronger fluorescence intensity than the other two groups
(p b 0.01). The above results confirm that cRGD20/PEG-SS-PCLmicelles
efficiently deliver and release DiR into U87MG xenografts in mice.

The in vivo biodistribution of DOX-loaded cRGD/PEG-SS-PCL mi-
celles was investigated using U87MG tumor-bearing nude mice. The
Table 2
Tumor-to-normal tissue (T/N) distribution ratios of DOX at 4 h post i.v. injection of different D

Formulations Liver Heart

cRGD20/PEG-SS-PCL 1.71 ± 0.10 8.22 ± 0.49
cRGD20/PEG-PCL 1.32 ± 0.11 9.32 ± 2.13
PEG-SS-PCL 0.39 ± 0.05 3.81 ± 1.82
DOX·HCl 1.05 ± 0.11 1.06 ± 0.08
mice were injected via the tail vein with DOX-loaded cRGD/PEG-SS-
PCL micelles at a DOX dosage of 10 mg/kg. Fig. 6A shows the ex vivo
DOX fluorescence images of tumor and major organs such as liver,
heart, spleen, lung, and kidney isolated from of U87MG bearing mice
4 h post injection. Notably, mice treated with DOX-loaded cRGD20/
PEG-SS-PCL micelles exhibited much stronger DOX fluorescence at the
tumor than in the other organs, supporting that cRGD20/PEG-SS-PCL
micelles have good tumor selectivity and can efficiently release DOX
into the tumor. The fluorescence of DOX is self-quenched if not released
from the micelles. It should further be noted that the tumor of mice
treated with DOX-loaded cRGD20/PEG-SS-PCL micelles exhibited
much stronger fluorescence than that with DOX-loaded PEG-SS-PCL,
DOX-loaded cRGD20/PEG-PCL, and free DOX·HCl. The quantification
of DOX in the tumor andmajor organs showed that tumor accumula-
tion of DOX was 4.38%ID/g for cRGD20/PEG-SS-PCL micelles, which
was the highest among all the organs and was ca. 2.2-fold higher
than that for PEG-SS-PCL (1.99%ID/g) (Fig. 6B), corroborating that
cRGD functionalization facilitates active targeting to U87MG tumor
[35,57,58]. Notably, the accumulation in the liver of DOX-loaded
cRGD20/PEG-SS-PCL micelles and cRGD20/PEG-PCL micelles as deter-
mined by extraction of the organs was lower than that of PEG-SS-PCL
micelles (Fig. 6B), probably because of active targeting of cRGDmicelles
to tumor tissue [42]. It should further be noted that cRGD20/PEG-PCL
micelles had a very similar biodistribution profile and tumor accumula-
tion (4.12%ID/g) as cRGD20/PEG-SS-PCLmicelles. TheDOXfluorescence
at the tumor was, however, much weaker for the DOX-loaded cRGD20/
PEG-PCL micelles (Fig. 6A), which is most probably related to slow in-
tracellular DOX release. We also observed that DOX accumulation and
fluorescence in the heart was significantly lower (p b 0.01) for mice
treated with DOX-loaded micelles than with free DOX·HCl, which sig-
nifies that thesemicellar formulations can effectively reduce the cardiac
toxicity of free DOX·HCl. It is therefore evident that cRGD20/PEG-SS-
PCL micelles lead to efficient accumulation in U87MG tumor as well as
selective and fast drug release into U87MG tumor cells. The correspond-
ing tumor-to-normal tissue (T/N) distribution ratios of DOX (Table 2)
further demonstrate that cRGD20/PEG-SS-PCLmicelles have greatly en-
hanced the DOX accumulation in U87MG tumors while reducing DOX
uptake by healthy organs.

3.4. In vivo antitumor efficacy

The in vivo antitumor efficacy of DOX-loaded cRGD20/PEG-SS-PCL
micelles was studied using U87MG glioma-bearing nude mice and
compared to DOX-loaded cRGD20/PEG-PCL, DOX-loaded PEG-SS-PCL,
and free DOX·HCl. Themicewere injected via the tail vein at a drug dos-
age of 10mgDOX equiv./kg every 4 days. The results showed that DOX-
loaded cRGD20/PEG-SS-PCLmicelles caused significantlymore effective
suppression of tumor growth (p b 0.05) than both DOX-loaded PEG-SS-
PCL and DOX-loaded cRGD20/PEG-PCL micelles (Fig. 7A), indicating
that homing to U87MG tumor cells by cRGD peptide and rapid intracel-
lular drug release both play an important role in effective tumor thera-
py. Notably, DOX-loaded PEG-SS-PCL and DOX-loaded cRGD20/PEG-
PCLmicelles could also inhibit tumor growth to a certain extent and ex-
hibited similar antitumor effect as a result of interplay between active
tumor targeting and intracellular drug release. PEG-SS-PCL micelles al-
though showing a triggered intracellular drug release behavior cannot
be effectively taken up by U87MG tumor cells while cRGD20/PEG-PCL
OX-loaded micelles or free DOX·HCl. Data are presented as mean ± SD (n = 3).

Spleen Lung Kidney

13.56 ± 3.55 3.29 ± 0.07 1.32 ± 0.08
8.86 ± 4.11 2.42 ± 0.05 1.21 ± 0.02
3.62 ± 1.23 1.16 ± 0.15 0.63 ± 0.05
3.50 ± 1.43 2.28 ± 0.08 0.59 ± 0.09



Fig. 7. In vivo antitumor performance of DOX-loaded cRGD20/PEG-SS-PCL micelles in U87MG tumor-bearing nudemice. DOX-loaded cRGD20/PEG-PCLmicelles, DOX-loaded PEG-SS-PCL
micelles, and saline were used as controls. The drugwas given on day 0, 4, 8, 12, 16, 20 and 24 (drug dosage= 10mg DOX/kg). (A) Tumor volume changes in time. Data are presented as
mean± SD (n= 5). (B) Photographs of tumor blocks collected from different treatment groups on day 30 (n= 3). a, saline; b, DOX-loaded cRGD20/PEG-PCL; c, DOX-loaded PEG-SS-PCL;
d, DOX-loaded cRGD20/PEG-SS-PCL. (C) Body weight changes of nude mice following different treatments within 30 days. Data are presented as means ± SD (n = 5). For the free
DOX·HCl-treated group, 3 mice died at day 16. *p b 0.05, ** p b 0.01, *** p b 0.001.
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micelles are efficiently internalized into U87MG tumor cells via the
receptor-mediated endocytosis mechanism but show slow intracellular
drug release. The photographs of tumor blocks ofmice isolated at day 30
showed that mice treated with DOX-loaded cRGD20/PEG-SS-PCL mi-
celles had the smallest tumor size (Fig. 7B), confirming that cRGD20/
PEG-SS-PCL micelles lead to the best tumor growth inhibition. Notably,
mice treated with DOX-loaded RGD20/PEG-SS-PCL micelles, similar to
those with DOX-loaded cRGD20/PEG-PCL and DOX-loaded PEG-SS-PCL
micelles, had little body weight change compared with the saline treat-
ed group (Fig. 7C), confirming that micellar drugs have low side effects
[4,59,60]. In contrast, mice treated with free DOX·HCl at the same dos-
age showed dramatic decrease of body weight. These in vivo results
point out that cRGD20/PEG-SS-PCL micelles are superior to cRGD20/
PEG-PCL micelles in U87MG glioma-targeting drug delivery. These
reduction-sensitive shell-sheddable biodegradable micelles have
proved to be an advanced platform for targeted tumor chemotherapy,
which undoubtedly warrants further exploration.

4. Conclusions

We have demonstrated for the first time that cRGD peptide function-
alized, reduction-sensitive, shell-sheddable biodegradable micelles
(cRGD20/PEG-SS-PCL) exhibited superior antitumor efficacy as com-
pared to traditional biodegradable micelles (cRGD20/PEG-PCL) in αvβ3

integrin overexpressingU87MGgliomabearingnudemice in vivo. The re-
sults show that incorporation of a disulfide bond between PEG and PCL
blocks has no detrimental effect in their in vivo pharmacokinetics and
biodistribution while significantly enhancing their drug release into the
U87MG glioma cells. These reduction-sensitive shell-sheddable biode-
gradable micelles offer unique advantages of easy preparation and
more importantly relatively minor modification of structure and proper-
ties as compared to common biodegradablemicelles, which render them
particularly interesting for clinical translation. Notably, by employing
different anticancer drugs and homing ligands, we might achieve
targeted chemotherapy of various malignancies. These reduction-
sensitive shell-sheddable biodegradable micelles have appeared as a
simple, versatile and potentially viable platform for translational
nanomedicine.
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