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Abstract  

Nanomedicines based on biodegradable micelles offer a most promising treatment for 

malignant tumors. Their clinical effectiveness, however, remains to be improved. Here, we 

report that self-crosslinkable and intracellularly decrosslinkable micellar nanoparticles 

(SCID-Ms) self-assembled from novel amphiphilic biodegradable poly(ethylene 

glycol)-b-poly(dithiolane trimethylene carbonate) block copolymer achieve high-efficiency 

targeted cancer chemotherapy in vivo. Interestingly, doxorubicin (DOX)-loaded SCID-Ms 

showed favorable features of superb stability, minimal drug leakage, long circulation time, 

triggered drug release inside the tumor cells, and an unprecedented maximum-tolerated dose 

(MTD) of over 100 mg DOX equiv./kg in mice, which was at least 10 times higher than free 

drug. The in vivo studies in malignant B16 melanoma-bearing C57BL/6 mice revealed that 

DOX-SCID-Ms at a dosage of 30 mg DOX equiv./kg could effectively suppress tumor growth 

and prolong mice survival time without causing obvious systemic toxicity. Moreover, 

DOX-SCID-Ms could be readily decorated with a targeting ligand like cRGD peptide. The 

biodistribution studies showed that cRGD20/DOX-SCID-Ms had a high tumor accumulation 

of 6.13 % ID/g at 6 h post injection, which was ca. 3-fold higher than that for clinically used 

pegylated liposomal doxorubicin (DOX-LPs). Accordingly, cRGD20/DOX-SCID-Ms 

exhibited significantly better therapeutic efficacy and lower side effects than DOX-LPs in 

B16 melanoma-bearing mice. These self-regulating biodegradable micellar nanoparticles offer 

a robust, multifunctional and viable nanoplatform for targeted cancer chemotherapy.  

 

Keywords: Targeted delivery; RGD peptide; bioresponsive; biodegradable micellar 

nanoparticles; disulfide; melanoma 
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1. Introduction 

Nanomedicines based on biodegradable micelles and nanoparticles offer a most promising 

treatment for malignant tumors [1-4]. Their clinical effectiveness, however, remains to be 

further improved by increasing their systemic stability, tumor accumulation and selectivity, 

and/or control over drug release [5-8]. In the past years, various stimuli-responsive 

multifunctional nanosystems have been developed to achieve enhanced therapeutic efficacy in 

different tumor models [9-13]. The typically sophisticated design and fabrication, potential 

safety and toxicity concerns, and high cost, however, preclude their clinical translation 

[14-17]. Lack of safe, simple and therapeutically effective nanovehicles has been a long 

challenge for the clinical translation of anticancer nanomedicines [18-22]. 

In this study, we have designed and developed self-crosslinkable and intracellularly 

decrosslinkable micellar nanoparticles (SCID-Ms) for high-efficiency targeted cancer 

chemotherapy in vivo (Scheme 1). SCID-Ms are self-assembled from novel amphiphilic 

biodegradable poly(ethylene glycol)-b-poly(dithiolane trimethylene carbonate) 

(PEG-b-PDTC) block copolymer, in which the hydrophobic PDTC block is composed of 

biodegradable poly(trimethylene carbonate) (PTMC) main chain and multiple dithiolane rings 

at the side. PTMC and its derivatives with excellent biocompatibility and biodegradability 

have been widely used for various biomedical applications such as absorbable sutures, tissue 

engineering, drug and gene delivery [23-28]. The pendant dithiolane ring is analogous to that 

of the lipoic acid, a natural antioxidant produced by human body and a drug used for 

Alzheimer's disease and diabetes [29]. Notably, dextran-lipoic acid and hyaluronic 

acid-lysine-lipoic acid conjugates furnished, in the presence of catalytic amount of 

dithiothreitol, reduction-sensitive reversibly crosslinked nanoparticles [30-31]. The past years 

has witnessed a remarkable development of reduction-sensitive nanoparticles for triggered 

cytoplasmic drug and gene delivery [32-41], based on the fact that there exists 2-3 orders 
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magnitude higher redox potential in the cytoplasm of tumor cells than in the blood circulation 

[42-43]. Intriguingly, these novel self-crosslinkable bioresponsive biodegradable micellar 

nanoparticles are not only multifunctional but also simple and easy to prepare, which makes 

them unique and particularly promising for translational research.  

 

 
 
Scheme 1. Schematic diagram depicting formation and in vivo tumor-targeting doxorubicin delivery 

of cRGD-decorated self-crosslinkable and intracellularly decrosslinkable micellar nanoparticles 

(cRGD/SCID-Ms). 

 

2. Materials and methods 

2.1. Materials 

Methoxy poly(ethylene glycol) (MeO-PEG-OH, Mn = 5.0 kg/mol, PDI = 1.03, Fluka) and 

N-hydroxysuccinimide activated poly(ethylene glycol) (NHS-PEG-OH, Mn = 6.5 kg/mol, PDI 

= 1.04, Suzhou Nord Derivatives Pharm-tech Co. Ltd) were dried by azeotropic distillation 
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from anhydrous toluene. Dichloromethane (DCM) was dried by refluxing over CaH2 and 

distilled prior to use. Zinc bis [bis(trimethylsilyl) amide] (97%, Aldrich), C(RGDfK) (cRGD, 

98%, China Peptides Co., Ltd.), glutathione (GSH, 99%, Roche), and doxorubicin 

hydrochloride (DOX·HCl, > 99%, Beijing Zhongshuo Pharmaceutical Technology 

Development) were used as received. 

2.2. Characterization 

The polymer structures were characterized using 
1
H NMR on a Unity Inova 400 

spectrometer operating at 400 MHz. The chemical shifts were calibrated against residual 

solvent signal. The molecular weight and polydispersity of copolymers were determined by a 

Waters 1515 gel permeation chromatograph (GPC) instrument equipped with two linear 

PLgel columns (500   and Mixed-C) following a guard column and a differential 

refractive-index detector. The measurements were performed using DMF as an 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. The size and size distribution of micellar nanoparticles were 

determined at 25 °C using dynamic light scattering (DLS, Zetasizer Nano-ZS, Malvern 

Instruments) equipped with a 633 nm He–Ne laser using back-scattering detection. Zeta 

potential measurements were carried out using Zetasizer Nano-ZS instrument (Malvern) 

equipped with a standard capillary electrophoresis cell. The measurements were performed in 

triplicate. Transmission electron microscopy (TEM) was performed using a Tecnai G220 

TEM operated at an accelerating voltage of 120 kV. The samples were prepared by dropping 

10 μL of 0.2 mg/mL micellar nanoparticles suspension on the copper grid followed by 

staining with phosphotungstic acid (1 wt.%). The CLSM images were taken on a confocal 

laser scanning microscope (TCS SP5). The absorbance of dithiolane rings in the micellar 

nanoparticles at 330 nm was monitored using UV (UH5300 Hitachi). PEG-PCL micellar 

nanoparticle dispersions were used for calibration. 
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2.3. Synthesis of Dithiolane-Functionalized Cyclic Trimethylene Carbonate (DTC) 

DTC was synthesized in two steps (Scheme 2). Firstly, to a solution of 2,2-bis 

(bromomethyl)-1,3-propanediol (20 g, 0.08 mol) in DMF (350 mL) under stirring was added 

NaSH·H2O (28.26 g, 0.38 mol). The reaction was allowed to proceed at 75 C for 48 h under 

constant stirring. The solvent was removed by distillation under reduced pressure. The residue 

was diluted with D.I. water (300 mL) and extracted with EtOAc (3 × 250 mL). The organic 

phase was dried over anhydrous MgSO4. The solvent was evaporated to yield 

2-(1,2-dithiolan-4-yl)-1,3-diol as a yellowish oil. Yield: 8.7 g (67.8%). 
1
H NMR (400 MHz, 

CDCl3): δ 3.64 (s, 4H, -C(CH2OH)2), 2.67 (s, 4H,-CH2SSCH2-).  

To 200 mL dry THF solution of 2-(1,2-dithiolan-4-yl)-1,3-diol (8.7 g, 51.8 mmol) and 

ethyl chloroformate (11.9 g, 108.8 mmol) was dropwise added a solution of Et3N (15.3 mL, 

51.1 mmol) in THF (5 mL) at 0 C under stirring. The reaction was allowed to proceed for 4 h 

at 0 C. The reaction mixture was filtered, and the filtrate was dried under reduced pressure. 

The final product, dithiolane-functionalized cyclic carbonate (DTC), was obtained by 

re-crystallization twice from THF. Yield: 6.3 g (67.3%). 
1
H NMR (400 MHz, CDCl3):  4.46 

(s, 4H, -COO(CH2O)2C-), 3.13 (s, 4H, -CH2SSCH2-). 
13

C NMR (400 MHz, DMSO-d6): δ 

147.23 (-COO(CH2O)2C-), 74.54 (-COO(CH2O)2C-), 42.84 (-COO(CH2O)2C-), and 28.95 

(-CH2SSCH2-). Elemental analysis for DTC (C5H8O3S2): C; 41.64%, H: 4.17%. Found: C: 

41.80%, H: 4.20%. TOF-MS (m/z) for C5H8O3S2: calculated 192.0 Da, found 192.3 Da. 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
    

7 

 

Scheme 2. Synthesis of dithiolane-functionalized cyclic carbonate (DTC). Conditions: (i) NaSH, DMF, 

75 C, 48 h, and in air for 24 h; (ii) ethyl chloroformate, Et3N, THF, 0C, 4 h. 

 

2.4. Synthesis of PEG-b-PDTC Block Copolymer via Ring-Opening Polymerization 

Typically, under a nitrogen atmosphere, into a stirred solution of PEG (Mn = 5.0 kg/mol, 

0.2 g, 0.04 mmol) and DTC (0.2 g, 1.04 mmol) in anhydrous CH2Cl2 (3 mL) was quickly 

added 0.5 mL of zinc bis [bis(trimethylsilyl) amide] stock solution (40 mM) in CH2Cl2 

(Scheme 3). The reaction vessel was sealed and placed in an oil-bath thermostated at 40 C. 

After 24 h, the reaction was terminated by adding acetic acid. A sample was taken for the 

determination of monomer conversion using 
1
H NMR. The PEG-b-PDTC copolymer was 

isolated by precipitation in cold ethyl ether, filtration and drying under vacuum for 2 days. 

Yield: 81%. 
1
H NMR (400 MHz, CDCl3):  4.35 (s, 4H, -COCH2-), 3.65 (s, 4H, -CH2CH2O-) , 

3.37 (s, CH3O-), 3.04 (s, -C(CH2SSCH2)-), Mn (
1
H NMR) = 8.9 kg/mol. Mn (GPC) = 11.2 

kg/mol. PDI = 1.51.  

 

Scheme 3. Synthesis of PEG-b-PDTC block copolymer by ring-opening copolymerization of DTC 

using methoxyl PEG (Mn = 5.0 kg/mol) as an initiator and zinc bis [bis(trimethylsilyl) amide] as a 

catalyst in CH2Cl2 at 40 C. 

 

2.5. Colloidal Stability and Reduction Responsivity of SCID-Ms 

Micellar nanoparticles were prepared by solvent exchange method. Typically, 1.8 mL of 

phosphate buffer (PB, 10 mM, pH 7.4) was dropwise added to 0.2 mL of copolymer solution 

in DMF (2.0 mg/mL) at r.t. under constant stirring. Micellar nanoparticles were obtained by 
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dialysis against the same PB for 12 h (Spectra/Pore, MWCO 3500). The micellar 

nanoparticles were self-crosslinked when placed at 37 °C for 24 h. The colloidal stability of 

crosslinked micellar nanoparticles against extensive dilution, 10% FBS, or 10 mM GSH was 

investigated using DLS. 

2.6. Preparation of DOX-SCID-Ms 

Desalted DOX was used as a model hydrophobic anticancer drug. DOX was obtained by 

desalting DOX·HCl using triethylamine in DMSO. DOX-SCID-Ms were prepared using the 

above procedure for SCID-Ms except that copolymer solution containing different amount of 

DOX (at 9.1 or 16.7 wt.% feed ratio) was used and stirred for 0.5 h before dialysis. The 

amount of DOX was determined using fluorescence measurement (excitation at 480 nm). For 

determination of drug loading content, DOX-SCID-Ms were lyophilized and dissolved in 

DMF and analyzed with fluorescence spectroscopy, wherein calibration curve was obtained 

with DOX/DMF solutions with different DOX concentrations. Drug loading content (DLC) 

and drug loading efficiency (DLE) were calculated according to the following formula: 

DLC (wt.%) = weight of loaded drug/total weight of polymer and loaded drug) × 100 

DLE (%) = (weight of loaded drug/weight of drug in feed) × 100 

 

2.7. Triggered Drug Release of DOX-SCID-Ms 

The in vitro release studies were conducted in a dialysis tube (Spectra/Por 12000 ~ 14000) 

at 37 °C with 0.5 mL of DOX-SCID-Ms (30 mg/L) dialysis against 25 mL of release media, 

i.e., PB or PB containing 10 mM GSH. At desired time intervals, 5 mL of release media was 

taken out and replenished with an equal volume of fresh media. The amount of DOX released 

was determined using fluorometry. The release experiments were conducted in triplicates. 

2.8. MTT Assays of DOX-SCID-Ms 
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B16 mouse melanoma cells were plated in a 96-well plate (5 × 10
3
 cells/well) in 100 μL of 

RPMI 1640 media containing 10% fetal bovine serum, 1% L-glutamine, antibiotics penicillin 

(100 IU/mL) and streptomycin (100 μg/mL) for 24 h. The medium was aspirated and replaced 

by 90 μL of fresh medium and 10 μL DOX-SCID-Ms in PB (10 mM, pH 7.4) was added to 

yield final DOX concentrations ranging from 0.01 to 40 μg/mL. The cells were cultured for 

48 h. 10 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) solution 

(5 mg/mL) was added. The cells were cultured for another 4 h, the medium was aspirated, the 

MTT-formazan generated by live cells was dissolved in 150 μL of DMSO, and the 

absorbance at 492 nm of each well was measured using a microplate reader. The relative cell 

viability (%) was determined by comparing the absorbance at 492 nm with control wells 

containing only culture medium. Data are presented as average ± SD (n = 4). The cytotoxicity 

of blank SCID-Ms was assessed in a similar way. 

2.9. Confocal Microscopy of DOX-SCID-Ms 

The cellular uptake and intracellular drug release behaviors of DOX-SCID-Ms were 

followed with confocal laser scanning microscopy (CLSM). B16 cells were cultured on 

microscope slides in a 24-well plate (5 × 10
4
 cells/well) using RPMI-1640 medium for 24 h. 

The cells were incubated with DOX-SCID-Ms for 2 or 8 h before the culture medium was 

removed. The cell nuclei and skeleton were stained with 4,6-diamidino-2-phenylindole 

(DAPI) and FITC-phalloidine, respectively. The fluorescence images were obtained using 

CLSM (TCS SP5). 

2.10. Synthesis of cRGD-PEG-b-PDTC Block Copolymers 

cRGD-PEG-b-PDTC diblock copolymer was synthesized via two steps, Firstly, 

NHS-PEG-b-PDTC was prepared as described above except NHS-PEG-OH (Mn = 6.5 

kg/mol) was used as macro-initiator. Yield: 83.2%. 
1
H NMR (400 MHz, CDCl3): PEG: δ 
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3.64; DTC moieties: δ 4.32, 3.02, NHS moieties: δ 2.52. Mn (
1
H NMR) = 10.2 kg/mol, Mn 

(GPC) = 13.2 kg/mol, PDI = 1.49. Secondly, cyclic peptide C(RGDfK) (cRGD) was 

conjugated to NHS-PEG-b-PDTC by amidation reaction. In brief, NHS-PEG-b-PDTC (0.2 g, 

0.024 mmol) and cRGD (22 mg, 0.033 mmol) were added to 5 mL of DMF. The reaction 

proceeded for 24 h at r.t. The final product, cRGD-PEG-b-PDTC, was isolated through 

dialysis (MWCO 7000) against deionized water for 48 h followed by lyophilization. Yield: 

82.7%. 
1
H NMR (600 MHz, DMSO-d6): PEG: δ 3.51; DTC: δ 4.13, 2.99; cRGD: δ 6.84–7.61. 

The degree of cRGD conjugation was determined to be 88% by Micro BCA protein assay kit 

(Thermo scientific). 

2.11. MTT Assays of cRGD/DOX-SCID-Ms 

MTT assays were performed in αvβ3 overexpressing B16 melanoma cells. To evaluate the 

antitumor activity of cRGD/DOX-SCID-Ms, cells were incubated with 

cRGD/DOX-SCID-Ms or DOX-LPs (control) at DOX dosages ranging from 0.01-40 μg/mL 

in an atmosphere containing 5% CO2 at 37 °C for 4 h. The medium was aspirated and 

replaced by fresh medium, the cells were cultured for another 44 h, 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide (MTT) solution in PBS (10 μL, 

5 mg/mL) was added, and the cells were cultured for another 4 h. The supernatant was 

carefully aspirated, the MTT-formazan generated by live cells was dissolved in 150 μL of 

DMSO, and the absorbance at 492 nm of each well was measured using a microplate reader. 

The absorbance of the control wells containing DMSO only was used as a background signal. 

The relative cell viability was determined by comparing the absorbance at 492 nm with cells 

cultured in RPMI-1640 medium (without exposure to micellar nanoparticles). The 

experiments were performed in quartets and data are presented as average ± SD (n = 4). The 

cytotoxicity of blank cRGD/SCID-Ms was assessed in a similar way.  

2.12. Flow Cytometry Assays and Confocal Measurements of cRGD/DOX-SCID-Ms 
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B16 melanoma cells seeded in a 6-well plate (5 × 10
5
 cells/well) were incubated with 

cRGD/DOX-SCID-Ms or DOX-LPs in 500 μL of PBS (DOX dosage = 10 μg/mL) at 37 °C 

for 4 h. The cells were digested by 0.25% (w/v) trypsin and 0.03% (w/v) EDTA. The 

suspensions were centrifuged at 1000 × g for 3 min, washed twice with PBS, and then 

re-suspended in 500 μL of PBS. Fluorescence histograms were immediately recorded with a 

BD FACS Calibur flow cytometer (Becton Dickinson, USA) and analyzed using Cell Quest 

software based on 10,000 gated events. The gate was arbitrarily set for the detection of FITC 

fluorescence.  

B16 cells were cultured on microscope slides in 24-well plates (5 × 10
4
 cells/well). The 

cells were incubated with DOX-SCID-Ms, cRGD20/DOX-SCID-Ms or DOX-LPs in 50 μL of 

PBS (DOX dosage = 10 μg/mL) at 37 °C. After 1 h incubation, the medium was aspirated and 

replaced by fresh medium, and the cells were further incubated for another 7 h. The culture 

medium was removed and the cells on microscope plates were washed three times with PBS 

before fixation with 4% paraformaldehyde solution for 15 min and three times wash with PBS. 

The cytoskeleton was stained with fluorescein isothiocyanate labeled phalloidin 

(phalloidin-FITC) for 1 h and washed with PBS for three times. The cell nuclei were stained 

with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min and washed with PBS for three times. 

The fluorescence images were obtained using a confocal microscope (TCS SP5). For 

inhibition experiments, cells were pre-treated with 100 μg/mL free cRGD for 1 h before 

adding cRGD20/DOX-SCID-Ms. 

2.13. Pharmacokinetics of DOX-SCID-Ms and cRGD20/DOX-SCID-Ms  

All animal experiments were approved by the Animal Care and Use Committee of 

Soochow University (P.R. China), and all protocols of animal studies conformed to the Guide 

for the Care and Use of Laboratory Animals. For in vivo pharmacokinetic studies, C57BL/6 

mice were intravenously injected with 200 µL of DOX-SCID-Ms or cRGD20/DOX-SCID-Ms, 
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about 10 µL of blood was taken at different time points, and DOX was extracted as by DMF 

solution (containing 50 mM HCl and 20 mM DTT) and determined by fluorescence 

measurement (n = 5). The blood circulation half-lives were obtained by second-order 

exponential decay fits. 

2.14. In Vivo Biodistribution of DOX-SCID-Ms and cRGD20/DOX-SCID-Ms 

B16 melanoma tumor models were generated by subcutaneous injection of 1× 10
6
 cells in 

50 µL of PBS into the hind flank of the mice. The mice were used for the treatment and 

biodistribution when the tumor volume reached 20-30 mm
3
 and 100–150 mm

3
, respectively. 

For in vivo biodistribution studies, C57BL/6 mice bearing B16 melanoma tumors were 

intravenously injected with 200 µL of DOX-SCID-Ms or cRGD/DOX-SCID-Ms. The mice 

were sacrificed at 6, 12 or 24 h post injection. The major organs were collected, flushed with 

PBS, wet weighed, homogenized and extracted by DMF solution (containing 50 mM HCl and 

20 mM DTT). The DOX level was determined by fluorescence measurement (n = 5).  

2.15. Therapeutic Efficacy of DOX-SCID-Ms and cRGD20/DOX-SCID-Ms 

For antitumor efficacy studies, C57BL/6 mice bearing B16 melanoma tumors were 

intravenously injected with 200 µL of DOX-SCID-Ms or cRGD20/DOX-SCID-Ms every two 

days via tail vein. The tumor size was measured every day using calipers. Mice were weighed 

every day and the relative body weight was normalized to their initial weight. On day 15, one 

mouse from each group was sacrificed by cervical vertebra dislocation and the heart, liver and 

kidney were isolated and prepared for histological analysis. For histological analyses, the 

tissues were fixed with 4% paraformaldehyde solution and embedded in paraffin. The sliced 

organ tissues (thickness: 4 mm) mounted on the glass slides were stained by hematoxylin and 

eosin (H&E) and observed by a digital microscope (Olympus BX41). 

2.16. Maximum Tolerated Dose (MTD) Studies 
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For MTD studies, C57BL/6 mice were administered with a single dose of DOX-SCID-Ms 

or cRGD20/DOX-SCID-Ms via tail vein injection. The body weight was monitored daily for 

10 days. The MTD was defined as the highest dose that does not cause unacceptable toxicity 

like death, over 15 % body weight loss or other remarkable changes in the general appearance 

of the mice within the experiment period.  

 

3. Results and discussion 

3.1. Synthesis of PEG-b-PDTC 

To prepare PEG-b-PDTC diblock copolymer, we devised and synthesized a new monomer, 

dithiolane-functionalized cyclic carbonate (DTC), in two steps with a decent overall yield of 

45.6% (Scheme 2). 
1
H NMR showed two singlets at δ 3.13 and 4.46 attributable to the 

methylene protons in the dithiolane and next to the carbonate bond, respectively (Fig. 1a). 

Notably, the integral ratio of these two peaks was close to the theoretical value of 1:1. The 

structure of DTC was further verified by elemental analysis, electrospray ionization mass 

spectrometry and 
13

C NMR (Fig. 1b). Ultraviolet (UV) spectrum of DTC showed 

characteristic absorbance of dithiolane ring at 330 nm (Fig. 1c,d), analogous to lipoic acid 

[44]. The ring-opening polymerization of DTC using methoxy PEG (Mn = 5.0 kg/mol) as a 

macro-initiator at a monomer-to-initiator molar ratio of 26/1 and zinc bis [bis(trimethylsilyl) 

amide] as a catalyst yielded PEG-b-PDTC diblock copolymer. 
1
H NMR showed besides 

signals at δ 3.65 attributable to the methylene protons of PEG block, resonances at δ 3.37 and 

3.04 owing to the methylene protons of PDTC block and a small peak at δ 4.35 assignable to 

the methylene protons of PEG unit adjacent to the ester bond (Fig. 2). The comparison of the 

integrals of signals at δ 3.04 (methylene protons in dithiolane ring) to δ 3.65 revealed that 

PDTC block had a degree of polymerization of about 20, corresponding to an Mn of 3.9 

kg/mol. Gel permeation chromatography (GPC) curve showed a unimodal distribution with an 
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Mw/Mn of 1.51 and an Mn of 11.2 kg/mol (Fig. S1, Table S1), close to that calculated by 
1
H 

NMR. No free thiol was present in the PEG-PDTC block copolymer as revealed by Ellman’s 

test. Moreover, UV displayed strong absorbance of dithiolane ring at 330 nm, comparable to 

that of DTC monomer at the same concentration, corroborating that dithiolane groups are 

intact during polymerization and work-up procedure.  
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Fig. 1. Characterizations of DTC. (a) 
1
H NMR Spectrum (400 MHz, CDCl3) of DTC. (b) 

13
C NMR 

Spectrum (100 MHz, DMSO-d6) of DTC. (c) UV Spectrum of DTC in DMF at concentrations ranging 

from 0.5 to 20 mg/mL. (d) Correlation between DTC concentration and UV absorbance at 330 nm. 
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Fig. 2. 
1
H NMR spectrum (400 MHz, CDCl3) of PEG-b-PDTC diblock copolymer. 

 

3.2. Micelle Formation and Controlled Drug Release  

PEG-b-PDTC diblock copolymer self-assembled into robust micellar nanoparticles with a 

diameter of ca. 150 nm and a polydispersity index (PDI) of 0.18, as shown by dynamic light 

scattering (DLS) and transmission electron microscopy (TEM) measurements (Fig. 3a). 

Interestingly, UV spectrum of micelle dispersions after workup procedure showed complete 

disappearance of the absorbance at 330 nm (Fig. 3b), indicating that the dithiolane rings in 

the micellar core undergo automatic ring-opening polymerization to form linear polydisulfide, 

similar to lipoic acid nanoparticles following treatment with catalytic dithiothreitol [30-31]. In 

accordance, SCID-Ms exhibited superior colloidal stability against 10% serum and extensive 

dilution (Fig. S2a), while quickly swelled to ca. 338 nm in 4 h and 724 nm in 12 h in response 

to 10 mM glutathione (GSH, mimicking the reductive environment in the cytoplasm) (Fig. 

S2b), indicating that micellar nanoparticles are de-crosslinked and destabilized by GSH 

through cleavage of disulfide crosslinks into two hydrophilic thiol groups. Zeta potential 

measurements showed that SCID-Ms had a neutral surface charge. 
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We selected DOX, a potent clinical chemotherapeutics, to assess the drug loading and 

delivery behaviors of SCID-Ms. Notably, DOX could efficiently be loaded into SCID-Ms 

with a high drug loading content (DLC) of 14.4 wt.% (Table S2). The in vitro release studies 

revealed a low DOX release from SCID-Ms (less than 15% in 12 h) under physiological 

conditions (pH 7.4 and 37 C) (Fig. 3c). In contrast, 75% DOX was released in 12 h in the 

presence of 10 mM GSH under otherwise identical conditions, likely due to fast 

de-crosslinking and swelling of micellar core. It appears that SCID-Ms provide a unique 

solution to simultaneously resolve the drug leakage and slow intracellular drug release 

problems confronted by common biodegradable micellar nanoparticles. 

As revealed by MTT assays, SCID-Ms were non-toxic to B16 cells up to a tested 

concentration of 1.5 mg/mL (Fig. 3d), confirming their good biocompatibility. 

DOX-SCID-Ms displayed, as expected, a significant anti-tumor effect towards B16 cells with 

a half-maximal inhibitory concentration (IC50) of 2.98 μg DOX equiv./mL (Fig. S3). The 

somewhat higher IC50 observed for DOX-SCID-Ms as compared to free DOX·HCl is likely 

due to the inhibited cell uptake by the PEG stealth effect. CLSM observed strong DOX 

fluorescence in the nuclei of B16 cells following 2 h incubation with DOX-SCID-Ms, 

approaching to those with free DOX (Fig. 3e), confirming fast de-crosslinking of 

DOX-SCID-Ms and efficient cytoplasmic DOX release.  
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Fig. 3. (a) DLS and TEM profiles of SCID-Ms. (b) UV spectra of PEG-b-PDTC micellar nanoparticles 

before and after workup. (c) In vitro drug release behaviors of DOX-SCID-Ms. The release studies 

were performed at pH 7.4 and 37 °C either in the presence or absence of 10 mM GSH. (d) MTT assays 

of blank SCID-Ms in B16 melanoma cells. (e) CLSM images of B16 melanoma cells following 2 h 

incubation with DOX-SCID-Ms (I) and free DOX·HCl. DOX dosage was 10.0 μg/mL. For each panel, 

the images from left to right show cell nuclei stained by DAPI (blue), cytoskeleton stained by 

phalloidin-FITC (green), DOX fluorescence in cells (red), and overlays of the three images. The scale 

bars correspond to 20 μm. (f) In vivo pharmacokinetics of DOX-SCID-Ms and free DOX·HCl in 

C57BL/6 mice.  

 

3.3. In Vivo Pharmacokinetics, Biodistribution and Tolerability of DOX-SCID-Ms 

The in vivo pharmacokinetic studies in C57BL/6 mice showed that DOX-SCID-Ms had a 

prolonged circulation time with an elimination phase half-life (t1/2,β) of 5.40 h and an area 

under curve (AUC) of 56.2 µg/mL·h (Fig. 3f), which were ca. 20 times higher than those of 
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free DOXHCl. Notably, paclitaxel-loaded core-crosslinked polymeric micelles did not show 

much improvement in the pharmacokinetics [45]. The significantly improved 

pharmacokinetics for DOX-SCID-Ms is likely due to their much higher crosslinking density 

that results in not only superior stability but also inhibited drug leakage in vivo The in vivo 

biodistribution studies in B16 melanoma-bearing C57BL/6 mice showed that DOX-SCID-Ms 

significantly enhanced DOX accumulation in the tumor, reaching 3.13% of injected dose per 

gram of tissue (%ID/g) at 6 h post injection (Fig. 4a). Moreover, the DOX level in the tumor 

remained high at 24 h post injection of DOX-SCID-Ms, in sharp contrast to the quickly 

diminishing DOX concentration observed in mice treated with free DOX·HCl. Noteworthy, 

the tumor-to-normal tissue ratio (T/N) data showed that DOX-SCID-Ms caused 5-15 fold 

enhancement of tumor selectivity as compared to free DOX·HCl (Fig. S4).  

The maximum-tolerated dose (MTD) studies displayed that i.v. injection of 

DOX-SCID-Ms at a single dose of 50 or 100 mg DOX equiv./kg induced little body weight 

loss of C57BL/6 mice in 10 days (Fig. 4b), indicating that DOX-SCID-Ms has an MTD value 

of over 100 mg DOX equiv./kg. In sharp contrast, more than 18% body weight loss was 

observed for mice treated with 10 mg DOX/kg of free DOXHCl. DOX-SCID-Ms with at 

least 10-fold enhancement of MTD as compared to free DOXHCl possess, to the best of our 

knowledge, the highest MTD among the reported nanoparticulate formulations. For instance, 

chimaeric polypeptide-doxorubicin conjugate nanoparticles showed a 4-fold higher MTD than 

free drug [46]. An MTD of 15 mg/kg was reported for squalenoyl doxorubicin (SQ-Dox)  

[47]. This unprecedented MTD and thereby significantly increased therapeutic window of 

DOX is most likely attributed to their extraordinary stability and prohibited premature drug 

release as a result of dense core-crosslinking. The clinical applications of many drugs 

including DOX are dose limited due to a narrow therapeutic window.  
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Fig. 4. In vivo biodistribution and therapeutic effects of DOX-SCID-Ms in B16 melanoma-bearing 

C57BL/6 mice. (a) In vivo biodistribution of DOX-SCID-Ms. DOX levels in different organs and 

tumor, expressed as percentage of injected dose per gram of tissue (%ID/g), were determined using 

fluorescence spectroscopy. Free DOX·HCl was used as a control. Data are presented as mean ± SD (n 

= 5). (b) MTD studies of DOX-SCID-Ms in tumor-free C57BL/6 mice (n = 5). (c) Tumor growth 

suppression with DOX-SCID-Ms. The drug was given on day 0, 2, 4, 6 and 8. Data are presented as 

mean ± SD (n = 6). **p < 0.01, ***p < 0.001 (student's t test). (d) Body weight change of 

tumor-bearing mice in time. Data are presented as mean ± SD (n = 6). (e) Survival rates of 

tumor-bearing mice following different treatments.  

 

3.4. In Vivo Treatment of B16 Melanoma-Bearing C57BL/6 Mice by DOX-SCID-Ms  

We evaluated the therapeutic effects of DOX-SCID-Ms using malignant B16 

melanoma-bearing C57BL/6 mice. The results showed that DOX-SCID-Ms inhibited tumor 

growth in a dose-dependent manner, in which tumor progression was significantly suppressed 

at a dosage of 30 mg DOX equiv./kg (Fig. 4c). Free DOXHCl though inhibited tumor growth 
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at 10 mg/kg led to ca. 22% body weight loss in 7 days (Fig. 4d). In comparison, little body 

weight change was observed for the mice treated with DOX-SCID-Ms, indicating that 

DOX-SCID-Ms cause little systemic toxicity. Remarkably, mice treated with 30 mg DOX 

equiv./kg DOX-SCID-Ms showed a 100% survival rate in an experimental period of 46 days 

(Fig. 4e). The histological analyses using H&E staining revealed that DOX-SCID-Ms at 30 

mg DOX equiv./kg caused little damage to the major organs including heart, liver and kidney, 

while heart tissue of mice treated with free DOXHCl showed apparent atrophy cardiac 

myocytes and infiltration of inflammatory cells (Fig. S5), supporting that DOX-SCID-Ms 

have low systemic toxicity. 

 

3.5. Fabrication and In Vitro Assessments of cRGD-Installed DOX-SCID-Ms  

To achieve active tumor targeting ability, we further decorated SCID-Ms with cRGD 

peptide, which displays a high selectivity towards αvβ3 integrin-overexpressing angiogenic 

endothelial cells as well as several malignant tumor cells such as B16 melanoma cells and 

human U87 glioma cells in vitro and in vivo [47-50]. cRGD-PEG-b-PDTC was readily 

prepared with an Mn of 6.5-3.7 kg/mol, as calculated by 
1
H NMR, through ring-opening 

polymerization of DTC using NHS-PEG-OH (Mn = 6.5 kg/mol) as an initiator followed by 

reacting with cRGDfK (Scheme S1). cRGD-functionalized SCID-Ms (cRGD/SCID-Ms) were 

prepared with varying cRGD densities by co-self-assembly of cRGD-PEG-b-PDTC and 

PEG-b-PDTC copolymers. Notably, cRGD-PEG-b-PDTC was designed to contain a longer 

PEG than PEG-b-PDTC (6.5 versus 5.0 kg/mol) in order to fully expose cRGD ligands at the 

micelle surface for optimal tumor targeting effect. DLS measurements displayed that 

cRGD/SCID-Ms had a hydrodynamic size of 150-155 nm, similar to that of the non-targeting 

SCID-Ms. Moreover, cRGD/SCID-Ms as SCID-Ms had a neutral surface charge. The blank 
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cRGD/SCID-Ms, similar to SCID-Ms, were non-cytotoxic at a micelle concentration of 1.0 

mg/mL (Fig. S6a).  

To study their active targetability, B16 cells were incubated with cRGD/DOX-SCID-Ms 

for 4 h, the media were removed and replenished with fresh culture media, and the cells were 

cultured for another 44 h. MTT assays revealed that the antitumor effect of DOX-loaded 

cRGD/SCID-Ms (cRGD/DOX-SCID-Ms) to B16 cells intimately depended on cRGD 

contents, in which IC50 decreased almost linearly with increasing cRGD densities from 0 to 

20% (Fig. S6b). Interestingly, cRGD20/DOX-SCID-Ms revealed a low IC50 of 2.02 μg DOX 

equiv./mL, which was significantly lower than 12.51 μg DOX equiv./mL for commercial 

pegylated liposomal DOX (DOX-LPs) control. DOX-LPs are one of the very few 

nanomedicines widely used in the clinics for the treatment of various cancers [51]. It is 

interesting to note that further increasing cRGD density to 30% resulted in only slight 

decrease of IC50. Flow cytometric analyses showed that cellular DOX level in B16 cells 

following 4 h incubation with cRGD/DOX-SCID-Ms increased with increasing cRGD 

densities from 0 to 20% and almost levelled off at cRGD density to 30% (Fig. S7), in 

accordance with the MTT results. In the following, we selected cRGD20/SCID-Ms for further 

studies. CLSM results showed very strong DOX fluorescence in the cell nuclei following 8 h 

incubation with cRGD20/DOX-SCID-Ms, which was much higher than that in DOX-LPs or 

DOX-SCID-Ms treated cells as well as in cells pre-treated with free cRGD prior to adding 

cRGD20/DOX-SCID-Ms (Fig. S8). These observations support that cRGD/DOX-SCID-Ms 

are taken up by B16 cells via the receptor-mediated endocytosis mechanism.  

 

3.6. In Vivo Pharmacokinetics and Biodistribution of cRGD-Directed DOX-SCID-Ms 

The in vivo pharmacokinetic results demonstrated that cRGD20/DOX-SCID-Ms had a 

long circulation time with a t1/2,β of 6.19 h and an AUC of 62.0 µg/mL·h, comparable to 
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DOX-LPs (Fig. 5a). cRGD20/DOX-SCID-Ms exhibited a slightly longer circulation time 

than DOX-SCID-Ms, which is likely due to their longer PEG chain, indicating that surface 

decoration with 20% cRGD peptide has no negative effect to the in vivo pharmacokinetics of 

the micellar nanoparticles. The biodistribution studies revealed that tumor accumulation of 

cRGD20/DOX-SCID-Ms was as high as 6.13 % ID/g at 6 h post injection, which was ca. 

3-fold higher than that for DOX-LPs (Fig. 5b). Notably, significant tumor accumulation was 

also observed for cRGD20/DOX-SCID-Ms at 24 h after injection, confirming that cRGD 

functionalization of nanoparticles can markedly enhance their tumor accumulation and 

retention [52-53]. The plot of T/N ratios reveals that cRGD20/DOX-SCID-Ms resulted in 3-7 

fold better tumor selectivity than DOX-LPs (Fig. S9).  

 

3.7. Targeted Treatment of B16 Melanoma-Bearing Mice by cRGD-Directed DOX-SCID-Ms 

The in vivo targetability and treatment effects of cRGD20/DOX-SCID-Ms were studied in 

B16 melanoma-bearing C57BL/6 mice and compared with DOX-LPs. The results showed that 

cRGD20/DOX-SCID-Ms effectively inhibited tumor growth at 20 mg DOX equiv./kg (Fig. 

5c). The installment of cRGD on the surface of DOX-SCID-Ms significantly enhanced their 

anti-tumor efficacy (Fig. S10). Importantly, mice treated with cRGD20/DOX-SCID-Ms had 

little change in body weight (Fig. 5d), indicating that they cause little side effects. In contrast, 

DOX-LPs induced significant body weight loss at dosages of 10 and 20 mg DOX equiv./kg. 

Notably, mice treated with cRGD20/DOX-SCID-Ms exhibited markedly improved survival 

rate over those with DOX-LPs (Fig. 5e). In particular, 100% survival rate was observed in an 

experimental period of 43 days at 20 mg DOX equiv./kg. As revealed by the histological 

analyses, cRGD20/DOX-SCID-Ms caused little damage at 20 mg DOX equiv./kg to the 

normal organs like heart, liver and kidney (Fig. 5f). In contrast, DOX-LPs led to besides 

obvious hand-foot syndrome also hepatotoxicity and renal toxicity. Fig. 5g shows that 
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cRGD20/DOX-SCID-Ms possessed a superior MTD of over 80 mg DOX equiv./kg, which 

was at least 4-fold higher than DOX-LPs. This remarkable tolerance of 

cRGD20/DOX-SCID-M offers a viable treatment window to achieving extraordinary efficacy 

while maintaining a low systemic toxicity.  
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Fig. 5. In vivo therapeutic effects of cRGD20/DOX-SCID-Ms in αvβ3 overexpressing B16 

melanoma-bearing C57BL/6 mice. (a) In vivo pharmacokinetics of cRGD20/DOX-SCID-Ms and 

DOX-LPs in C57BL/6 mice. (b) In vivo biodistribution of cRGD20/DOX-SCID-Ms and DOX-LPs. 
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Data are presented as mean ± SD (n = 5). (c) Tumor growth suppression with 

cRGD20/DOX-SCID-Ms and DOX-LPs. The drug was given on day 0, 2, 4, 6 and 8. Data are 

presented as mean ± SD (n = 6). (d) Body weight change of tumor-bearing mice following different 

treatments in time. Data are presented as mean ± SD (n = 6). (e) Survival rates of tumor-bearing mice 

(n = 5). (f) Histological analyses of heart, liver and kidney of mice following treatment with 20 mg/kg 

cRGD20/DOX-SCID-Ms (I), 10 mg/kg DOX-LPs (II), and PBS (III). (g) MTD studies of 

cRGD20/DOX-SCID-Ms in tumor-free C57BL/6 mice (n = 5) . **p < 0.01, ***p < 0.001 (student's t 

test). 

 

4. Conclusions 

We have designed and developed self-crosslinkable and intracellularly decrosslinkable 

biodegradable micellar nanoparticles (SCID-Ms) for high-efficiency targeted cancer 

chemotherapy in vivo. Notably, nanotherapeutics based on SCID-Ms bear all desired 

functions in one including high drug loading, superior stability, long-circulation time, 

minimal drug leakage, triggered drug release inside the tumor cells, and high tolerated dose. 

DOX-loaded SCID-Ms can effectively inhibit tumor growth and improve the survival rate of 

malignant B16 melanoma-bearing C57BL/6 mice while cause little systemic toxicity at a 

dosage of 30 mg DOX equiv./kg. We have further demonstrated that SCID-Ms can be readily 

functionalized with tumor-homing cRGD peptide. Remarkably, the in vivo results in αvβ3 

overexpressing B16 melanoma-bearing mice clearly show that cRGD-directed micellar 

doxorubicin brings about markedly enhanced tumor accumulation and selectivity, 

significantly improved therapeutic efficacy, and largely reduced side effects as compared to 

clinically used pegylated liposomal doxorubicin (DOX-LPs). It is important to note that 

nanotherapeutics based on SCID-Ms are simple and easy to prepare in a large scale. Moreover, 

the physiochemical properties of SCID-Ms can be tailored by copolymerizing with common 

cyclic esters and carbonates such as D,L-lactide and trimethylene carbonate for efficient 

loading and delivery of various chemotherapeutic agents. SCID-Ms with great simplicity, 
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multifunctionality and safety have a tremendous potential for translational nanomedicine 

research.  
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Graphical Abstract 

 

 

 

Cyclic RGD peptide-decorated disulfide-crosslinked micellar doxorubicin exhibits excellent 

stability, high maximum-tolerated dose, and superior targetability and therapeutic efficacy to 

pegylated liposomal doxorubicin in αvβ3 overexpressing B16 melanoma-bearing mice. 


