
© 2016 Zhang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2016:11 1643–1661

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
1643

O r i g in  a l  R e s e a r c h

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/IJN.S101030

Matrix metalloproteinases-2/9-sensitive peptide-
conjugated polymer micelles for site-specific 
release of drugs and enhancing tumor accumulation: 
preparation and in vitro and in vivo evaluation

Xiaoyan Zhang
Xiaofei Wang
Weitong Zhong
Xiaoqing Ren
Xianyi Sha
Xiaoling Fang
Key Laboratory of Smart Drug 
Delivery, Ministry of Education and 
People’s Liberation Army of China, 
School of Pharmacy, Fudan University, 
Shanghai, People’s Republic of China

Abstract: Since elevated expression of matrix metalloproteinase (MMP)-2 and MMP-9 is 

commonly observed in several malignant tumors, MMPs have been widely reported as key 

factors in the design of drug delivery systems. Several strategies have been proposed to develop 

MMPs-responsive nanoparticles to deliver chemotherapeutics to malignant solid tumors. 

A stimuli-responsive drug delivery system, which could be cleaved by MMPs, was proposed in 

this study. By inserting an MMP-2/9 cleavable oligopeptide GPVGLIGK-NH
2
 (GK8) as spacer 

between α-tocopherol succinate (α-TOS) and methoxy-polyethylene glycol molecular weight 

(MW 2000 Da) activated by N-hydroxysuccinimide (mPEG2K-NHS), mPEG2K-GK8-α-TOS 

(TGK) was synthesized as the primary ingredient for MMP-2/9-sensitive micelles composed 

of d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) and TGK (n:n =40:60, TGK 

micelles). mPEG2K-α-TOS (T2K) was similarly synthesized as nonsensitive control. The TGK 

micelles showed better stability than nonsensitive micelles composed of TPGS and T2K (n:n 

=40:60, T2K micelles) owing to the inserted peptide. Fluorescence resonance energy transfer 

results indicated that TGK micelles could be successfully cleaved by MMP-2/9. Effective drug 

release was demonstrated in the presence of collagenase type IV, a mixture of MMP-2 and 

MMP-9. Compared with nonsensitive micelles, docetaxel (DTX)-loaded TGK micelles showed 

a fold higher cellular uptake in HT1080 cells. While the half-maximal inhibitory concentration 

(IC
50

) of TGK and T2K micelles were similar (P.0.05) in MCF-7 cells (MMP-2/9 underexpres-

sion), the IC
50 

values of the aforementioned micelles were 0.064±0.006 and 0.122±0.009 µg/mL, 

respectively, in HT1080 cells (MMP-2/9 overexpression). The MMP-2/9-sensitive micelles also 

demonstrated desired tumor targeting and accumulation ability in vivo. The results of in vivo 

antitumor effect evaluation indicate that TGK micelles are potent against solid tumors while 

maintaining minimum systemic toxicity compared with T2K micelles and DTX.
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Introduction
Over past decades, the application of nanomaterial and related devices in the field 

of chemotherapy have been proven to be effective in minimizing side effects, 

thereby improving therapeutic efficacy and achieving targeted drug delivery.1,2 Ideal 

nanocarriers should maintain chemical and physical stabilities in circulation and 

release the encapsulated drugs at tumor site.3 Nanocarriers responsive to internal 

or external stimuli are of great interest since they allow more efficient delivery of 

drugs to pathological regions.4 Based on several significant differences between the 
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microenvironment of tumor sites and normal tissues includ-

ing acidic pH, altered redox potential, and overexpressed 

proteins, various stimuli-responsive nanocarriers have been 

studied.5 Tumor-associated enzyme-triggered drug release is 

one of the most selective and powerful strategies for achiev-

ing effective drug delivery to tumor site.6 Matrix metallo-

proteinases (MMPs), which degrade extracellular matrix, are 

secreted by cancer cells and play an important role in tumor 

progression.7,8 MMP-2 and MMP-9, commonly associated 

with tumor invasion and metastasis, have been considered 

as biomarkers in many types and stages of cancer.9–12 Since 

activated MMP-2 and MMP-9 were observed extracellularly 

in several malignant tumors such as breast, colon, and brain 

cancers,13 they have been widely reported as targets for drug 

delivery. Several strategies have been proposed to develop 

MMP-2/9-responsive nanoparticles for drug delivery to 

solid tumors.14 However, based on the reported data, further 

improvement is required in terms of site-specific release and 

higher drug accumulation in tumors.15

d-α-Tocopheryl polyethylene glycol 1000 succinate 

(TPGS, Figure S1) and its analogs were chosen for the 

development of nanocarriers in this study for several reasons. 

First, TPGS is an amphiphilic polymer containing hydro-

phobic vitamin E succinate and hydrophilic poly(ethylene 

oxide) blocks that can self-assemble into micelles in aque-

ous environment.16 The bulky hydrophobic cores formed by 

vitamin E succinate ensure a relatively high encapsulation 

rate in TPGS micelles.16 Second, TPGS also acts as an anti-

cancer agent inducing apoptosis and producing a synergistic 

effect with other anticancer agents.17 d-α-Tocopherol suc-

cinate (α-TOS) and its analogs can induce reactive oxygen 

species generation, subsequently inducing apoptosis in cancer 

cells while being nontoxic toward normal cells.18,19 TPGS has 

also been approved by the US Food and Drug Administarion 

as a safe pharmaceutical adjuvant used in drug formulation.20 

Besides, it  was reported that TPGS could be efficient in 

overcoming multidrug resistance.21 However, in spite of 

the suggested advantages, critical micelles concentration 

(CMC) value of TPGS is as high as 0.02%, resulting in poor 

stability of single TPGS micelles.22 Additionally, the poly-

ethyleneglycol (PEG) chain of TPGS is too short to extend 

the circulation of micelles.23 Thus, TPGS has always been 

incorporated with other amphiphilic polymers to form mixed 

micelles for drug delivery.16 It has been reported that PEG-

derived vitamin E with longer PEG chain possesses much 

lower CMC value than TPGS.24 Mixing these conjugates 

with TPGS to form micelles might contribute to overcoming 

the disadvantages of TPGS micelles.25 Various studies have 

illustrated the importance of surface modification with PEG 

chains with a molecular weight (MW) of over 2,000 Da for 

the extended circulation of nanoparticles.26 Combined with 

the impact of PEG chain on CMC value and drug loading 

efficiency (DL), PEG with MW of 2,000 Da was chosen to 

synthesize MMP-2/9-sensitive conjugate.

Docetaxel (DTX) is one of the most potent antineoplastic 

agents in chemotherapy owing to its ability to inhibit the 

microtubule depolymerization of free tubulins.27 To over-

come the solubility concerns and reduce the adverse effects 

of DTX, various drug delivery systems have been proposed. 

However, drug retention, drug release control, and perme-

ation in tissue still remain the major challenges.28

In this study, we proposed that MMPs could be utilized 

to trigger drug release from polymer micelles. GPVGLIGK-

NH
2
 (GK8)

 
has been conjugated with poloxamer to yield 

MMP-2/9-sensitive multi block copolymers successfully.7 

By inserting GK8
 
peptide sequence between α-TOS and 

methoxy-polyethylene glycol (MW 2,000 Da) activated 

by N-hydroxysuccinimide (mPEG2K-NHS) as linker, 

mPEG2K-GK8-α-TOS (TGK) was synthesized. mPEG2K-

α-TOS (T2K) was synthesized similarly as control. MMP-

2/9-sensitive micelles were prepared by TPGS and TGK at 

the ratio of 40:60 (n:n, TGK micelles), while nonsensitive 

micelles composed of TPGS and T2K (T2K micelles) 

were used as control. DTX was encapsulated in the hydro-

phobic core physically. Upon administration, the micelles 

accumulated in tumor site via enhanced permeability and 

retention effect followed by exposure to MMP-2/9 in the 

extracellular matrix, thereby inducing collapse of micelles 

and site-specific release of the loaded drug, resulting in 

an increased local drug concentration.29 Compared with 

traditional polymeric micelles, TGK micelles have a low 

risk of drug leakage in circulation as well as enhanced 

anti-tumor efficacy.

The synthesis, preparation, and characterization of TGK 

micelles are presented in this study. The in vitro cellular 

uptake and cytotoxicity against human fibrosarcoma cell 

line HT1080 (MMP-2/9 overexpression) and human breast 

adenocarcinoma cell line MCF-7 (MMP-2/9 underexpres-

sion) were investigated. Furthermore, biodistribution 

study using near-infrared fluorescence imaging and in vivo 

antitumor effect in HT1080 tumor-bearing nude mice model 

was examined in the study.

Materials and methods
Materials and animals
GPVGLIGK-NH

2
 was synthesized by Shanghai Jier Biochem 

Co., Ltd. (Shanghai, People’s Republic of China). DTX was 

purchased from Meilun Biological Technology Co., Ltd. 
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(Dalian, Liaoning Province, People’s Republic of China). 

mPEG2K-NHS (MW 2,000 Da) and mPEG2K-NH
2
 (MW 

2000 Da) were purchased from Seebio Biochem Co., 

Ltd. (Shanghai, People’s Republic of China). Anhydrous 

dimethylformamide (DMF), triethylamine (TEA), α-TOS,  

collagenase type IV, coumarin-6, bovine serum albumin (BSA), 

and 3-(4,5-dimethylthiazol-2-y1)-2,5-di-phenyltetrazolium 

bromide (MTT) were obtained from Sigma-Aldrich (St Louis, 

MO, USA). O-(6-Chlorobenzotriazol-1-yl)-N,N,N′,N′,-
tetramethyluronium tetrafluoroborate (TCTU) was pur-

chased from Adamas Reagent Co., Ltd (Shanghai, People’s 

Republic of China). 3,3′-dioctadecyloxacarbocyanine 

perchlorate (DiO), LysoTracker Red, 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindotricarbocyanine (DiR), and 

1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 

perchlorate (DiI) were purchased from Beyotime Biotech-

nology (Shanghai, People’s Republic of China). TPGS 

was provided by BASF Corporation (Ludwigshafen, 

Germany). Dulbecco’s Modified Eagle’s Medium (DMEM), 

penicillin–streptomycin, phosphate buffered saline (PBS), 

and fetal bovine serum (FBS) were purchased from Gibco 

(Grand Island, CA, USA). GM 6001 was purchased from 

Medchemexpress (Monmouth Junction, NJ, USA). All other 

reagents and chemicals were of analytical grade.

Human fibrosarcoma cell line HT1080 and human breast 

adenocarcinoma cell line MCF-7 were purchased from the 

Institute of Biochemistry and Cell Biology, Shanghai Institute 

for Biological Science, Chinese Academy of Sciences, 

Shanghai, People’s Republic of China. The cells were 

cultured in DMEM medium supplemented with 10% FBS, 

100 U/mL of penicillin, and 100 U/mL of streptomycin under 

95% humidity and 5% CO
2 
at 37°C. All experiments were 

performed using cells in the logarithmic phase of growth.

Male BALB/c nude mice (20–22 g) were supplied by 

Laboratory Animal Center, Fudan University, Shanghai, 

People’s Republic of China. Animals were kept under specific 

pathogen free conditions. Ethical approval was obtained from 

the Ethics Committee of Fudan University for the experi-

ments in the study involving human cell line and animals.

Synthesis, purification, and characterization 
of mPEG2K-GK8-α-TOS conjugate
The synthesis of mPEG2K-GK8-α-TOS involves two steps 

as shown in Figure 1. mPEG2K-NHS (MW 2,000 Da) and 

C-terminus-protected peptide GK8 (n:n =1:1.2) were dis-

solved in 5 mL of DMF and then 20 µL TEA was added. 

The synthesis was carried out under nitrogen protection 

at 40°C overnight. The unreacted peptide was removed 

by dialysis (molecular weight cut off [MWCO] 1,000 Da) 

against deionized water. The purified mPEG2K-GK8 con-

jugate was lyophilized and characterized by 1H-nuclear 

magnetic resonance spectroscopy (1H NMR) in CDCl
3
 at 

400 MHz (Mercury Plus; Varian, Palo Alto, CA, USA). 

Then, mPEG2K-GK8 conjugate and α-TOS (n:n =1:1.2) 

were dissolved in anhydrous DMF in the presence of 5% 

TCTU (catalytic agent) and 20  µL TEA. Reaction was 

carried out under nitrogen protection at room temperature 

overnight. Diethyl ether (0°C) was added to the reaction 

system to precipitate the product and remove any unreacted 

α-TOS.23 The precipitate was redissolved in deionized water 

before being dialyzed (MWCO 2,000 Da) against deionized 

water for 48 hours to remove any TCTU. The product was 

lyophilized before characterization by 1H NMR.

The T2K conjugate was synthesized as control following 

a similar protocol wherein mPEG2K-NH
2
 (MW 2,000 Da) 

and α-TOS were mixed at a molar ratio of 1:1.2, respectively, 

in 5 mL DMF with 5% TCTU and 20 µL TEA. Similarly, the 

reaction system was treated with 0°C diethyl ether, dialyzed 

against deionized water and lyophilized before characteriza-

tion by 1H NMR.

Preparation of DTX-loaded micelles
Thin-film hydration method was chosen to prepare micelles. 

Briefly, 20 mg of TPGS, 65 mg of TGK (n:n =40:60), and 3 

mg of DTX were dissolved in 5 mL of chloroform in a round-

bottomed flask to prepare DTX-loaded TGK micelles. The 

organic solvent was removed by rotary evaporation at 40°C 

in a water bath to form a thin film. DTX-loaded micelles 

were formed by suspending the thin film in 5 mL deionized 

water for 30 minutes after vacuum drying overnight. The 

unloaded DTX was removed by filtration through 0.22 µm 

sterile filter. The DTX-loaded T2K micelles were prepared 

following a similar procedure wherein 20 mg of TPGS, 

50 mg of T2K (n:n =40:60), and 3 mg of DTX were mixed 

in 5 mL of chloroform. The micelles solution was lyophilized 

for further use. Coumarin-6-loaded T2K micelles and TGK 

micelles were prepared following the same procedure.

Characterization of DTX-loaded 
MMP-2/9-sensitive micelles
CMC value determination
The CMC values of blank T2K and TGK micelles were 

measured by ultraviolet-visible spectroscopy method, using 

iodine (I
2
) as a hydrophobic probe.25 The I

2
/KI standard 

solution was prepared by dissolving 1 g of I
2 
and 2 g of KI 

in 100 mL of deionized water. Samples of blank T2K and 

TGK micelles with concentration ranging from 0.0001% to 

0.1% were prepared before 5 µL of I
2
 standard solution was 
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added to 1 mL of the sample solution. After incubating for 

24 hours in the dark at 37°C, the absorbance of samples at 

366 nm was measured by a microplate reader (Synergy 2; 

Bio Tek, Winooski, VT, USA). CMC value was calculated 

by corresponding polymer concentration at which a sharp 

increase in absorbance was observed. The experiment was 

performed in triplicate.

Particle size and distribution
Particle size, distribution, and zeta-potential of DTX-loaded 

micelles were determined by dynamic light scattering at 25°C 

by using Malvern Zetasizer (Nano ZS90; Malvern Instru-

ments, Worcestershire, UK).

Determination of drug encapsulation efficiency 
and drug loading efficiency
The DTX encapsulated in the micelles was measured by 

reverse-phase high-performance liquid chromatography 

(RP-HPLC) assay with 10-Avp HPLC system (Shimadzu 

Corporation, Kyoto, Japan). A reverse-phase column 

(Gemini 5u C18 110A, 4.6×150 mm, 5 µm; Phenomenex, 

Torrance, CA, USA) was used. The mobile phase consisted 

of 0.043 mol/L ammonium acetate solution and acetonitrile 

(v:v =55:45), and was delivered at a rate of 1.0 mL/min. 

The injection volume was 20 µL, and absorbance at 232 nm 

was measured by SPD-10AVP UV-vis-detector (Shimadzu 

Corporation, Kyoto, Japan). The encapsulation efficiency (EE) 

and DL of the micelles were calculated by the following equa-

tions, respectively:

	
DTX EE %

Amount of DTX in micelles

Amount of the fed DTX 
( ) =

�
(1)

	
DTX DL (%)

Amount of DTX in micelles

Amount of the fed polymer and DTX
=

�
(2)

Stability of the MMP-2/9-sensitive micelles
The TGK micelles were incubated for 48 hours in the dark at 

25°C. The micelles solution (500 µL) was collected at pre-

determined intervals. After being filtered through a 0.22 µm 

filter membrane, the amount of DTX remaining in the filtrate 

was analyzed by RP-HPLC. Both experiments were per-

formed in triplicate. MMP-2/9-nonsensitive T2K micelles 

were used as control. The percentage of DTX remaining in 

the micelles was calculated by the following equation:

	

DTX

in micelles (%)

DTX amount remaining in filtrate

DTX a

remaining
=

mmount in micelles at 0 h �
(3)

Cleavage study of MMP-2/9-sensitive 
micelles
To confirm whether TGK micelles can be cleaved by MMP-

2/9, fluorescence resonance energy transfer (FRET) analysis 

was conducted. A pair of FRET hydrophobic dyes, DiI and 

DiO, were incorporated into the mixed micelles with DiO as 

the donor and DiI as the acceptor. Simultaneous encapsula-

tion of DiI and DiO will result in a strong signal of DiI to be 

observed due to the close proximity of DiI and DiO in the 

micelles’ core. After micelles’ decomposition, FRET will be 

no longer possible due to DiI and DiO couldn’t retain closely 

anymore. The DiO-/DiI-coloaded micelles containing 0.2% 

DiO and 0.2% DiI were prepared following the same proce-

dure as DTX-loaded micelles. DiO-/DiI-coloaded micelles 

(900 µL) and 100 µL of MMP-2/9 solution (1 mg/mL) were 

mixed and incubated at 37°C for 2 hours. The fluorescence 

emission spectrum from 500 to 650 nm and intensity at 

510 nm (IG) and 565 nm (IR) with excitation wavelength 

of 484 nm were recorded using a fluorescence spectrophoto

meter (Cary Eclipse; Agilent, Santa Clara, CA, USA).

In vitro drug release profile
The in vitro drug release profile of DTX-loaded T2K and TGK 

micelles was analyzed by dialysis method. Briefly, 900 µL 

of DTX-loaded micelle suspensions and 100 µL of MMP-

2/9 solution (1 mg/mL), MMP-2/9 solution (100 µg/mL) 

or BSA (1 mg/mL) were premixed and loaded into dialysis 

bags (MWCO 2,000 Da), respectively. The micelle suspen-

sions were dialyzed against 25 mL PBS (pH 7.4) containing 

0.1% Tween 80 in order to maintain sink condition.30 The 

experiment was carried out in triplicate at 37°C with shak-

ing at 100 rpm, for 48 hours. Release medium (500 µL) was 

collected and replaced with the same amount of PBS contain-

ing 0.1% Tween 80, at appropriate intervals. The samples 

were analyzed by RP-HPLC as described previously.

In vitro cellular uptake
To evaluate the intracellular delivery of T2K and TGK 

micelles, cellular uptake of DTX-loaded T2K and TGK 

micelles was investigated in MCF-7 (MMP-2/9 underex-

pression) and HT1080 (MMP-2/9 overexpression) cells. 

Briefly, MCF-7 or HT1080 cells (5×105/well) were seeded 

in a six-well cell culture plate for 24 hours. Then, the cells 

were washed thrice and cultured in fresh DMEM (without 

FBS) containing 20 µg/mL DTX-loaded T2K or TGK 

micelles for 30 minutes. After incubation, the cells were 

washed thrice with cold PBS and harvested by scrapers. 

The cells were dissolved in 200 µL acetonitrile before being 

subjected to probe-type ultrasonic treatment (400W, JY92-II; 
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Scientz Biotechnology Co., Ltd., Ningbo, Zhejiang Province, 

People’s Republic of China) for DTX extraction. The extract 

was centrifuged at 10,000 rpm for 5 minutes before the 

supernatant was analyzed by RP-HPLC. Protein content was 

determined using BCA protein assay kit. DTX accumulation 

was normalized with total protein content. In order to study 

the cellular uptake mechanism, the cellular uptake was evalu-

ated in the presence of GM6001 and MMP-2/9 at the same 

time. The cells were washed thrice and preincubated with 

100 µM GM6001 or 100 µg/mL MMP-2/9 for 1 hour before 

being treated with DTX-loaded T2K or TGK micelles. Both 

experiments were performed in triplicate.

In vitro cytotoxicity
HT1080 and MCF-7 cells were seeded in a 96-well plate at 

a density of 5,000 cells per well in 200 µL DMEM. After 

24 hours of incubation, the medium was removed and the cells 

were incubated for 48 hours in DMEM containing DTX, DTX-

loaded T2K and TGK micelles (concentrations ranging from 

0.25 to 5 µg), or blank mixed micelles of various concentra-

tions. Cells treated with culture medium were used as control. 

The cytotoxicity was assessed using the MTT method. Briefly, 

200 µL of MTT solution (0.5 mg/mL, diluted with FBS-free 

DMEM) was added to each well. The plates were incubated 

for 4 hours at 37°C. The supernatants were discarded care-

fully and 200 µL of dimethyl sulfoxide was added to each 

well to dissolve the formazan crystal. Similarly treated wells 

without cells were used as blank. The absorbance at 570 nm 

of each well was measured by a microplate reader (Synergy 

2; Bio Tek) after incubation for 15 minutes at 37°C. The cell 

viability was calculated by the following equation:

	

Cell

viability (%)

Absorbance of sample Absorbance of blank

Absor
=

−
bbance of control Absorbance of blank−

� (4)

Subcellular localization of T2K and 
TGK micelles
HT1080 and MCF-7 cells were seeded in confocal dishes 

and incubated in FBS-free DMEM at 37°C for 2 hours 

before the experiment was conducted. Cells were incubated 

with coumarin-6-loaded T2K or TGK micelles (coumarin-6 

concentration: 500 ng/mL) for 30 minutes and fixed with 4% 

paraformaldehyde solution for 15 minutes. The fixed cells 

were stained with 50 nM LysoTracker Red (15 minutes) and 

10 µM Hoechst 33342 (15 minutes) to visualize endosome/

lysosome and nuclei. Then, the cells were washed with cold 

PBS three times and examined by confocal laser scanning 

microscopy (LSM710; Carl Zeiss, Jena, Germany).

In vivo imaging studies for tumor targeting 
ability of MMP-2/9-sensitive micelles
The in vivo biodistribution and tumor targeting ability 

of T2K and TGK micelles were investigated using DiR, 

a near-infrared fluorescent dye. To construct HT1080 tumor-

bearing nude mice, 1×105 HT1080 cells were subcutaneously 

inoculated into the upper right armpit. When the tumor 

volume reached around 100 mm3, the mice were randomly 

divided into three groups (three mice per group). They were 

then intravenously administrated DiR-loaded T2K or TGK 

micelles at a dosage of 1 mg/kg DiR. Mice injected with 

saline were used as control of autofluorescence. In vivo 

fluorescent imaging was performed at 2, 4, 8, 10, 12, and 

24 hours of postinjection, and the excitation wavelength 

and emission wavelength were fixed at 780 and 800 nm, 

respectively, by using the IVIS Spectrum Pre-clinical In Vivo 

Imaging System (PerkinElmer Inc., Waltham, MA, USA). To 

confirm the distribution of DiR probe in different organs, the 

mice were euthanized at 24 hours of postinjection. Organs 

were collected and washed with PBS twice followed by fluo-

rescent imaging. The data were analyzed by Living Image® 

Version 4.3.1 Software (Caliper Life Science, Hopkinton, 

MA, USA).

In vivo antitumor effect evaluation
Antitumor efficacy was evaluated on subcutaneous tumor-

bearing nude mice constructed as described earlier. Tumor-

bearing mice were randomized to four groups (seven mice 

per group) when the tumor size was approximately 100 mm3. 

Saline, DTX in Tween 80/dehydrated alcohol (50:50, v/v), 

and DTX-loaded TGK and T2K micelles were injected via 

tail vein every 3 days at a dosage of 10 mg/kg, three times. 

The tumors’ sizes were monitored every 2 days for 2 weeks. 

At the end of the experiment, all the treated and control 

nude mice were executed before the tumors were harvested, 

weighed, and photographed. Volume of tumors was calcu-

lated by the following formula: (volume = L × W2/2), where 

L is the longest and W is the shortest in tumor diameters 

(mm). To monitor the potential toxicity, the body weights 

of all groups were recorded every 2 days.

Data analysis
Data are presented as mean ± standard deviation (SD), and the 

difference between groups was analyzed by Student’s t-test. 

P,0.05 was considered statistically significant.
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Results and discussion
Synthesis, purification, and characterization 
of mPEG2K-GK8-α-TOS conjugate
Several peptide sequences, such as GPLGIAGQ,5 GPLGV,10 

GPLGVRG,32 and PVGLIG33 have been reported for the 

development of MMP-2/9-sensitive conjugate. MMP-2/9 

susceptibility of PVGLIG has been identified by using a 

combinational library.34 It is reported that short peptides 

with a certain sequence can be cleaved by MMP-2/9 regard-

less of their secondary or tertiary structures.1 In order to 

allow conjugation at the terminal residue while maintain-

ing MMP-2/9 susceptibility, two amino acids (glycine and 

lysine) were introduced at the end of PVGLIG peptide to 

provide amine functional groups.7 In this study, two kinds 

of conjugates, lysine conjugates and N terminal conjugates, 

are considered as the potential products of this conjugation. 

To control the reaction, the aqueous environment, where 

NHS conjugations usually take place, was replaced with 

proton-capturing DMF and TEA as solvents and a slightly 

higher temperature (40°C instead of 37°C) was chosen to 

enhance the nucleophilicity of the N-terminus amine groups. 

Considering that the N-terminus amine group possesses 

an advantage owing to the existence of the α-carbonyl, it 

is deemed to be the primary conjugation site in terms of 

reaction kinetics under this condition.35 T2K and TGK syn-

theses were confirmed by 1H NMR as shown in Figure S2 

and Figure 2. The conjugation of GK8 (Figure 2B) on the 

N-terminal
 
was confirmed by the absence of NHS proton 

peak a (s, 2H) at 2.7 ppm, the shift of proton peak i (d, 2H) 

from 2.2 to 3.5 ppm, and the appearance of proton peaks c 

(s, 2H) at 2.8 ppm, e (m, 3H), f (m, 3H), and g (m, 3H) 

from 1 to 1.5 ppm. The final product was determined by 

the appearance of proton peaks h (t, 2H) at 2.6 ppm and d 

(t, 2H) at 2.9 ppm of α-TOS. The shift of c and d peaks to the 

lower field (c [s, 2H] at 3.07ppm, d [t, 2H] at 3.01 ppm) as 

shown in Figure 2E proved that the α-TOS was conjugated 

to the lysine amine group. In terms of T2K (Figure S2C), the 

conjugation of mPEG2K-NH
2
 and α-TOS was confirmed by 

the chemical shift of proton c (m, 2H) changed from 2.8 to 

3.09 and the appearance of proton a (t, 2H) and b (t, 2H). 

RP-HPLC method was used to confirm the final products 

as shown in Figure S3. The change of retention time was 

consistent with the polarity. Chromatography also indicated 

high purity of the final products.

Figure 2 1H NMR spectra of mPEG2K-NHS (A), GK-8 (B), mPEG2K-GK8 (C), α-TOS (D) and TGK (E) in CDCl3.
Note: (a, b, c, d, e, f, g, j, h) are the key proton and their signals on the molecule labeled as reference for 1H-NMR analysis.
Abbreviations: 1H-NMR, 1H-nuclear magnetic resonance spectroscopy; GK8, GPVGLIGK-NH2 peptide; mPEG2K-NHS, methoxy-polyethylene glycol (MW 2,000 Da) 
activated by N-hydroxysuccinimide; TGK, mPEG2K-GK8-α-TOS conjugate; α-TOS, α-tocopherol succinate; MW, molecular weight.
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Preparation and characterization of 
MMP-2/9-sensitive micelles
Based on the successful synthesis of TGK, micelles were pre-

pared by thin-film hydration method as previously reported.31 

The dynamic light scattering results indicated that Z-average 

diameter of DTX-loaded T2K micelles was 15.35±1.79 nm 

and the ζ-potential was -4.51±0.39 mV. The particle size 

of TGK micelles was slightly larger (23.65±2.17  nm), 

which could be attributed to the inserted GK8 peptide 

(Figure 3A). It is universally recognized that small-sized 

micelles (10–100 nm) are highly effective in passive tumor 

targeting through enhanced permeability and retention 

effect.24 Taking advantage of the suitable particle size of 

TGK micelles, favorable biodistribution can be predicted. 

The DL of T2K micelles was 3.83%±0.17%, which was 

higher than that of TGK micelles (1.89%±0.10%, Table 1). 

Since GK8 peptide is hydrophilic, the relatively lower DL 

could be caused by the difference in hydrophilicity between 

T2K and TGK conjugate. The CMC value was measured by 

ultraviolet-visible spectroscopy method. The results indicated 

that the CMC values of TPGS/T2K (n:n =40:60) and TPGS/

TGK (n:n =40:60) were approximately 0.0025% and 0.005%, 

respectively (Figure 3C). A lower CMC value was condu-

cive to the stability of micelles at lower concentrations. The 

lower CMC value suggests that T2K and TGK micelles could 

provide greater resistance against dilution and better stability 

than the single TPGS micelles.23

Stability of the MMP-2/9-sensitive micelles
Following the preparation of micelles, their stability should 

be determined before any other characterization takes 

place. Figure 3D shows the stability of TGK and T2K 

micelles at room temperature within 48 hours. Almost 

100% DTX remained in TGK micelles while only 70% 

remained in T2K micelles at 48 hours. The better stability 

of TGK micelles can be attributed to the inserted peptide 

sequence in TGK. Shi et al reported that arginine had an 

excellent stabilizing effect on DTX-loaded mPEG-poly 

Figure 3 Characteristics of TGK micelles and T2K micelles.
Notes: Size distribution of DTX-loaded TGK micelles (A) and T2K micelles (B). (C) Plot of UV absorption of I2 versus concentration of TPGS/T2K (n:n =40:60) and TPGS/
TGK (n:n =40:60). CMC value was calculated by corresponding polymer concentration at which a sharp increase in absorbance was observed. (D) Amount of DTX retained 
in T2K micelles and TGK micelles at corresponding time, in 48 hours. Stability was indicated by the percentage of DTX remaining in the micelles. Values are expressed as 
mean ± SD (n=3).
Abbreviations: DTX, docetaxel; T2K micelles, micelles composed of TPGS/T2K (n:n =40:60); TGK micelles, micelles composed of TPGS/TGK (n:n =40:60); UV, ultraviolet; 
TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate; TGK, mPEG2K-GK8-α-TOS conjugate; T2K, mPEG2K-α-TOS conjugate; α-TOS, α-tocopherol succinate; CMC, 
critical micelle concentration; SD, standard deviation; h, hour.
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(d,l-lactic acid) micelles.36 The stabilizing mechanism 

was closely related to the electrostatic interaction between 

amino acids and DTX as well as the hydrogen bond forma-

tion between them.36 Thus, the increased stability rendered 

TGK micelles more practical in future application than T2K 

micelles.

Cleavage study of MMP-2/9-sensitive 
micelles
To confirm whether TGK micelles can be cleaved by MMP-

2/9, FRET analysis was conducted. A hydrophobic FRET 

pair, DiO as donor and DiI as acceptor, were loaded in 

the TGK and T2K micelle cores physically.37 When DiO/

DiI-coloaded micelles were excited at 484 nm, the emis-

sion energy of DiO would be transferred to DiI, resulting in 

quenching of DiO’s signal and appearance of a strong DiI 

signal.19 The result indicated that after being incubated with 

100 µg/mL MMP-2/9 for 2 hours, the ratio of IR/(IG+IR) 

in TGK micelles decreased significantly (P,0.01), which 

was not observed with the T2K micelles (Figure 4). Once 

the peptide was cleaved, DiI and DiO would be released 

from the hydrophobic core of TGK micelles, resulting in 

the disappearance of FRET. For T2K micelles, owing to the 

close proximity of DiI and DiO, IR/(IG+IR) was unaffected 

(P.0.05) after incubation with MMP-2/9. The change in IR/

(IG+IR) before and after incubation with MMP-2/9 showed 

that TGK micelles were cleaved successfully.

In vitro drug release profile
The in vitro release profiles of DTX-loaded MMP-2/9-

sensitive micelles were investigated in the presence of 10 

and 100 µg/mL of MMP-2/9 as well as in MMP-2/9-free 

medium as control. As shown in Figure 5B, the initial cumu-

lative release of DTX from the micelles occurred rapidly 

within the first 8 hours, but gradually decreased, which may 

be attributed to the formation of aggregates between DTX 

and α-TOS after being cleaved by MMPs. In the absence of 

MMP-2/9, 42.65%±9.32% and 51.19%±2.12% of DTX were 

cumulatively released from TGK and T2K micelles within 

24 hours, respectively. The drug release from TGK micelles 

increased in an MMP-2/9-concentration-dependent manner, 

while the release of DTX from T2K micelles was unrelated 

Table 1 Physicochemical characterization of DTX-loaded micelles

Formulation Composition Zeta-average size (nm) Zeta potential (mv) DL (%) EE (%)

T2K micelles TPGS/T2K (n:n =40:60) 15.35±1.79 -4.51±0.39 3.83±0.17 91.75±2.10
TGK micelles TPGS/TGK (n:n =40:60) 23.65±2.17 -4.13±0.35 1.89±0.10 58.25±5.18

Note: Values are expressed as mean ± SD (n=3).
Abbreviations: DTX, docetaxel; DL, drug loading efficiency; SD, standard deviation; EE, encapsulation efficiency; T2K micelles, micelles composed of TPGS/T2K (n:n =40:60) 
loaded with DTX; TGK micelles, micelles composed of TPGS/TGK (n:n =40:60) loaded with DTX; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate.

Figure 4 FRET analysis of DiO/DiI-loaded T2K micelles and TGK micelles.
Notes: Emission spectra of DiO/DiI-loaded T2K micelles, TGK micelles, DiO/DiI-loaded T2K micelles and TGK micelles (A), and the ratio of IR/(IR+IG) incubated at 37°C 
for 2 hours with or without MMP-2/9 (B). Values are expressed as mean ± SD (n=3). **P,0.01.
Abbreviations: T2K micelles, micelles composed of TPGS/T2K (n:n =40:60); TGK micelles, micelles composed of TPGS/TGK (n:n =40:60); DiO, 3,3′-dioctadecyloxacarbocyanine 
perchlorate; DiI, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate; IG, fluorescence intensity at 510 nm; IR, fluorescence intensity at 565 nm; MMP, matrix 
metalloproteinase; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate; SD, standard deviation.
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to the concentration of MMP-2/9 (Figure 5A). Interestingly, 

when the concentration of MMP-2/9 reached 100 µg/mL, the 

cumulative drug release from T2K micelles slightly decreased 

from 2 to 8 hours. It was believed that the high concentration 

of protein could form corona on the surface of nanoparticles 

resulting in steric stabilization.38,39 The decreasing cumulative 

drug release may be attributed to the stabilizing property of 

high concentration of MMP-2/9. In order to verify the impact 

of protein on drug release, drug release was conducted in 

the presence of 100 µg/mL BSA. It was found that DTX 

cumulative release of both TGK and T2K micelles slightly 

decreased in the presence of 100 µg/mL BSA suggesting that 

proteins impact on the drug release profile to some extent. 

It was deduced that, in MMP-2/9-free medium, TGK micelles 

maintained micelle structure and encapsulated DTX in their 

hydrophobic core, while TGK was cleaved in the presence 

of MMP-2/9, resulting in decomposition followed by the 

release of DTX. In addition, in the absence of MMP-2/9, 

TGK micelles presented a lower cumulative release than T2K 

micelles from 0 to 8 hours, which was beneficial for decreas-

ing leakage in circulation. The MMP-2/9-dependent release 

profile indicated that the TGK micelles were able to rapidly 

release the loaded drug in the presence of MMP-2/9.

In vitro cellular uptake
When TGK micelles are degraded by MMP-2/9, the cellular 

uptake profile is expected to be enhanced because the rapid 

passive diffusion across the cell membrane is much more 

effective than endocytosis pathways in terms of highly 

hydrophobic drugs.40 To evaluate the intracellular delivery of 

T2K and TGK micelles, cellular uptake of DTX-loaded T2K 

and TGK micelles was investigated in MCF-7 (MMP-2/9 

underexpression) and HT1080 (MMP-2/9 overexpression) 

cells. It was clear that after incubating with free DTX and 

DTX-loaded micelles for 30 minutes, TGK micelles dem-

onstrated much higher cellular uptake than T2K micelles 

(P,0.01, Figure 6B) in HT1080 cells, while that was similar 

in MCF-7 cells, which could be attributed to the differential 

cleavage of TGK and T2K micelles by MMP-2/9. In order 

to further verify MMP-2/9 degradation-induced higher 

uptake, the cellular uptake was also evaluated in the pres-

ence of GM6001 (a broad-spectrum MMPs inhibitor) and 

MMP-2/9. Interestingly, the cellular uptake of TGK micelles 

was significantly enhanced in the presence of 100 µg/mL of 

MMP-2/9 in MCF-7 cells. However, similar results could not 

be observed for T2K micelles neither in MCF-7 cells nor in 

HT1080 cells. The cellular uptake of TGK micelles declined 

to a level similar to T2K micelles upon the addition of 100 

nM of GM6001 in HT1080 cells. These results demonstrated 

that TGK micelles could be cleaved by extracellular MMP-

2/9 to release DTX from their hydrophobic cores, which 

further enhanced cellular uptake. Additional uptake assays 

involving NaN
3
 as ATP depletion agent enhanced the previ-

ously mentioned conclusion by proving that the uptake level 

of TGK micelles was comparable with that of DTX with the 

endocytosis process inhibited in HT1080 cells (Figure S4).

In vitro cytotoxicity
To verify whether TGK micelles possess cytotoxicity advan-

tages relative to T2K micelles, in vitro cytotoxicity assays 

Figure 5 In vitro release profile of DTX-loaded micelles.
Notes: In vitro release profile of DTX-loaded T2K micelles (A) and TGK micelles (B) in pH 7.4 PBS. Values are expressed as mean ± SD (n=3).
Abbreviations: DTX, docetaxel; T2K micelles, micelles composed of TPGS/T2K (n:n =40:60); TGK micelles, micelles composed of TPGS/TGK (n:n =40:60); PBS, phosphate 
buffered saline; BSA, bovine serum albumin; MMP, matrix metalloproteinase; SD, standard deviation; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate; h, hour.
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were performed. Initially, in vitro cytotoxicity assays of blank 

TGK and T2K micelles were conducted with Tween 80 as 

the control group in MCF-7 and HT1080 cells. As shown in 

Figure 7, blank TGK micelles, T2K micelles, and Tween 80 

displayed increasing cytotoxicity at increasing concentration. 

Blank TGK and T2K micelles possessed higher cytotoxicity 

than Tween 80 both in MCF-7 and in HT1080 cells. It has 

been widely reported that α-TOS and its analogs possess 

anticancer properties against a wide variety of human cancer 

cells while remaining nontoxic to normal cells (Figure S5).17 

Mi et al reported the synergistic effect of T2K and DTX.23 The 

same conclusion could also be drawn from the cytotoxicity 

of DTX-loaded TGK micelles and T2K micelles (Figure 7). 

It was clear that DTX-loaded TGK and T2K micelles showed 

higher cytotoxicity than DTX both in MCF-7 and in HT1080 

cells and this can be attributed to the synergistic effect. This 

indicates that the cytotoxicity observed in the assay could be 

partially attributed to the blank TGK micelles or T2K micelles. 

Moreover, the lower half-maximal inhibitory concentration 

(IC
50

) value of TGK micelles relative to T2K micelles in 

HT1080 cells can be explained by the higher uptake of TGK 

micelles, indicating better antiproliferative ability of TGK 

micelles in MMP-2/9-overexpressing tumors (Table 2). 

To confirm that the difference in cytotoxicity was related to 

MMP-2/9 cleavage, we investigated the in vitro cytotoxicity of 

the two micelles in MCF-7 cells (MMP-2/9 underexpression; 

Figure 7C). The IC
50

 of TGK and T2K micelles in MMP-2/9-

overexpressing and underexpressing cell lines are shown in 

Table 2. The result revealed no difference in cytotoxicity 

between T2K and TGK micelles in MCF-7 cells. Combined 

with the similar cytotoxicity of the two micelles observed in 

the presence of GM6001 in HT1080 cells (Figure S6), it was 

convincing that higher cytotoxicity of TGK micelles was 

closely related to MMP-2/9 cleavage.

Subcellular localization of 
MMP-2/9-sensitive micelles
In order to investigate the intracellular localization of T2K 

and TGK micelles after being internalized, confocal laser 

scanning microscopy was performed using triple label-

ing with fluorescent micelles (coumarin-6-loaded), acid 

endosome/lysosome-selective dye (LysoTracker Red), and 

nuclei dye (Hoechst 33342). Results shown in Figure  8 

indicate that T2K micelles appear to be internalized via 

lysosome-mediated endocytosis, as evidenced by the colocal-

ization of the green fluorescence of coumarin-6-loaded T2K 

micelles with the red fluorescence of endosome/lysosome. 

The suggested colocalization was lower in TGK micelles-

treated HT1080 cells owing to their MMP-2/9 sensitivity. 

TGK micelles appeared to be disintegrated by MMP-2/9 

before the loaded drug was internalized via diffusion. All 

formulations colocalized with the lysosome in MCF-7 cells. 

In order to reach their targets, anticancer drug molecules 

loaded in micelles must escape the relatively acidic endosome 

to avoid degradation.41,42 MMP-2/9-sensitive drug delivery 

system provides one way to circumvent this barrier.

Figure 6 The cellular uptake of DTX and DTX-loaded T2K and TGK micelles.
Notes: The cellular uptake of DTX and DTX-loaded T2K and TGK micelles in the presence of GM6001 and MMP-2/9 in MCF-7 (A) and HT1080 (B) cells. Values are 
expressed as mean ± SD (n=3); *P,0.05; **P,0.01. HT1080 is the human fibrosarcoma cell line, MCF-7 is the human breast adenocarcinoma cell line.
Abbreviations: T2K micelles, micelles composed of TPGS/T2K (n:n =40:60); TGK micelles, micelles composed of TPGS/TGK (n:n =40:60); SD, standard deviation; TPGS, 
d-α-tocopheryl polyethylene glycol 1000 succinate; MMP, matrix metalloproteinase.
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In vivo imaging studies for tumor targeting 
ability of MMP-2/9-sensitive micelles
An important feature of the TGK micelles delivery system is 

its ability to release loaded drug at tumor site; DiR, a near-

infrared fluorescent dye was used to evaluate the in vivo 

biodistribution of TGK and T2K micelles. After intravenous 

injection of DiR-loaded TGK or T2K micelles via tail vein, 

in vivo fluorescent imaging was performed at predetermined 

time intervals as shown in Figure 9A. While both T2K and 

TGK micelles were found to be widely distributed in the whole 

body at 2 hours postinjection, the TGK micelles demonstrated 

a significantly enhanced accumulation in tumor site at 4 hours 

and the increased fluorescence intensity was retained even at 

24 hours postinjection indicating a low clearance rate of TGK 

micelles in tumor site. Throughout the entire experiment, TGK 

micelles exhibited more and longer accumulation in tumor 

site compared to T2K micelles which suggested that TGK 

micelles possessed better tumor targeting and accumulation 

ability, a fact that was further confirmed by ex vivo imaging 

of excised organs (Figure 9B). At 24 hours postinjection, 

fluorescence intensity of TGK micelles in tumor tissue was a 

Figure 7 Cytotoxicity of micelles to cell lines expressing different level of MMPs.
Notes: Cytotoxicity of blank T2K and TGK micelles in MCF-7 (A) and HT1080 (B) cells at 48 hours. Cytotoxicity of DTX-loaded T2K micelles and TGK micelles in MCF-7 
cells (C) and HT1080 cells (D) at 48 hours. Tween 80 was used as control. Values are expressed as mean ± SD (n=3). HT1080 is the human fibrosarcoma cell line, MCF-7 
is the human breast adenocarcinoma cell line.
Abbreviations: DTX, docetaxel; T2K micelles, micelles composed of TPGS/T2K (n:n =40:60); TGK micelles, micelles composed of TPGS/TGK (n:n =40:60); SD, standard 
deviation; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate; MMPs, matrix metalloproteinases.

Table 2 IC50 values of DTX or DTX-loaded micelles against 
HT1080 cells and MCF-7 cells

IC50 value (µg/mL) DTX T2K micelles TGK micelles

HT1080 0.164±0.043 0.122±0.009 0.064±0.006**
MCF-7 0.417±0.132 0.142±0.015 0.128±0.013

Notes: Values are expressed as mean ± SD (n=3); **P,0.01 compared to T2K 
micelles. HT1080 is the human fibrosarcoma cell line, MCF-7 is the human breast 
adenocarcinoma cell line.
Abbreviations: IC50, half-maximal inhibitory concentration; SD, standard deviation; 
DTX, docetaxel; T2K micelles, micelles composed of TPGS/T2K (n:n =40:60) loaded 
with DTX; TGK micelles, micelles composed of TPGS/TGK (n:n =40:60) loaded 
with DTX; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate.
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Figure 8 Subcellular location of coumarin-6-labeled T2K micelles and TGK micelles.
Notes: Images were taken after incubation with micelles for 30 minutes. Blue, Hoechst 33342; green, coumarin-6-labeled micelles or released coumarin-6; red, LysoTracker 
Red. Original magnification, ×400. HT1080 is the human fibrosarcoma cell line, MCF-7 is the human breast adenocarcinoma cell line.
Abbreviations: T2K micelles, coumarin-6-labeled micelles composed of TPGS/T2K (n:n =40:60); TGK micelles, coumarin-6-labeled micelles composed of TPGS/TGK 
(n:n =40:60); TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate.

Figure 9 In vivo imaging studies for tumor targeting ability of MMP-2/9 sensitive micelles.
Notes: (A) In vivo imaging of subcutaneous tumor-bearing nude mice after intravenous injection of DiR-labeled T2K micelles and TGK micelles at 2, 4, 8, 10, 12, and 24 hours 
postinjection, respectively. Tumor-bearing nude mice injected with saline (left of each group) were used as control. (B) Images of dissected organs of subcutaneous tumor-
bearing nude mice executed at 24 hours after intravenous injection of DiR-labeled T2K micelles and TGK micelles. (C) Fluorescence intensity normalized with weights of 
DiR-labeled T2K micelles and TGK micelles in various organs. Values are expressed as mean ± SD (n=3); *P,0.05; **P,0.01.
Abbreviations: DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine; DiR T2K micelles, DiR-labeled micelles composed of TPGS/T2K (n:n =40:60); DiR TGK 
micelles, DiR-labeled micelles composed of TPGS/TGK (n:n =40:60); SD, standard deviation; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate.
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fold higher than that of the T2K micelles (Figure 9C), while 

the fluorescence in liver was reduced. These results demon-

strated that TGK micelles have the potential to increase tumor 

accumulation, which might contribute to their ability to release 

the loaded drug/dyes in a site-specific manner.

In vivo antitumor effect evaluation
To test the in vivo antitumor effect of MMP-2/9-sensitive 

micelles, subcutaneous tumor-bearing nude mice were 

administered saline, DTX in Tween 80/dehydrated alcohol 

(50:50, v/v), and injected with DTX loaded TGK or T2K 

micelles at a dosage of 10 mg/kg three times during the 

experiment. The interval was three days. The results indi-

cated that compared with the baseline, continuous decrease 

in tumor size was observed in TGK micelles group while 

increases were observed in other groups simultaneously from 

day 0 to day 7 (Figure 10A). However, after the cessation 

of the treatment on day 7, the size of tumor in all groups 

increased. On day 14, the mice were executed humanely 

before the tumors were harvested and weighed. The tumor 

weight was 0.87±0.24 g (saline group), 0.19±0.12 g (DTX 

group), 0.13±0.05 g (T2K micelles group), and 0.07±0.02 g 

(TGK micelles group). A significant difference was observed 

(P,0.05) between the TGK micelles group and T2K micelles 

group in terms of tumor weights (Figure 10D). To moni-

tor the potential systemic toxicity, the body weights of all 

groups were recorded every 2 days. It is worth noticing that 

two mice and one mouse died in the DTX and T2K micelles 

groups, respectively, during the treatment, due to systemic 

toxicity. Nude mice demonstrated 19.22%±13.12% and 

13.93%±10.94% loss of initial weight in DTX and T2K 

groups, respectively, while no significant body weight 

changes were observed after treatment with TGK micelles 

(Figure 10B). All these results indicate that TGK micelles 

Figure 10 The antitumor efficacy against subcutaneous tumor-bearing nude mice; 10 mg/kg DTX or equivalent T2K or TGK micelles was administrated at day 1, day 4, and day 7.
Notes: (A) The relative tumor volume–time curve. (B) The body weight change after administration of DTX, TGK micelles, or T2K micelles. (C) Photographs of tumors from 
each group. (D) The weights of excised tumors from subcutaneous tumor-bearing nude mice at the time of execution. Values are expressed as mean ± SD (n=5). *P,0.05.
Abbreviations: DTX, docetaxel; T2K micelles, micelles composed of TPGS/T2K (n:n =40:60); TGK micelles, micelles composed of TPGS/TGK (n:n =40:60); SD, standard 
deviation; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate.
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are potent against solid tumors while maintaining minimum 

systemic toxicity compared with T2K micelles and DTX.

Conclusion
In this study, MMP-2/9-sensitive mPEG2K-peptide-α-TOS 

conjugate TGK was successfully synthesized to develop novel 

stimuli-responsive micelles composed of TPGS and TGK that 

were carefully characterized. FRET and in vitro drug release 

profile indicated that TGK micelles could be disintegrated 

in the presence of MMP-2/9. Compared with nonsensitive 

micelles and DTX, TGK micelles showed higher uptake 

in HT1080 cells. While the IC
50

 of TGK and T2K micelles 

was similar in MCF-7 cells, the IC
50 

value of the aforemen-

tioned micelles were 0.064±0.006 and 0.122±0.009 µg/mL 

in HT1080 cells, respectively. MMP-2/9-sensitive micelles 

also improved tumor targeting and accumulation relative to 

nonsensitive micelles in vivo owing to the specific release 

of loaded drug at tumor site. The results of in vivo antitumor 

effect evaluation also indicate that TGK micelles are potent 

against solid tumors while maintaining minimum systemic 

toxicity compared with T2K micelles and DTX. While fur-

ther studies regarding pharmacokinetic profile are needed to 

illustrate MMP-2/9-sensitive polymer micelles full potential, 

to the best of our knowledge, this strategy of antitumor drug 

delivery to MMP-2/9-overexpressing tumors is promising.
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Supplementary materials

Figure S1 Chemical structure of TPGS.
Abbreviations: TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate; PEG1000, methoxy-polyethylene glycol (MW 1,000 Da); α-TOS, d-α-tocopheryl succinate; 
MW, molecular weight.

α

Figure S2 1H NMR spectrum of α-TOS (A), mPEG2K-NH2 (B), and T2K (C) in CDCl3.
Note: (a, b, c) are the key protons on the molecule that were labeled for 1H-NMR analysis.
Abbreviations: 1H-NMR, 1H-nuclear magnetic resonance spectroscopy; α-TOS, d-α-tocopheryl succinate; T2K, mPEG2K-α-TOS conjugate; α-TOS, α-tocopherol 
succinate.
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Figure S3 RP-HPLC of TPGS, T2K, and TGK.
Notes: Mobile phase, methanol with 3.2% acetic acid:water =95:5; wavelength: 285 nm.
Abbreviations: RP-HPLC, reverse-phase high-performance liquid chromatography; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate; TGK, mPEG2K-GK8-α-TOS 
conjugate; T2K, mPEG2K-α-TOS conjugate; α-TOS, α-tocopherol succinate; Min, minutes; GK8, GPVGLIGK-NH2 peptide.

Figure S4 Cellular uptake of DTX, T2K, and TGK micelles in the presence of NaN3 (ATP depletion agent) and GM6001 (MMPs inhibitor) in HT1080 cells.
Notes: Values are expressed as mean ± SD (n=3). HT1080 is the human fibrosarcoma cell line.
Abbreviations: T2K micelles, micelles composed of TPGS/T2K (n:n =40:60) loaded with DTX; TGK micelles, micelles composed of TPGS/TGK (n:n =40:60) loaded with 
DTX; DTX, docetaxel; SD, standard deviation; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate; MMP, matrix metalloproteinase; ATP, adenosine triphosphate; ns, 
no significance.

Figure S5 Cytotoxicity of blank T2K and TGK micelles in HUVEC cells at 48 hours with Tween 80 used as control.
Note: Values are expressed as mean ± SD (n=3).
Abbreviations: HUVEC, human umbilical vein endothelial cells; T2K micelles, micelles composed of TPGS/T2K (n:n =40:60); TGK micelles, micelles composed of TPGS/
TGK (n:n =40:60); SD, standard deviation; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate.
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Figure S6 Cytotoxicity of DTX, TGK, and T2K micelles in the presence of 10 nM GM6001 in HT1080 cells at 48 hours.
Notes: Values are expressed as mean ± SD (n=3). HT1080 is the human fibrosarcoma cell line.
Abbreviations: T2K micelles, micelles composed of TPGS/T2K (n:n =40:60) loaded with DTX; TGK micelles, micelles composed of TPGS/TGK (n:n =40:60) loaded with 
DTX; DTX, docetaxel; SD, standard deviation; TPGS, d-α-tocopheryl polyethylene glycol 1000 succinate.
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