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Cyclic RGD peptide-functionalized reversibly core-crosslinked biodegradable poly(ethylene glycol)-b-
poly(e-caprolactone) (PEG-PCL) micelles (cRGD-RCCMs) were designed and developed for highly potent
and targeted glioma chemotherapy. To achieve crosslinkable core, dithiolane-functionalized trimethylene
carbonate (DTC) was incorporated into PCL block. Interestingly, cRGD-RCCMs displayed a high doxoru-
bicin (DOX) loading content of �18 wt%, small hydrodynamic size of �50 nm, and excellent colloidal
stability with minimum drug leakage under physiological conditions while fast DOX release under
cytoplasmic-mimicking reductive environments. MTT, confocal microscopy and flow cytometry measure-
ment results pointed out that cRGD-RCCMs with 30% cRGD surface density (cRGD30-RCCMs) showed an
evident selectivity, efficient cytoplasmic drug release, and superior antitumor activity to clinically used
pegylated liposomal doxorubicin (DOX-LPs) in avb3 integrin overexpressing U87MG glioblastoma cells.
Strikingly, DOX-loaded cRGD30-RCCMs demonstrated a prolonged circulation time showing an elimina-
tion half-life of �4.7 h, three times exceeding that of the non-crosslinked counterparts, and a remarkably
enhanced tumor accumulation of 7.7%ID/g. Furthermore, in vivo therapeutic studies revealed that
DOX-loaded cRGD30-RCCMs effectively suppressed tumor growth, significantly prolonged survival time,
and lessened side effects in subcutaneous U87MG glioblastoma-bearing nude mice. These reversibly
core-crosslinked multifunctional biodegradable micelles might be developed into advanced and clinically
viable targeted anticancer nanomedicines.

Statement of Significance

Nanomedicines based on biodegradable micelles and nanoparticles offer a most promising treatment for
malignant tumors. The therapeutic outcomes of current nanomedicines are, however, trimmed by their
instability, low tumor retention, inefficient tumor cell uptake, and inferior drug release control. We report
herein that cRGD-functionalized, rapidly glutathione-responsive, and reversibly core-crosslinked
biodegradable micellar doxorubicin based on PEG-PCL block copolymer mediates potent and targeted
glioma chemotherapy, affording significantly better treatment efficacy and lower systemic toxicity than
the non-crosslinked micellar doxorubicin and clinically used pegylated liposomal doxorubicin controls.
These reversibly core-crosslinked multifunctional biodegradable micelles have emerged as a robust, sim-
ple, versatile, and safe nanoplatform that might elegantly bridge the gap between the scientific and trans-
lational anticancer nanomedicine research.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Cancer chemotherapy though widely used in the clinics is
challenged by its lacking tumor cell selectivity and severe
dose-limiting side effects. The last decade has witnessed the rapid
advance of polymeric nanomedicines, especially biodegradable

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2017.01.007&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2017.01.007
mailto:fhmeng@suda.edu.cn
mailto:zyzhong@suda.edu.cn
http://dx.doi.org/10.1016/j.actbio.2017.01.007
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


Y. Fang et al. / Acta Biomaterialia 50 (2017) 396–406 397
polymeric micellar nanomedicines, owing to their advantageous
features like improved drug water solubility and bioavailability,
prolonged blood circulation time, passive targeting to tumor vas-
culature via enhanced permeability and retention (EPR) effect,
and decreased side effects [1,2]. Notably, a range of biodegradable
polymeric micellar anticancer nanomedicines e.g. based on polye-
sters and polypeptides that enjoy excellent biocompatibility and
safety profile have been developed to clinical or preclinical assess-
ments [3,4]. For instance, micellar paclitaxel (PTX) based on poly
(ethylene glycol)-b-poly(D,L-lactide) (PEG-PLA), Genexol-PM, has
become one of the very few nanomedicines approved for treating
breast, lung and ovarian cancers [5–7]. Langer et al. developed
prostate-specific membrane antigen (PSMA)-targeted micellar
docetaxel (DTX), BIND-014, based on PEG-b-poly(lactide-co-
glycolide) (PEG-PLGA), for the treatment of several advanced solid
tumors [8]. The clinical results showed that these micellar anti-
cancer drugs, however, have comparable or marginally improved
treatment benefits with regards to clinically used formulations.
The suboptimal therapeutic efficacy of micellar anticancer drugs
is likely a result of lacking in vivo stability, low tumor accumula-
tion, poor tumor cell uptake and inferior intracellular drug release
[2,9].

To enhance their in vivo antitumor efficacy, various types of
multifunctional biodegradable micelles have been designed and
studied in different tumor models [10–15]. For example, to address
the in vivo instability and poor intracellular drug release problems,
we and others have devised disulfide-crosslinked biodegradable
micelles, which showed better stability, enhanced cytoplasmic
drug release, and increased blood circulation time as compared
to their non-crosslinked counterparts, leading to improved antitu-
mor effect in vitro and in vivo [16–19]. It is interesting to note that
fast redox-responsive or pH-responsive drug release could effec-
tively reverse the multidrug resistance that is a challenge for can-
cer treatment [20,21]. To increase their tumor selectivity and
accumulation [22,23], biodegradable micelles have been function-
alized with various tumor specific ligands like peptides (e.g. cRGD
peptides), antibodies or antibody fragment, and small molecules
(e.g. folic acid, galactose) [24–30]. Nevertheless, as targeted
nanomedicines were primarily based on non-crosslinked nanocar-
riers, their targeting effect though improved was not optimal and
accompanied with pronounced side effects, partly due to insuffi-
cient in vivo stability and premature drug release [31,32]. Clearly,
‘‘active tumor targeting” nanomedicines should be based on stable
and robust systems [33,34].

It should further be noted that reported multifunctional
nanomedicines are typically associated with complicated design,
complex preparation, unclear safety or low drug loading, which
hampers their clinical translation [35,36]. The lessons from the
few FDA approved nanomedicines such as Doxil� (pegylated lipo-
somal DOX) and Abraxane� (albumin-PTX) reveal that straightfor-
ward and simplicity in preparation are pivotal in translational
medicines [3,37–39].

In this article, we designed and developed cRGD-functionalized
reversibly core-crosslinked multifunctional biodegradable micelles
based on poly(ethylene glycol)-b-poly(e-caprolactone) (PEG-PCL)
(cRGD-RCCMs) for highly potent and targeted glioma chemother-
apy (Scheme 1). To achieve disulfide-crosslinkable core, a recently
developed proprietary monomer, dithiolane-functionalized tri-
methylene carbonate (DTC) that contains a pendant pseudo lipoic
ring [40], was incorporated into PCL block. We have shown that
lipoic acid functionalized polymeric micelles and nanoparticles
can be readily crosslinked by forming linear polydisulfides via
ring-opening polymerization while rapidly decrosslinked inside
the tumor cells [18,20]. With DTC monomer, we have prepared
crosslinked micellar nanoparticles based on cRGD-PEG-PDTC that
have a size of ca. 182 nm after loading 14.4 wt% DOX [40] and
crosslinked polymersomes based on cNGQ-PEG-P(TMC-DTC) for
efficient loading and delivery of DOX�HCl (hydrophilic) [41]. cRGD
was reported to have high affinity to tumor neovasculature as well
as certain malignant tumors like glioma and melanoma [42–44].
We found that cRGD-decorated shell-sheddable PEG-SS-PCL
micelles, which trigger drug release by shedding off PEG shells,
mediate enhanced DOX delivery to U87MG glioma in vivo [45].
To the best of our knowledge, this represents the first report on
active tumor-targeting, redox-sensitive and core-crosslinked
biodegradable PEG-PCL micellar nanomedicines that are robust,
multifunctional and simple to prepare. The clinical translation of
nanomedicines is challenged by lack of straightforward and multi-
functional nanoplatforms.
2. Materials and methods

2.1. Synthesis of diblock copolymer PEG-P(CL-DTC) and cRGD-PEG-P
(CL-DTC)

cRGD-PEG-P(CL-DTC) was synthesized through three steps. A
macroinitiator a-squaric acid ethylester–x-hydroxyl-poly(ethy
lene glycol) (SAE-PEG-OH) was synthesized by dropwise adding
15 mL of aqueous solution of HO-PEG-NH2 (Mn = 7.5 kg/mol,
1.125 g, 0.15 mmol) and triethylamine (75 mg, 0.75 mmol) into
an ethanol solution (15 mL) of diethyl squarate (127.5 mg,
0.75 mmol) at 0 �C followed by stirring at 25 �C for 16 h. SAE-
PEG-OH was purified by extensive dialysis in ethanol for 3 h (2
times change of media) and in water for 20 h (6 times change of
media), and recovered by lyophilization. Yield: 80%. 1H NMR
(600 MHz, DMSO-d6): PEG: d 3.51, 4.55, 8.78, and 8.61; SAE moi-
eties: d 4.65 and 1.36. SAE functionality was determined to close
to 100%.

Secondly, SAE-PEG-P(CL-DTC) was synthesized via ring-opening
copolymerization of CL and DTC in anhydrous DCM at 40 �C using
zinc bis[bis(trimethylsilyl)amide] and SAE-PEG-OH as an initiating
system. Typically, in a nitrogen glove box, into a stirred solution of
SAE-PEG-OH (150 mg, 20 lmol), CL (80 mg, 0.702 mmol) and DTC
(40 mg, 0.208 mmol) in DCM (5.0 mL) was quickly added zinc bis
[bis(trimethylsilyl)amide] (4 mg, 10 lmol) in DCM (0.2 mL). The
polymerization proceeded under stirring at 40 �C for 24 h. The
polymers were recovered by twice precipitation from cold diethyl
ether. Yield: 88%. 1H NMR (600 MHz, DMSO-d6): PEG: d 3.51, 8.78,
and 8.61; DTC: d 3.06, and 4.16–4.27; CL: d 1.30, 1.54, 2.27–2.35,
and 3.98–4.07. SAE moieties: d 4.65 and 1.36. Mn (1H NMR)
= 13.2 kg/mol, Mn (GPC) = 35.9 kg/mol, Ð = 1.32.

Finally, cRGD-PEG-P(CL-DTC) was obtained by adding 1.5 mL of
DMSO solution of SAE-PEG-P(CL-DTC) (120 mg, 11 lmol) into
4.5 mL of borate buffer (0.01 M, pH 9.1) containing cRGDfK
(13.6 mg, 22 lmol), and stirring at r.t. for 16 h, followed by exten-
sive dialysis (MWCO 3500 Da) for 48 h in deionized water. Yield:
92%. 1H NMR (600 MHz, DMSO-d6): cRGD moiety: d 7.22. BCA pro-
tein and TNBSA assays showed a cRGD functionality of 100% and
98.4%, respectively.

The synthesis of PEG-P(CL-DTC) was the same as for SAE-PEG-P
(CL-DTC) except that MeO-PEG-OH (Mn = 5.0 kg/mol) was used as a
macroinitiator. Yield: 89%. 1H NMR (400 MHz, CDCl3): PEG: d 3.38,
3.65; DTC: d 3.06, 4.23–4.33; CL: d 1.38, 1.65, 2.30–2.38, and 4.05–
4.15. Mn (1H NMR) = 10.7 kg/mol. Mn (GPC) = 28.5 kg/mol, Ð (GPC)
= 1.49.
2.2. Preparation of cRGD-RCCMs and DOX-cRGD-RCCMs

In brief, 200 lL of DMF solution (5 mg/mL) of cRGD-PEG-P(CL-
DTC) and PEG-P(CL-DTC) at a predetermined weight ratio was
injected into 800 lL of phosphate buffer (PB, 10 mM, pH 7.4) and



Scheme 1. cRGD-functionalized and reversibly core-crosslinked multifunctional PEG-PCL micelles (cRGD-RCCMs) for highly potent and targeted glioma chemotherapy.
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stood at 37 �C for 2 h. The obtained micellar dispersion was dia-
lyzed against PB (MWCO 3500 Da) at r.t. for 24 h. The micelles
were self-crosslinked during the dialysis procedure. The obtained
micelles were named as cRGDX-RCCMs, where X stands for weight
percentage of cRGD-PEG-P(CL-DTC) in the polymer mixture. DOX-
loaded micelles (DOX-cRGD-RCCMs) were prepared similarly
except that the copolymer solution containing certain amount of
desalted DOX was used.
2.3. MTT assays

MTT assays were performed in avb3 over-expressing U87MG
cells in DMEM media. To investigate the antitumor efficacy and
targetability of DOX-cRGD-RCCMs, 10 lL of micelles with cRGD
contents from 0 to 30% and DOX dosages from 0.01 to 40 lg/mL
in PBS were tested. The cells were treated with DOX-cRGD-
RCCMs for 4 h, the media were removed and replaced by fresh
media, and the cells were further cultured for 68 h. 10 lL of PBS
solution of MTT (5 mg/mL) was added. After 4 h, the MTT-
formazan generated by live cells was dissolved in 150 lL of DMSO.
The absorbance (492 nm) was measured using a microplate reader
as reported previously [40]. The cell viability (%) was determined
by comparing the absorbance at 492 nm with control wells con-
taining only cells (100%). Data were given as average ± SD (n = 4).
Commercial pegylated liposomal doxorubicin (DOX-LPs) was used
as a control. The cytotoxicity of empty cRGD-RCCMs was assessed
using U87MG cells following 72 h incubation at a concentration of
0.5 or 1.0 mg/mL.
2.4. Flow cytometric analysis and confocal microscopy measurements

For flow cytometric measurements, U87MG cells were seeded
in a 6-well plate (1 � 106 cells/well) containing 900 lL of DMEM
medium. After 48 h, 100 lL of DOX-cRGD30-RCCMs, DOX-RCCMs
or DOX-LPs in PBS (20 lg DOX/mL) was added. After 4 h incubation
at 37 �C, the cells were digested by 0.25% (w/v) trypsin and 0.03%
(w/v) EDTA. The suspensions were handled and measured using
a flow cytometer (Beckton Dickinson, USA) as reported previously
[40]. The inhibitive experiments were conducted by the pre-
treatment of U87MG cells with free cRGD solution (2 mg/mL) for
2 h before incubation with DOX-cRGD-RCCMs.

In CLSM studies, U87MG cells on microscope slides in 24-well
plates (1 � 105 cells/well) were incubated with DOX-cRGD30-
RCCMs, DOX-RCCMs or DOX-LPs (10 lg DOX/mL) at 37 �C for 4 h.
The cells were further cultured in fresh medium for 4 or 8 h,
washed with PBS (�3), fixed with 4% paraformaldehyde solution
(20 min) and washed with PBS (�3). 4,6-Diamidino-2-
phenylindole (DAPI) was used to stain cell nuclei before observa-
tion using CLSM (TCS SP5).

2.5. Animal models

All animal procedures were handled under protocols approved
by Soochow University Laboratory Animal Center and the Animal
Care and Use Committee of Soochow University. Nude mice (18–
22 g, 5 weeks, Model Animal Research Center of Nanjing Univer-
sity) were inoculated subcutaneously on the hind flank with
U87MG human glioblastoma cells (1 � 107 per mouse in 50 lL).
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When the tumor size reached ca. 100–150 mm3, U87MG active
mass was taken and cut into small cubes of ca. 2 mm3, and quickly
inoculated subcutaneously into the right flank of the nude mice.
Mice with tumor size of ca. 150 � 200 mm3 were used for in vivo
imaging and biodistribution studies, and mice with tumor size of
ca. 30 � 50 mm3 for therapeutic studies.

2.6. In vivo pharmacokinetics and fluorescence imaging

To determine the blood circulation, Kunming mice were intra-
venously injected via tail vein (n = 3) with 200 lL of DOX-
cRGD30-RCCMs, DOX-RCCMs, DOX-LPs, or free DOX�HCl
(10 mg DOX equiv./kg). At predetermined time points after iv
injection, ca. 10 lL of blood was taken from retro-orbital sinus of
mice. The samples upon withdrawing were immediately added in
0.1 mL of Triton X-100 solution (1%) with brief sonification. DOX
was extracted by incubating blood samples in 900 lL of extraction
solution (DMF solution containing 20 mM DTT) at �4 �C for 10 h.
After centrifugation at 20 krpm for 20 min, DOX level in the super-
natant was measured using fluorometry. In the pharmacokinetics
curves, the half-lives of the distribution phase (t1/2,a) and elimina-
tion phase (t1/2,b) were calculated by fitting the experimental data
using Software Origin 8 exponential decay 2 model: y = A1 � exp
(�x/t1) + A2 � exp(�x/t2) + y0, and taking t1/2,a = 0.693 � t1 and
t1/2,b = 0.693 � t2. The area under the curve (AUC) was calculated
by the following formulas: AUC (ng h/mL) = A1 � t1 + A2 � t2.

In order to visualize the drug distribution in vivo, a NIR probe
DIR was used as a model. Mice bearing U87MG tumor xenograft
were randomly grouped and injected with 200 lL of DIR-loaded
cRGD-RCCMs or RCCMs (20 lg DIR/mL) via tail vein. At prescribed
time points (2, 4, 6, 8, 12, 24 and 36 h) after i.v. injection, isoflurane
was injected to each mice for anesthesia, and 3% isoflurane was
continuously delivered via a nose cone system during the imaging
acquiring process. The fluorescent images were taken using a
Kodak near-infrared fluorescence imaging system at ex. 747
nm/em. 774 nm. All images were acquired and analyzed using
Lumia II software. The mouse auto fluorescence was removed by
spectral unmixing.

2.7. In vivo biodistribution and therapeutic efficacy

For in vivo biodistribution studies, nude mice bearing U87MG
tumors were randomly grouped and intravenously injected with
200 lL of DOX-cRGD-RCCMs (10 mg DOX equiv./kg) via tail vein.
The mice were sacrificed at 4, 8 or 24 h post injection. The major
organs as well as tumors were collected, washed with saline, dried
with towel, weighed, and homogenized in lysis solution (DMF con-
taining 20 mM DTT) to extract DOX. After 24 h incubation, the
samples were centrifuged at 15 krpm for 20 min, and DOX level
in supernatant was determined by fluorometry (n = 3).

For evaluation of antitumor efficacy, nude mice bearing U87
tumors were weighed and randomly divided into 6 groups
(n = 6). 200 lL of DOX-cRGD-RCCMs, DOX-RCCMs or DOX-LPs
(10 mg DOX equiv./kg) were injected via tail vein on day 0, 3, 6,
9, and 12. PBS was used as a control. Every two days the tumor size
was measured using digital calipers, and tumor volume was calcu-
lated according to the formula V = 0.5 � L �W � H, wherein L, W
and H are the tumor length, width and height, respectively. The rel-
ative tumor volume was defined as V/V0 (V0 is the tumor volume
on day 0). Every two days the body weights of the mice were mea-
sured and normalized to their initial weights. On day 20, the treat-
ment was terminated, from each group one mouse was taken and
sacrificed by cervical vertebra dislocation. The liver, heart, kidney
and tumors were taken for histological analysis using hematoxylin
and eosin (H&E) staining followed by microscopic observation
(Olympus BX 41 microscope) [40]. The rest five mice were used
to observe the Kaplan–Meier survival curves within 66 days. Mice
were considered dead either when the mice died during treatment
or when the tumor volume reached 1000 mm3.
2.8. Statistical analysis

Data were presented as average ± s.d. Differences between two
groups were assessed using the paired, two-sided Student t-test.
*p < 0.05 was considered significant, and **p < 0.01 and ***p < 0.001
were considered highly significant.
3. Results and discussion

3.1. Synthesis of PEG-P(CL-DTC) and cRGD-PEG-P(CL-DTC) block
copolymers

With an aim of developing cRGD-functionalized reversibly core-
crosslinked multifunctional poly(ethylene glycol)-b-poly(e-
caprolactone) (PEG-PCL) micelles (cRGD-RCCMs) for targeted
glioma chemotherapy (Scheme 1), we devised and synthesized
two dithiolane-functionalized PEG-PCL diblock copolymers, PEG-
P(CL-DTC) and cRGD-PEG-P(CL-DTC), by ring opening polymeriza-
tion (ROP) of e-caprolactone (CL) with dithiolane-functionalized
trimethylene carbonate (DTC). PEG-P(CL-DTC) was obtained using
CH3O-PEG-OH (Mn = 5.0 kg/mol) as an initiator at a CL/DTC/PEG
molar ratio of 35/10/1 (Scheme 2A). 1H NMR displayed besides sig-
nals attributable to PEG (d 3.65, 3.38) also resonances assignable to
DTC moieties (d 3.06, 4.23–4.33) and CL moieties (d 1.38, 1.65,
2.30–2.38, 4.05–4.14) (Fig. 1). Notably, signals at d 4.23 assignable
to the methylene protons of DTC units directly linking to CL (–OC
(O)OCH2C(C2H4S2)CH2OC(O)–CL–) and signals at d 4.15 and 2.38
attributable to the two methylene protons of CL units next to
DTC (–CH2CH2CH2CH2CH2OC(O)O–DTC– and –DTC–OC(O)CH2CH2-
CH2CH2CH2O–) were detected, supporting statistical copolymer-
ization of DTC and CL. The degree of polymerization (DP) of DTC
and CL could be determined by comparing the integrals of dithi-
olane signals of DTC moieties at d 3.06 and the methylene protons
of CL moieties at d 2.30–2.38 to the methylene protons of PEG at d
3.65, respectively. The results showed that PEG-P(CL-DTC) had a
controlled Mn of 5.0–(3.9–1.9) kg/mol, which was close to the
design (Table 1). Gel permeation chromatography (GPC) measure-
ments displayed a unimodal distribution with a moderate Mw/Mn

of 1.49. DSC analyses showed a single melting temperature (Tm)
of ca. 54.7 �C due to PEG block and a glass transition temperature
(Tg) of ca. �18 �C, indicating that P(CL-DTC) block is amorphous
and in a rubbery state at r.t., confirming that DTC and CL form a
statistical copolymer and P(CL-DTC) block is compatible with
PEG.cRGD-PEG-P(CL-DTC) was synthesized via ROP of CL and DTC
using squaric acid ethylester end-functionalized PEG (SAE-PEG-
OH, Mn = 7.5 kg/mol) as a macro-initiator followed by coupling
with cRGDfK (cRGD) (Scheme 2B). Squaric acid diethyl ester (SADE)
has a high reactivity toward amidation [46,47]. The treatment of
NH2-PEG-OH (Mn = 7.5 kg/mol) with SADE at neutral pH afforded
SAE-PEG-OH. Interestingly, SADE once forming an amide, the other
ester has a reduced reactivity at neutral pH [48], circumventing
coupling of two PEG to one SADE. 1H NMR showed peaks at d
4.65 and 1.36 assignable to methylene and methyl proton of SAE
moieties, and the signals at d 8.61–8.77 to the amide protons
(Fig. S1A). By comparing the signal integrals at d 1.36 with d 3.63
(PEG methylene protons), a quantitative functionality of SAE-
PEG-OH with SAE was concluded. MALDI-TOF spectrum further
confirmed the complete conversion of NH2-PEG-OH to SAE-PEG-
OH (Fig. S2). The copolymerization of DTC and CL using SAE-PEG-
OH as a macro-initiator yielded SAE-PEG-P(CL-DTC) with an Mn

of 7.5–(3.8–1.9) kg/mol, as determined by 1H NMR and a moderate
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Mw/Mn of 1.32, as shown by GPC (Table 1). Importantly, SAE groups
remained intact during ROP (Fig. S1B). The treatment of SAE-PEG-P
Table 1
Synthesis of PEG-P(CL-DTC) and SAE-PEG-P(CL-DTC) block copolymers.

Entry Copolymer Mn (kg/mol)

Design

1 PEG-P(CL-DTC) 5.0–(4.0–2.0)
2 SAE-PEG-P(CL-DTC) 7.5–(4.0–2.0)

a Determined by 1H NMR.
b Determined by GPC.
c Determined by DSC.
(CL-DTC) with cRGDfK at pH 9 gave cRGD-PEG-P(CL-DTC). 1H NMR
spectrum displayed that the peak at d 4.65 assignable to SAE
methylene proton disappeared and the characteristic peaks of
cRGD appeared at d 7.22 (Fig. S1C). Both BCA and TNBSA assays
revealed a cRGD functionality of over 98 %.

3.2. Preparation and characterization of DOX-loaded cRGD-RCCMs
(DOX-cRGD-RCCMs)

cRGD-functionalized reversibly core-crosslinked PEG-PCL
micelles (cRGD-RCCMs) were readily prepared by solvent
exchange method from PEG-P(CL-DTC) and cRGD-PEG-P(CL-DTC)
copolymers. Fig. 2A shows that RCCMs and cRGD-RCCMs with
cRGD densities ranging from 10% to 30% had small hydrodynamic
sizes of 40–50 nm and low polydispersity index (PDI) of 0.10.
TEM micrograph confirmed their spherical morphology and small
particle size. Notably, no critical micelle concentration (CMC)
was detected for all micelles following work-up, indicating that
micelles were crosslinked (Fig. S3). UV measurements revealed
complete disappearance of absorbance at 320 nm characteristic
Mw/Mn
b Tg

c (�C)

Determineda

5.0–(3.9–1.9) 1.49 �18.2
7.5–(3.8–1.9) 1.32 �17.4
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of dithiolane rings after work-up procedure (Fig. 2B), supporting
that self-crosslinking takes place via the ring-opening polymeriza-
tion of dithiolane in the micellar core, as also observed for
PEG-PDTC micelles [40]. In accordance, both RCCMs and cRGD30-
RCCMs were stable in culture medium containing 10% FBS
(Fig. 2C). RCCMs and cRGD30-RCCMs showed a high drug loading
efficiency toward DOX reaching a drug loading content of �18 wt
%. Importantly, DOX-cRGD-RCCMs maintained a small size
(�50 nm) and a low PDI (Table 2). The high DOX loading was likely
due to their high stability and reduced drug diffusion upon core-
crosslinking. Notably, the in vitro drug release profiles demon-
strated that DOX release from DOX-cRGD-RCCMs was minor
(<10%) in 24 h under physiological conditions (pH 7.4, 37 �C),
whereas 85% DOX was released with 10 mM glutathione (GSH)
under otherwise the same conditions (Fig. 2D). DOX-cRGD-
RCCMs crosslinked with aid of DTT also showed the same drug
release behavior, corroborating a high-efficiency self-crosslinking.
In comparison, PEG-PCL micelles were reported to have a relatively
low DOX loading content (<11%) and a high drug leakage of ca. 30–
40% in 24 h under physiological conditions [49,50]. DOX-cRGD-
RCCMs with excellent stability, minimum drug leakage and fast
redox-responsive drug release are superior to PEG-PCL micelles.
Table 2
Characterization of DOX-RCCMs and DOX-cRGD30-RCCMs.

Micelles DOX feed ratio (wt%) Sizea (nm)

RCCMs 10 46.6
20 48.5
30 52.2

cRGD30-RCCMs 10 49.5
20 52.8
30 55.3

a Determined in phosphate buffer (PB, 1 mg/mL) by DLS at 25 �C.
b Determined by fluorescence measurement.
3.3. In vitro tumor cell selectivity and antitumor activity of DOX-
cRGD-RCCMs

The cytotoxicity of blank and DOX-cRGD-RCCMs was estimated
using MTT assays on avb3 integrin overexpressing U87MG glioblas-
toma cells. The results revealed that all empty RCCMs and cRGD-
RCCMs (cRGD densities: 10%, 20% and 30%) were nontoxic at tested
concentrations of 0.5 and 1.0 mg/mL (Fig. 3A). In contrast, DOX-
RCCMs and DOX-cRGD-RCCMs showed high antitumor efficacy,
and the half-maximal inhibitory concentration (IC50) decreased
from 10.8 to 1.9 lg/mL with increasing cRGD densities from 0 to
30% (Fig. 3B). Notably, DOX-cRGD30-RCCMs exhibited about 2.5-
fold higher antitumor activity than the clinically used pegylated
liposomal doxorubicin (DOX-LPs). These results imply that
cRGD30-RCCMs can actively target to U87MG cells and liberate
DOX to the cytoplasm. On the contrary, the non-targeting and
non-crosslinked PEG-PCL micelles exhibited typically reduced
in vitro antitumor activity due to inhibited intracellular drug
release [50,51].

Flow cytometric analyses revealed that U87MG cells at 4 h
incubation with DOX-RCCMs had ca. 3 times higher DOX intensity
than those with DOX-LPs (Fig. 3C). Moreover, DOX-cRGD30-RCCMs
PDI a DLC (wt%)b DLE (%)b

0.10 7.9 85.5
0.13 14.1 81.7
0.11 18.7 76.5

0.13 7.5 81.5
0.09 13.4 77.4
0.18 17.9 72.7
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displayed further 3 times improvement in DOX uptake as com-
pared to DOX-RCCMs, in line with active targeting effect of
cRGD30-RCCMs. The inhibition experiment demonstrated that
2 h pretreatment of U87MG cells with cRGD (2 mg/mL) before
the addition of DOX-cRGD30-RCCMs resulted in a marked decrease
of cellular uptake (Fig. 3C). CLSM images showed that U87MG cells
following 12 h incubation with DOX-cRGD30-RCCMs gave strong
fluorescence throughout whole cells, which was considerably
higher than those with non-targeting DOX-RCCMs (Fig. 3D).
DOX-LPs, however, only showed negligible DOX inside cells (data
not shown). These results confirm that DOX-cRGD-RCCMs are
endocytosed by U87MG cells via a receptor mediated mechanism,
and DOX is quickly dumped into the cancer cells, bringing about
high tumor cell selectivity and antitumor potency. It has been
reported that cRGD-functionalized nanoparticles significantly
increased their cellular uptake by U87MG cells in vitro and
in vivo [42,52]. The in vitro cell selectivity and uptake of cRGD-
functionalized nanoparticles depend intimately on their cRGD sur-
face density, which varies from cells to cells [43,44].
3.4. In vivo pharmacokinetics and biodistribution studies

The in vivo pharmacokinetics of DOX-cRGD-RCCMs and DOX-
RCCMs was investigated in Kunming mice following i.v. injection
(10 mg DOX equiv./kg). The profiles of blood circulation followed
a two-compartment model: a rapid declined distribution phase
and a prolonged elimination phase (Fig. 4). Noteworthy, DOX-
cRGD30-RCCMs exhibited an elimination half-life (t1/2,b) of 4.7 h,
which was, though shorter than DOX-LPs (8.3 h), 11.7- and 3.9-
fold longer than those of free DOX (t1/2,b = 0.4 h) and non-
crosslinked control DOX-cRGD30-PEG-PCL (t1/2,b = 1.2 h), underly-
ing the significant role of crosslinking on the in vivo pharmacoki-
netics of micellar nanomedicines [21,34]. The quick elimination
and low tumor retention was observed for many non-crosslinked
micellar systems [53], as micelles tend to dissociate as result of
large dilution, high shear force and interactions with plasma pro-
teins [34]. DOX-cRGD30-RCCMs revealed 2.6- and 8.5-fold higher
AUC than DOX-cRGD30-PEG-PCL and free DOX, respectively
(Fig. 4, inset). The prolonged circulation of DOX-cRGD30-RCCMs
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is likely a result of their high in vivo stability and small particle
size.

To study the in vivo biodistribution, we loaded cRGD-RCCMs
and RCCMs with a model hydrophobic near-infrared agent DIR
and monitored DIR fluorescence in nude mice bearing U87MG
tumors using an in vivo fluorescence imaging system after i.v. injec-
tion. The images displayed an obvious increase in tumor accumu-
lation with time until 36 h for both micelles, with DIR-cRGD30-
RCCMs having much higher DIR accumulation in the tumor than
DIR-RCCMs (Fig. 5A), verifying the prominent tumor accumulation
and retention. We further quantified DOX distribution in the
tumors and major organs of U87MG-bearing nude mice at 8 h post
i.v. injection. Remarkably, DOX-cRGD-RCCMs treated mice
exhibited a tumor DOX level of 7.7%ID/g (injected dose per gram
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RCCMs (20 lg DIR/mL). (B) The in vivo DOX biodistribution in U87MG bearing nude
mice at 8 h post injection of DOX-cRGD30-RCCMs, DOX-RCCMs or DOX-LPs (n = 3).
Student’s t test, *p < 0.05, **p < 0.01, and ***p < 0.001.
of tissue), significantly higher than those with DOX-RCCMs and
DOX-LPs (Fig. 5B). Tumor/normal tissue distribution ratios (T/N)
further confirmed that DOX-cRGD-RCCMs resulted in significantly
higher tumor accumulation and selectivity than DOX-RCCMs and
DOX-LPs (Fig. S4). Notably, DOX-cRGD-RCCMs achieved compara-
ble drug accumulation to cRGD-functionalized drug-crosslinked
micelles [44], and higher accumulation than cRGD and DOX-
conjugated unimolecular micelles [54] and cRGD-functionalized
robust PEG-PCL/gold nanorod hybrid micellar nanoparticles [42].
On the contrary, tumor accumulation of non-crosslinked and
non-targeted PEG-PCL micelles was reported to be less than 2%
ID/g [55] and 2.5%ID/g [54], respectively. It is evident, therefore,
that the small-sized, robust and tumor active targeting cRGD-
RCCMs are capable of efficiently loading and delivering DOX into
U87MG glioma in vivo.
3.5. In vivo targeted chemotherapy of U87MG glioma-bearing nude
mice

cRGD density is one of the most important parameters for
micellar drugs in targeted chemotherapy. However, seldom is
reported on its influence in vivo. Here, we studied the anti-
glioblastoma effect of DOX-cRGD-RCCMs containing different
cRGD contents using U87MG-bearing nude mice. Interestingly, it
was demonstrated that all DOX-cRGD-RCCMs could retard tumor
growth and the tumor inhibitive potency was obviously enhanced
by increasing cRGD content (Fig. 6A). DOX-cRGD30-RCCMs showed
significantly better tumor suppression than micelles with lower or
no cRGD, while comparable to DOX-LPs. Here, free DOX was not
used as a control since our previous studies have shown serious
side effects in mice [20,42]. The photograph of tumor blocks
excised on day 20 post injection confirmed the most effective
tumor inhibition of DOX-cRGD30-RCCMs (Fig. 6B).

Notably, unlike DOX-LPs that led to serious side effects includ-
ing drastic body weight loss and hand-foot syndrome, all DOX-
cRGD-RCCMs formulations did not cause any obvious change in
body weight and mouse behavior (Fig. 6C), indicating reduced sys-
temic toxicity of DOX-cRGD-RCCMs as compared to DOX-LPs.
Fig. 6D displays clearly that DOX-cRGD30-RCCMs markedly
increased survival time of mice. The mice treated with DOX-
cRGD30-RCCMs, non-targeting DOX-RCCMs, DOX-LPs and PBS
had median survival times of 60, 36, 18 and 26 days, respectively.

The histological analyses using H&E staining discovered that
DOX-cRGD30-RCCMs induced widespread tumor apoptosis but
slight harm to the heart, liver, spleen and kidney (Fig. 7). Although
DOX-LPs also induced massive tumor necrosis, significant damage
to heart and kidney was also observed, in line with their high sys-
temic toxicity. It should be noted that reducing dosage could lessen
the toxicity of DOX-LPs but would also lead to less effective inhibi-
tion of tumor growth. All the above results point out that DOX-
cRGD30-RCCMs can effectively target and treat glioma-bearing
nude mice, resulting in markedly improved survival rate and
reduced side effects as compared to DOX-LPs.

Our results confirm that cRGD density plays a critical role in the
in vivo targetability and treatment efficacy for nanomedicines.
Given the fact that both neovasculature and several malignant
tumors over-express avb3 integrins [42–44,54] and that cRGD-
RCCMs can load various hydrophobic drugs, cRGD-RCCMs have
emerged as a extremely versatile platform for targeted tumor
chemotherapy. Moreover, for different tumors, RCCMs can also
be decorated with different targeting ligands [24–28]. We are cur-
rently investigating the therapeutic efficacy of DOX-cRGD-RCCMs
in the orthotopic human glioma model, as several reports have
shown that cRGD-functionalized nanomedicines can surpass the
BBB barrier and achieve improved anti-glioma effects [44,52,56].
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4. Conclusion

We demonstrate that cyclic RGD peptide-functionalized, rapidly
glutathione-responsive, reversibly core-crosslinked micelles based
on poly(ethylene glycol)-b-poly(e-caprolactone) mediate highly
potent and targeted glioma chemotherapy, affording significantly
improved therapeutic efficacy and decreased systemic toxicity
than the non-crosslinked micelles and clinically used pegylated
liposomal doxorubicin. These active tumor-targeting multifunc-
tional micellar doxorubicin has following attributes: (i) they have
high drug loading capacity (�18 wt%), small size (�50 nm), high
stability with low drug leakage, and fast cytoplasmic drug release;
(ii) they can actively target to and be internalized by U87MG
glioma cells via avb3-receptor mediated endocytosis mechanism;
(iii) they show a long circulation time and efficient glioma accumu-
lation and retention; and (iv) they are biodegradable, nontoxic, and
moreover easy to prepare. These reversibly core-crosslinked
biodegradable micelles based on PEG-PCL have appeared as a safe,
versatile and all-function-in-one nanoplatform for targeted cancer
therapy.
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