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Background: It has been widely reported that curcumin (CUR) exhibits anticancer activity 

and triggers the apoptosis of human A549 non-small-cell lung cancer (NSCLC) cells. However, 

its application is limited owing to its poor solubility and bioavailability. Therefore, there is an 

urgent need to develop a new CUR formulation with higher water solubility and better biocom-

patibility for clinical application in the future.

Materials and methods: In this study, CUR-loaded methoxy polyethylene glycol–polylactide 

(CUR/mPEG–PLA) polymeric micelles were prepared by a thin-film hydration method. Their 

characteristics and antitumor effects were evaluated subsequently.

Results: The average size of CUR/mPEG–PLA micelles was 34.9±2.1 nm with its polydispersity 

index (PDI) in the range of 0.067–0.168. The encapsulation efficiency and drug loading were 

90.2%±0.78% and 9.1%±0.07%, respectively. CUR was constantly released from the CUR/

mPEG–PLA micelles, and its cellular uptake in A549 cells was significantly increased. It was 

also found that CUR/mPEG–PLA micelles inhibited A549 cell proliferation, increased the cell 

cytotoxicity, induced G2/M stage arrest and promoted cell apoptosis. Moreover, the CUR/mPEG–

PLA micelles suppressed the migration and invasion of A549 cells more obviously than free 

CUR. Additionally, CUR/mPEG–PLA micelles inhibited human umbilical vein endothelial 

cells migration, invasion and corresponding tube formation, implying the antiangiogenesis 

ability. Its enhanced antitumor mechanism may be related to the reduced expression of vascular 

endothelial growth factor, matrix metalloproteinase (MMP)-2, MMP-9 and Bcl-2 as well as the 

increased expression of Bax.

Conclusion: The mPEG–PLA copolymer micelles can serve as an efficient carrier for CUR. 

The CUR/mPEG–PLA micelles have promising clinical potential in treating NSCLC.

Keywords: curcumin, mPEG–PLA, polymeric micelles, A549 cells, HUVECs, angiogenesis

Introduction
Lung cancer is one of the malignant tumors with the highest morbidity and mortality 

in the world, among which non-small-cell lung cancer (NSCLC) accounts for 85% 

of cases.1 Chemotherapy is the main strategy for those with advanced lung cancer 

or unsuitable for surgery with metastasis.2 Unfortunately, the use of traditional che-

motherapy drug is limited by its unsatisfactory efficacy, poor selectivity, high drug 

resistance and toxicity to normal tissue.3 Therefore, it is necessary to develop novel 

drug formulations with high efficacy but low toxicity.

Curcumin (CUR), a natural polyphenolic compound isolated from the rhizome 

of Curcuma longa, has the potential to inhibit cell survival, proliferation, invasion, 

migration and angiogenesis.4–6 A variety of signaling pathways, including Cyclin D1, 
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COX-2, nuclear factor-kappa B (NF-κB) and matrix metal-

loproteinases (MMPs), have been shown to be involved in 

the multi-therapeutic activities of CUR.7,8 More importantly, 

no sign of toxicity was observed in animals or humans 

treated with CUR, indicating its in vivo safety.9 However, 

its clinical application is still restricted by poor solubility 

in aqueous solution, poor oral bioavailability and extensive 

first-pass metabolism.10

Nanotechnology has been widely used in the field of 

drug delivery and cancer therapy due to its advantages 

in developing aqueous-based formulations for hydrophobic 

drugs.11–13 For example, liposomes, nanotubes and polymer 

nanoparticles have been successfully used as drug delivery 

systems (DDSs) to develop aqueous formulations and 

improve antitumor efficacy.14–16 Recently, scientists have 

shown interest in amphiphilic polymer micelles owing to 

their core–shell geometry17,18 and excellent characteris-

tics, such as low toxicity, good biocompatibility and high 

biodegradability.19 As a perfect example, methoxy polyeth-

ylene glycol–polylactide (mPEG–PLA) polymeric micelles 

are composed of hydrophilic mPEG and hydrophobic PLA. 

On one hand, mPEG can act as a hydrophilic shell to reduce 

the nonspecific uptake by the reticuloendothelial system 

(RES), thus prolonging the circulation time in blood.20 

PLA, on the other hand, mainly acts as hydrophobic core for 

drug loading (DL). More recently, mPEG–PLA polymeric 

micelles have been proven as excellent DDSs for CUR.21 

However, the effect of CUR-loaded mPEG–PLA polymeric 

micelles (CUR/mPEG–PLA micelles) for treating NSCLC 

remains unknown.

Hence, CUR/mPEG–PLA micelles were prepared in 

this study. Subsequently, their efficiency was examined at 

the cellular level by investigating the drug uptake, apoptosis 

and cytotoxicity to A549 cells in vitro. More importantly, the 

anti-angiogenesis effect on human umbilical vein endothelial 

cells (HUVECs) was evaluated.

Materials and methods
Materials and cell lines
3-(4,5-Dimethylthiazol-2-yl)-2,5-di-phenyltetrazolium 

bromide (MTT) and Hoechst 33258 were purchased 

from Sigma (St Louis, MO, USA). CUR was obtained 

from Aladdin (Shanghai, China) and Matrigel from BD 

Biosciences (San Jose, CA, USA). Anti-Bcl-2, anti-Bax, 

anti-MMP-2 and anti-MMP-9 were provided by Abcam 

(Cambridge, UK), while anti-vascular endothelial growth 

factor (VEGF) was obtained from Boster (Wuhan, China). 

The secondary antibody goat anti-rabbit-IgG horseradish 

peroxidase (HRP) was from Jackson ImmunoResearch 

Laboratories Inc (West Grove, PA, USA).

mPEG (molecular weight  =5000 Da) and stannous 

2-ethylhexanoate were obtained from Aladdin. d,l-Lactide 

was obtained from Dibo (Shanghai, China). The mPEG–

PLA diblock copolymers were synthesized by ring-opening 

polymerization reaction following a previously reported 

procedure.22 Briefly, 2.5 g of pure d,l-lactide and 5 g of 

mPEG were placed in a dried round-bottomed flask. The 

reactants were gently heated with stirring till they turned 

into liquid. Stannous octoate was added as a catalyst into the 

reaction mixture. The flask was sealed under nitrogen, and 

the copolymerization was carried out at 130°C for 24 hours. 

The crude product was dissolved in dichloromethane and 

then purified by precipitation in ice cold diethyl ether fol-

lowed by filtration. The obtained mPEG–PLA copolymer 

was characterized by Fourier transform infrared spectros-

copy (FTIR, Nicolet 6700; Thermo Fisher, Grand Island, 

NY, USA) and 1H nuclear magnetic resonance (1H-NMR) 

spectroscopy (AVANCE III 400  MHz; Bruker, Bern, 

Switzerland). The number average molecular weight of 

mPEG–PLA copolymer was 7,402  Da, calculated by 1H 

NMR (data not shown).

The human lung cancer A549 cells and HUVECs were 

purchased from the Type Culture Collection of the Chinese 

Academy of Sciences (Shanghai, China). They were cultured 

in Roswell Park Memorial Institute (RPMI)-1640 (Gibco, 

Grand Island, NY, USA) supplemented with fetal bovine 

serum (FBS; Gibco). HUVECs were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) containing 10% FBS. 

All the abovementioned cells were maintained at 37°C in a 

humidified incubator containing 5% CO
2
. Permission for this 

study was obtained from the Ethics Committee of Southern 

Medical University.

Preparation and characterization of 
CUR/mPEG–PLA micelles
Encapsulation of CUR in mPEG–PLA micelles
CUR/mPEG–PLA micelles were prepared by thin-film 

hydration method. Briefly, 10 mg of CUR and 90 mg of 

mPEG–PLA copolymer were co-dissolved in 10  mL of 

methanol under mild stirring. Then, the solution was evapo-

rated in rotary evaporator at 60°C. During this process, 

homogenous co-evaporation was obtained, and CUR was 

distributed in mPEG–PLA copolymer as an amorphous 

substance. Subsequently, the co-evaporation was dissolved 

in water at 60°C to self-assemble into micelles with CUR 

encapsulated inside. The CUR/mPEG–PLA micelles solution 
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was filtered through a 0.22 μm syringe filter (Jinteng, Tianjin, 

China), lyophilized and stored at 4°C prior to use.

Particle size and zeta potential
The prepared blank mPEG–PLA micelles and CUR/mPEG–

PLA micelles were assessed by Malvern-3000Hs particle 

size analyzer at 25°C for parameters such as particle size 

distribution, polydispersity index (PDI) and zeta potential. 

For each sample, such assessment was taken three times, and 

the average results were obtained.

Morphology of copolymer micelles
The morphological characteristics of CUR/mPEG–PLA 

micelles were examined by transmission electron microscope 

(TEM; H-7650; Hitachi, Tokyo, Japan). The CUR/mPEG–

PLA micelles were diluted with distilled water and placed 

on a copper grid covered with nitrocellulose. Samples were 

negatively stained with 2% phosphotungstic acid and dried 

at room temperature.

X-ray diffraction (XRD)
Crystallographic assays were performed on CUR powder, 

a physical mixture of CUR and mPEG–PLA, lyophilized 

blank mPEG–PLA micelles and lyophilized CUR/mPEG–

PLA micelles powder using an X-ray diffractometer 

(D8 ADVANCE; Bruker, Ettlingen, Germany). The samples 

were scanned from 5° to 50° at a scanning speed of 1/min 

and a step size of 0.02°. The X-ray tube was operated at a 

potential of 40 kV and a current of 40 mA.

Differential scanning calorimetry (DSC)
The physical status of CUR powder, lyophilized blank 

mPEG–PLA micelles and lyophilized CUR/mPEG–PLA 

micelles powder was studied by Simultaneous Thermal 

Analyzer (STA449 F3; NETZSCH, Ahlden, Germany) 

under nitrogen atmosphere at a flow rate of 20 mL/min. The 

temperature gradually increased from 20°C to 250°C with a 

changing rate of 10°C/min.

Entrapment efficiency (EE) and DL
The concentration of CUR was determined by high- 

performance liquid chromatography (HPLC; LC-20A; 

Shimadzu, Tokyo, Japan) with sample being diluted before 

measurement. Detection was taken on a Shimadzu SPD-

M20A detector. Chromatographic separations were per-

formed on a Diamonsil ODS C18 column (250×4.6 mm, pore 

size 5 μm; Dikma, Beijing, China). The column temperature 

was kept at 28°C. Acetonitrile/2.5% acetic acid (58/42, v/v) 

was used as eluent at a flow rate of 1 mL/min. EE and DL 

of CUR/mPEG–PLA micelles were determined as follows. 

Briefly, 10  mg of lyophilized CUR/mPEG–PLA micelles 

were dissolved in 0.1 mL of methanol to disrupt and release 

CUR, and then, the solution was centrifuged at 12,000 rpm 

for 5 min. The supernatant was determined by HPLC. The 

EE and DL were expressed by the equation:

	
EE

Actual drug loading

Theoretical drug loading
= × 100%

�
(1)

	
DL

Drug

Polymer Drug
= ×

+
100%

	
(2)

In vitro drug release
In vitro drug release behaviors of CUR/mPEG–PLA micelles 

and free CUR were evaluated by the dialysis membrane 

method. Briefly, 1  mL solution (either CUR/mPEG–PLA 

micelles or free CUR solution) was placed in dialysis bags 

(molecular mass cutoff is 3.5 kDa). The dialysis bags were 

incubated in 40  mL of phosphate-buffered saline (PBS) 

(pH =7.4) containing Tween80 (0.5  wt%) at 37°C with 

gentle shaking. At predetermined time point, release medium 

samples were withdrawn and replaced with fresh release 

medium. The samples were centrifuged, and then, the super-

natant was collected and stored at −20°C till analysis. The 

released CUR samples were quantified by HPLC.

Cellular uptake of CUR/mPEG–PLA 
micelles
Cellular uptake of free CUR and CUR/mPEG–PLA 

micelles was measured by confocal microscopy (FV10i-w; 

Olympus, Tokyo, Japan) and flow cytometry (FCM; BD 

Biosciences) analysis, respectively. A549 cells were grown 

on a confocal dish in complete medium. After 24 hours, the 

medium were removed, and cells were treated with serum-

free medium containing either free CUR (20 μg/mL), CUR/

mPEG–PLA micelles (20  μg/mL) or blank mPEG–PLA 

micelles. After incubation for 0, 1 and 4 hours, the medium 

were removed and washed with PBS. Subsequently, cells 

were stained with Hoechst 33258 for 5 minutes, subsequently 

washed with PBS and fixed with cold 4% paraformaldehyde 

for 10 minutes. Thereafter, they were washed again with PBS 

and examined using a confocal microscopy.

For FCM analysis, cells were collected and washed with 

PBS. Then, intracellular CUR fluorescence was analyzed by 

FCM after excitation with a 488 nm argon laser. Fluorescence 

emission at 520–530 nm from 10,000 cells was collected, ampli-

fied and scaled to generate single parameter histogram.
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Cytotoxicity study
The cytotoxicity assay of free CUR or CUR/mPEG–PLA 

micelles was evaluated by MTT method. Cells were plated at 

a density of 1×104 cells per well in 96-well plates and grown 

for 24 hours. Then, cells were exposed to a series of free CUR, 

CUR/mPEG–PLA micelles or blank mPEG–PLA micelles 

at different concentrations for 48 hours, respectively. After 

the incubation period, the cells were treated with 5 mg/mL of 

MTT solution for 4 hours, then the solution was removed and 

150 μL of dimethyl sulfoxide (DMSO) was added into each 

well. Absorbance intensity was measured by using a microplate 

reader (iMark; Bio-Rad, Hercules, CA, USA) at 570 nm.

Colony formation unit assay
About 1×103 cells were added into each well of a six-well 

culture plate (three wells for each group). After incubation 

at 37°C for 14 days, the cells were washed twice with PBS 

and stained with 0.1% crystal violet solution. The number 

of colonies containing $20 cells was counted under a 

microscope.

Apoptosis assay and cell cycle analysis
FCM assay was performed to investigate the cell cycle 

arrest and apoptotic effect of CUR/mPEG–PLA micelles. 

A549  cells cultured in six-well plates were treated with 

blank mPEG–PLA micelles, free CUR (20 μg/mL) and CUR/

mPEG–PLA micelles (20 μg/mL) for 24 hours, and medium 

without treatment was considered as control. For the cell cycle 

analysis, they were washed with PBS, fixed with 70% ethanol 

overnight, pretreated with 100 μL RNase A and stained with 

400 μL propidium iodide (PI) for 30 minutes. Cell apoptosis 

was determined using the Annexin V-fluorescein isothiocya-

nate (FITC)/PI detection kit (KeyGEN BioTECH, Nanjing, 

China). The cells were collected and then washed twice with 

PBS, gently resuspended in 500 μL of binding buffer and 

stained with 5 μL of Annexin V-FITC and 5 μL of PI solution 

according to the manufacturer’s instructions.

Caspase 3 activity
The activity of caspase 3 was measured using caspase 3 

activity assay kits (Nanjing Jiancheng Bioengineering 

Institute, Nanjing, China) according to the manufacturer’s 

protocol. The assay is based on spectrophotometric detection 

of the chromatophore ρ-nitroaniline (ρNA) after cleavage 

from the labeled substrate Ac-DEVD-ρNA by caspase 3 

protease. The level of caspase 3 activity was tested at 405 nm 

in a microplate reader. Fold increase in caspase 3 activity was 

determined by comparing the absorbance from an apoptotic 

sample with an untreated control after subtracting the back-

ground value reading from cell lysates and buffers.

Tube formation assay of HUVECs
The tube formation assay was performed as described 

previously.23 A 24-well plate was coated with 100 μL Matrigel 

per well and allowed to polymerize for 2 hours. Then, HUVECs 

suspended in DMEM medium were seeded on to the Matrigel, 

and the cells were treated with either blank mPEG–PLA 

micelles, free CUR or CUR/mPEG–PLA micelles. After 

6 hours, images were taken by a digital camera (IX83; Olym-

pus, Toyko, Japan) attached to an inverted microscope.

Wound healing and transwell invasion
For migration assay, wound-healing assay was done. HUVECs 

and A549 cells were seeded in a six-well dish and incubated 

for 24 hours; monolayer was then scratched with pipette tips 

and washed with PBS. Subsequently, fresh medium containing 

either blank mPEG–PLA micelles, free CUR or CUR/

mPEG–PLA micelles was added to the scratched HUVECs 

and A549 cells. Medium without treatment was considered 

as control. Photographs were taken at 0 and 24 hours in an 

inverted microscope. The migrated cells were quantified by 

image-pro-plus (IPP) software, and the percentage of inhibi-

tion was calculated on the basis of untreated cells as 100.

For invasion assays, 5×104 cells in serum-free medium 

were placed in the upper chamber of the transwell plate 

(24-well insert, pore size: 8 μm) coated with Matrigel, and 

the lower chambers were filled with 10% FBS medium. The 

blank mPEG–PLA micelles, free CUR and CUR/mPEG–

PLA micelles were added to the upper chamber, respectively. 

After 24 hours of incubation at 37°C, noninvasive cells were 

scraped, and migrated cells were fixed with 4% paraformal-

dehyde and stained with 0.05% crystal violet. The invasive 

cells were quantified by IPP software, and the percentage of 

invasive cells inhibited by CUR/mPEG–PLA micelles was 

calculated using untreated cells as 100.

Western blot
The total cell proteins were extracted using Radio Immu-

noprecipitation Assay (RIPA) lysis buffer containing 1% 

phenylmethylsulfonyl fluoride (PMSF) and 1% protease 

inhibitors and then separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). The pro-

teins were transferred on to nitrocellulose filter membranes. 

The membranes were blocked in 5% fat-free dry milk for 

2 hours and incubated with specific primary antibody in an 

appropriate dilution ratio including Bax (1:2,500), BcL-2 
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(1:1,000), VEGF (1:200), MMP-2 (1:2,500), MMP-9 

(1:5,500) and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH; 1:1,000) overnight at 4°C and incubated with the 

corresponding secondary antibodies. Specific protein bands 

were visualized using an enhanced chemiluminescence 

(ECL) advanced Western blot detection kit (Merck Millipore, 

Billerica, MA,USA).

Statistical analysis
The results were expressed as the mean ± standard devia-

tion (SD). Statistical analysis was performed with one-way 

analysis of variance (ANOVA) using the SPSS 13.0 software. 

P,0.05 denoted significance in all cases.

Results
Preparation and characterization of 
CUR/mPEG–PLA micelles
Figure 1A illustrates CUR and mPEG–PLA self-assembled 

into CUR/mPEG–PLA micelles, which encapsulated CUR in 

the core part, with a hydrophilic shell. As shown in Figure 1B, 

the average particle size, PDI and zeta potential of obtained 

CUR/mPEG–PLA micelles were 34.9±2.1 nm, 0.1±0.04 and 

0.90±0.35  mV, respectively. Furthermore, TEM imaging 

revealed that CUR/mPEG–PLA micelles were spherical in 

aqueous solution and monodisperse with a mean diameter 

of ~24 nm (Figure 1C). HPLC assay was used to determine 

CUR concentrations in the micelles. The EE and DL of 

these CUR/mPEG–PLA micelles were 90.2%±0.78% and 

9.1%±0.07%, respectively.

The in vitro release of CUR from micelles was investi-

gated by dialysis under sink conditions with a 0.5% Tween 

80 solution in PBS (pH 7.4) as the release medium. As shown 

in Figure 1D, 90.6%±2.2% of free CUR was released into the 

medium in the first 48 hours, whereas only 34.9%±1.9% of 

CUR from the CUR/mPEG–PLA micelles. The cumulative 

release rate from CUR/mPEG-PLA micelles was 52.4%±2.8% 

over 5 days, compared with 94.6%±1.6% from free CUR.

The physical form of the drug encapsulated in the poly-

meric matrix was evaluated by XRD and DSC analysis. The 

XRD spectra are presented in Figure 2A, in comparison with 

Figure 1 Preparation and characterization of CUR micelles.
Notes: (A) Preparation scheme of CUR micelles. (B) Particle size distribution of CUR micelles. (C) TEM image of CUR micelles. (D) In vitro drug release profiles of free 
CUR and CUR micelles in PBS (pH 7.4). CUR micelles, CUR/mPEG–PLA micelles.
Abbreviations: CUR, curcumin; mPEG–PLA, methoxy polyethylene glycol–polylactide; PBS, phosphate-buffered saline; TEM, transmission electron microscope.
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the XRD diagrams of CUR, blank mPEG–PLA micelles 

and the physical mixture of CUR and the mPEG–PLA copo-

lymer; the absence of specific diffraction peaks in the XRD 

spectra of CUR/mPEG–PLA micelles indicated that there 

are no CUR crystals in the CUR/mPEG–PLA micelles. The 

thermograms of CUR and CUR/mPEG–PLA micelles shown 

in Figure 2B also confirmed that CUR exhibited an endo-

thermic melting peak at 171.3°C; upon encapsulation inside 

the micelles, the melting peak of CUR disappeared. Thus, 

Figure 2 suggested that CUR was completely and amorphously 

encapsulated within the core–shell structure of particles.

Cytotoxicity and cellular uptake of  
A549 cells
The MTT assay was applied to investigate the cytotoxicity 

of A549 cells. As shown in Figure 3A, CUR/mPEG–PLA 

micelles had higher cytotoxicity against A549 cells compared 

with free CUR. Half maximal inhibitory concentration (IC
50

) 

of CUR/mPEG–PLA micelles at 48 hours (30.18 μg/mL) was 

lower than that of free CUR (36.69 μg/mL). Meanwhile, cyto-

toxicity of mPEG–PLA copolymer was investigated on A549 

cells (data not shown), suggesting that mPEG–PLA copoly-

mer had low cytotoxicity and could serve as a safe carrier.

To understand why CUR/mPEG–PLA micelles may 

enhance cytotoxicity, cellular uptake ability was compared 

between CUR/mPEG–PLA micelles and free CUR on 

A549 cells. While there was no fluorescence in cells treated 

with blank mPEG–PLA micelles (data not shown), only a slight 

increase in fluorescence intensity was observed in cells treated 

with free CUR (20 μg/mL) for either 1 or 4 hours. On the 

contrary, bright green fluorescence was observed for CUR/

mPEG–PLA micelles (20 μg/mL) for 1 hour and even brighter 

for 4 hours (Figure 3B), clearly indicating that CUR/mPEG–

PLA micelles exhibited a much higher cellular uptake.

The enhanced cellular uptake of CUR/mPEG–PLA 

micelles was also confirmed by FCM analysis. Figure 3C–E 

shows that fluorescence intensity of cells treated with CUR/

mPEG–PLA micelles is much higher than that in free CUR 

group after incubation for either 1 or 4 hours (P,0.01).

CUR/mPEG–PLA micelles induce cell 
cycle arrest in A549 cells
To evaluate whether CUR/mPEG–PLA micelles modulate 

cycle kinetics in A549 cells, cell cycle analysis was performed 

on A549 cells using FCM analysis after 24 hours of drug 

exposure. As shown in Figure 4A and C, the blank mPEG–

PLA micelles treatment showed no obvious effects on cell 

cycle distribution. However, at 20 μg/mL, free CUR induced 

G2/M cell cycle arrest, resulting in a considerable increase 

in the G2/M phase from 6.59%±0.75% to 12.76%±1.03% 

(P,0.01). Furthermore, CUR/mPEG–PLA micelles gave rise 

to an even more obvious cell proliferation inhibition, where 

cell cycle was apparently retarded at the G2/M transition point 

from 6.59%±0.75% to 18.52%±1.21% (P,0.01).

Cell colony formation unit assay was also carried out. As 

shown in Figure 4B and D, when A549 cells were treated with 

free CUR or CUR/mPEG–PLA micelles, the ability to form 

colonies was obviously changed compared to the untreated 

group. In addition, CUR/mPEG–PLA micelles exhibited 

less A549 cell numbers than free CUR groups (P,0.01), 

θ °
Figure 2 Confirmation of the absence of CUR crystals in the CUR/mPEG–PLA micelles.
Notes: (A) XRD analysis of CUR, physical mixture of CUR and mPEG–PLA, blank mPEG–PLA micelles and CUR/mPEG–PLA micelles. (B) DSC analysis of CUR, blank 
mPEG–PLA micelles and CUR/mPEG–PLA micelles.
Abbreviations: CUR, curcumin; DSC, differential scanning calorimetry; mPEG–PLA, methoxy polyethylene glycol–polylactide; XRD, X-ray diffraction.
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indicating that CUR/mPEG–PLA micelles could inhibit the 

proliferation and clone formation ability of A549 cells.

CUR/mPEG–PLA micelles induce 
apoptosis
Cell apoptotic rate was analyzed via FCM analysis. 

As shown in Figure 5A, no apparent sign of cell apoptosis 

was observed in untreated cells or blank mPEG–PLA 

micelle-treated cells. However, treatment of CUR increased 

the apoptotic cell proportion from 5.96%±0.18% to 

16.33%±0.68% (P,0.01). Furthermore, CUR/mPEG–

PLA micelles treatment increased the cell apoptotic rate 

from 5.96%±0.18% to 24.93%±0.51%, especially at early 

stage (Figure 5B) (P,0.01). These results displayed that 

Figure 3 Cytotoxicity studies and cellular uptake assay of CUR micelles.
Notes: (A) Cytotoxicity studies of A549 cells treated with free CUR and CUR micelles. (B) Fluorescent images of A549 cells treated with free CUR and CUR micelles under 
a confocal microscope at the indicated time intervals. Nuclei were stained blue with Hoechst 33258, and cellular distribution of CUR is shown as green fluorescence in the 
cytosol. (Magnifcation 400×) (C) CUR fluorescence means accumulation in A549 cells. (D) FCM histogram for free CUR and CUR micelles at 20 μg/mL on A549 cells for 
1 hour. (E) FCM histogram for free CUR and CUR micelles at 20 μg/mL on A549 cells for 4 hours. CUR micelles, CUR/mPEG–PLA micelles.
Abbreviations: CUR, curcumin; FCM, flow cytometry; mPEG–PLA, methoxy polyethylene glycol–polylactide; h, hour.
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CUR/mPEG–PLA micelles induced intense apoptosis in 

A549 cells.

Apoptosis is a course of a series of gene activation and 

regulation. The protein level of Bax/Bcl-2 was increased 

in CUR/mPEG–PLA micelles group compared with free 

CUR group (Figure 5C), suggesting an increased apop-

tosis by CUR/mPEG–PLA micelles in comparison with 

free CUR. In addition, the caspase 3 kit analysis showed 

that CUR/mPEG–PLA micelles induced more caspase 3 

activation than free CUR (Figure 5D) (P,0.01), further 

supporting the enhanced proapoptotic effect of CUR/mPEG–

PLA micelles.

CUR/mPEG–PLA micelles inhibit the 
metastasis of lung cancer cells
Treatment with free CUR and CUR/mPEG–PLA micelles 

significantly reduced A549 cell migration compared to 

untreated cells (P,0.01) (Figure 6A and C). Moreover, the 

inhibitory migration effect of CUR/mPEG–PLA micelles 

was significantly higher than that of free CUR (P,0.01). 

CUR/mPEG–PLA micelles also showed a stronger inhibi-

tory effect than free CUR in the transwell invasion assay 

(P,0.01) (Figure 6B and D). These findings clearly revealed 

that CUR inhibited the migration and invasion on lung cancer 

cells. Moreover, this activity was related to the decreased 

expression of VEGF, MMP-2 and MMP-9 in human lung 

cancer A549 cells (Figure 6E).

In vitro antiangiogenic activity of 
CUR/mPEG–PLA micelles
Angiogenesis is a very complex process. HUVECs are 

usually used to evaluate the anti-angiogenesis activity 

in vitro.24 As shown in Figure 7A and E, HUVECs formed 

capillary-like structures on the surface of Matrigel within 

Figure 4 CUR micelles induce cell cycle arrest in A549 cells.
Notes: (A) Cell cycle distribution of A549 cells treated with free CUR and CUR micelles. (B) Clonogenic survival assay of A549 cells treated with free CUR or CUR 
micelles. (C) The histograms exhibit percent of cells in different phages of cell cycle. (D) Analysis of colonies per dish, represented as a percent of control. Blank micelles, 
blank mPEG–PLA micelles; CUR micelles, CUR/mPEG–PLA micelles.
Abbreviations: CUR, curcumin; mPEG–PLA, methoxy polyethylene glycol–polylactide.
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6 h in untreated and blank mPEG–PLA micelles group. In 

contrast, the tube formation of HUVECs was inhibited by 

treating with free CUR or CUR/mPEG–PLA micelles, and 

CUR/mPEG–PLA micelles induced a stronger inhibitory 

effect than free CUR (P,0.01). The effects of the CUR/

mPEG–PLA micelles on the migration and invasion capac-

ity of HUVECs were evaluated by wound-healing assay and 

transwell invasion assay, respectively. It was shown that the 

migration ability of HUVECs was inhibited in both CUR/

mPEG–PLA micelles and free CUR groups (Figure 7B and F) 

and that CUR/mPEG–PLA micelles group exhibited a stron-

ger inhibitory effect than free CUR group (P,0.01). Tran-

swell invasion assays were performed to evaluate the ability 

of HUVECs passing through the Matrigel in the presence of 

blank mPEG–PLA micelles, free CUR or CUR/mPEG–PLA 

micelles. As shown in Figure 7C and G, in comparison with 

free CUR group, the inhibitory effect was improved in the 

CUR/mPEG–PLA micelles group (P,0.01). The MTT assay 

was performed to evaluate the cytotoxicity effects of CUR/

mPEG–PLA micelles on HUVECs. Figure 7D showed that 

the growth ability of HUVECs was dramatically inhibited 

in a dose-dependent manner in both free CUR and CUR/

mPEG–PLA micelles groups and that CUR/mPEG–PLA 

micelles had a lower IC
50

 (31.39  μg/mL) than free CUR 

(43.02 μg/mL).

Discussion
As a popular natural medicine, CUR has been widely used 

for treating patients with a variety of tumors.25 However, 

its clinical application was restricted by its hydrophobicity. 

As such, increasing solubility of CUR is an urgent strat-

egy to facilitate its clinical application.26,27 In this study, 

CUR/mPEG–PLA micelles were successfully developed, 

and their antitumor and anti-angiogenesis activity suggested 

their clinical potential for treating NSCLC.

Nanometer material has been reported to successfully 

enhance solubility and biological availability of hydropho-

bic drugs.28–30 Previously, mPEG–PLA has been employed 

as nanometer material to deliver doxorubicin,31 paclitaxel32 

and 7-ethyl-10-hydroxy camptothecin33 for cancer therapy, 

leading to a considerable improvement in their anticancer 

effects. As an amphiphilic block copolymer composed of 

hydrophilic and hydrophobic segments, mPEG–PLA has a 

tendency to self-assemble into micelles in a specific solvent. 

In this study, a thin-film hydration method was applied to 

obtain CUR/mPEG–PLA micelles. Such CUR/mPEG–PLA  

Figure 5 CUR micelles induced A549 cells apoptosis and caspase 3 activation.
Notes: (A) The apoptosis incidence of A549 cells was evaluated by FCM; cells were treated with blank micelles, free CUR and CUR micelles, respectively. (B) Statistical 
analysis of apoptotic rate was calculated via the percentage of apoptotic cells. (C) Western blotting for the expression of proteins related to apoptosis Bax and Bcl-2, GAPDH 
acted as a loading control. (D) Changes of Caspase 3 activity. Blank micelles, blank mPEG–PLA micelles; CUR micelles, CUR/mPEG–PLA micelles.
Abbreviations: CUR, curcumin; FCM, flow cytometry; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; mPEG–PLA, methoxy polyethylene glycol–polylactide.
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Figure 6 CUR micelles inhibited the migration and invasion of A549 cells in vitro.
Notes: (A and C) CUR micelles inhibited A549 cell migration in wound-healing assay. (B and D) CUR micelles inhibited A549 cell invasion in transwell assay. Images in 
(A and B) were taken by microscope under ×100 magnification. (E) The VEGF, MMP-2 and MMP-9 were analyzed by Western blotting assay, with GAPDH acted as loading 
controls. Blank micelles, blank mPEG–PLA micelles; CUR micelles, CUR/mPEG–PLA micelles.
Abbreviations: CUR, curcumin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MMP, matrix metalloproteinase; mPEG–PLA, methoxy polyethylene glycol–
polylactide; VEGF, vascular endothelial growth factor.

micelles were monodispersed with PDI of 0.1±0.04 in 

aqueous phase. Meanwhile, the CUR/mPEG–PLA micelles 

were characterized with stable DL, high EE and slow 

release behavior, which may be attributed to the core–shell 

structure of polymeric micelles.34 It has been confirmed 

that drug-loaded micelles with small size (10–100  nm) 

could increase the accumulation in tumor tissue by enhanc-

ing permeability and retention (EPR) effect,35 therefore 

improving antitumor effects. The CUR/mPEG–PLA 

micelles prepared in this study have an average diameter of 
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Figure 7 CUR micelles induced cytotoxicity and inhibited tube formation, migration and invasion of HUVECs in vitro.
Notes: (A and E) CUR micelles inhibited tube formation of HUVECs. (B and F) CUR micelles inhibited HUVECs migration in wound-healing assay. (C and G) CUR micelles 
inhibited HUVECs invasion in transwell assay. Images in (A–C) were taken by microscope under ×100 magnification. (D) CUR micelles enhanced the cytotoxicity of CUR of 
HUVECs. Blank micelles, blank mPEG–PLA micelles; CUR micelles, CUR/mPEG–PLA micelles.
Abbreviations: CUR, curcumin; HUVECs, human umbilical vein endothelial cells; mPEG–PLA, methoxy polyethylene glycol–polylactide.
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34.9±2.1 nm, which, together with its considerably enhanced 

cellular uptake, should contribute to its good antitumor poten-

tials. A series of experiments was performed in this study to 

evaluate the antitumor effect of CUR/mPEG–PLA micelles 

in A549 cells. Our results showed that CUR/mPEG–PLA 

micelles enhanced cytotoxicity and decreased IC
50

 cell viabil-

ity, whereas mPEG–PLA exhibited low cytotoxicity to A549 

cells. It was previously reported that both free CUR and CUR 

nanomaterials were nontoxic to human bronchus epithelial 

cell line BEAS-2B (normal cell).36,37 As such, CUR/mPEG–

PLA micelles are considered to be safe to normal cells, but 

to be lethal to tumor cells. The CUR/mPEG–PLA micelles 

decreased the colony formation unit number as compared 

with free CUR group. It was also found that the proportion 

of cells in the G2/M was increased in CUR/mPEG–PLA 

micelles group. These findings indicated that CUR/mPEG–

PLA micelle-induced cell growth inhibition was involved 

with cell cycle arrest. Apoptosis plays an important role in 

the initiation and progression of tumor, and Bax and Bcl-2 

family pathway is involved in regulating cell propagation and 

cell apoptosis.38 Our results showed that CUR/mPEG–PLA 

micelles may enhance A549 cells apoptosis and significantly 

increased the expression of Bax and reduced the expression 

of Bcl-2. Moreover, CUR/mPEG–PLA micelles increased 

caspase 3 activity, which is the final stage of apoptosis initia-

tion shared by both pathways.39

Metastasis is a complex multistep process that requires 

detachment from the primary tumor mass, migration through 

the extracellular matrix (ECM) and the colonization of sur-

rounding sites.40 The migration assay and invasion assay 

demonstrated that CUR/mPEG–PLA micelles significantly 

inhibited A549 cells migration and invasion than free CUR. 

One of the key factors associated with the invasion and 

metastasis of cancer cells is MMPs, which led cancer cells to 

invade and migrate by degrading the ECM. Among MMPs, 

MMP-2 and MMP-9 expression is correlated with lung 

cancer metastasis.41,42 Additionally, VEGF, the key mediator 

of angiogenesis, also plays a crucial role in the process of 

metastasis.43 Therefore, the protein levels of MMP-2, MMP-9 

and VEGF in A549 cells were evaluated. Our results that 

much lower expression of the abovementioned proteins in 

CUR/mPEG–PLA micelles group than in the free CUR group 

clearly indicated that CUR/mPEG–PLA micelles may induce 

apoptosis and inhibit cell growth, migration and invasion.

Angiogenesis plays a vital role in tumor growth and 

metastasis via supplying oxygen and nutrient.44,45 Anti-

angiogenesis has been proposed as a promising therapeutic 

strategy for clinical therapy of tumors,46,47 mainly by slowing 

down tumor dissemination and increasing tumor responses 

to chemotherapeutics and radiotherapy.48 Clinical trial data 

show that several drugs, including bevacizumab, play an 

important role in the treatment of advanced NSCLC by target-

ing VEGF pathway.49 Therefore, the effect of CUR micelles 

was further investigated on angiogenesis in HUVECs in vitro. 

Our results showed that CUR/mPEG–PLA micelles induced 

cytotoxicity to HUVECs and inhibited the migration, inva-

sion and tube formation of HUVECs, which was consistent 

with their effect on colon cancer.50 It is therefore believed 

that CUR/mPEG–PLA micelles can effectively inhibit 

the angiogenesis.

Conclusion
CUR/mPEG–PLA micelles were successfully prepared by 

a thin-film hydration method, with a high EE, and sustained 

release behavior in vitro. It was suggested that CUR/mPEG–

PLA micelles are capable of enhancing the cellular uptake, 

cytotoxicity and apoptosis, while inhibiting the proliferation, 

migration and metastasis of A549 cells. Their angiogenesis 

ability was also confirmed in HUVECs. Our findings sug-

gested that this novel formulation has potential clinical 

application for treating NSCLC. However, further in vivo 

investigations are warranted using A549 cell-bearing tumor 

model to better understand their antitumor potential.
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