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Abstract: Mitochondria serve as both “energy factories” and “suicide weapon stores” of cells. 

Targeted delivery of cytotoxic drugs to the mitochondria of tumor cells and tumor vascular 

cells is a promising strategy to improve the efficacy of chemotherapy. Here, multistage tumor-

targeting liposomes containing two targeted peptide-modified lipids, cRGD-PEG2000-DSPE 

and KLA-PEG2000-DSPE, were developed for encapsulation of the anticancer drug paclitaxel 

(PTX, RGD-KLA/PTX-Lips). Compared with Taxol (free PTX), RGD/PTX-Lips and KLA/

PTX-Lips, the half-maximal inhibitory concentration (IC
50

) value of RGD-KLA/PTX-Lips 

in vitro was 1.9-, 36.7- and 22.7-fold lower with 4T1 cells, respectively, because of higher levels 

of cellular uptake. Similar results were also observed with human umbilical vascular endothe-

lial cells (HUVECs). An apoptosis assay showed that the total apoptotic ratio of RGD-KLA/

PTX-Lips was the highest because of the mitochondria-targeted drug delivery and the activa-

tion of mitochondrial apoptosis pathways, as evidenced by visible mitochondrial localization, 

decreased mitochondrial membrane potential, release of cytochrome c and increased activities 

of caspase-9 and caspase-3. The strongest tumor growth inhibition (TGI; 80.6%) and antian-

giogenesis effects without systemic toxicity were also observed in RGD-KLA/PTX-Lip-treated 

4T1 tumor xenograft BALB/c mice. In conclusion, these multistage tumor-targeting liposomes 

represent a promising anticancer drug delivery system (DDS) capable of maximizing anticancer 

therapeutic efficacy and minimizing systemic toxicity.

Keywords: multistage tumor-targeting liposome, mitochondria, paclitaxel, anticancer, 

antiangiogenesis

Introduction
Cancer is one of the leading causes of death globally. The World Health Organization 

estimates that 8.2 million people died of cancer in 2012, and this figure is expected to 

increase to 13 million annually within the next 2 decades.1 The ultimate goal of cancer 

therapeutics is to prolong the survival time and improve the quality of life of 

patients by minimizing systemic toxicity and maximizing the anticancer efficacy of 

chemotherapy.2,3 Combining anticancer therapies with antiangiogenic therapies is 

becoming increasingly important since this approach can kill tumor cells directly and 

cut off their oxygen and nutrient supplies.4,5 Investigators have reported that dual-

targeting nanoparticles that simultaneously target both tumor vascular endothelial cells 

and tumor cells inhibit the process of angiogenesis and kill the tumor cells, resulting 

in an additive effect on anticancer efficacy compared with either therapy alone.6–8 

However, the efficacy of combined therapy is still limited due to the evasion of cell 

death and drug resistance.9–11
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Organelle-targeted drug delivery that can directly induce 

cell death is an advantageous anticancer strategy.12 The 

mitochondrion is a good candidate for organelle targeting 

because it is implicated in multiple aspects of tumorigenesis 

and tumor progression, such as the regulation of cellular dif-

ferentiation, growth, energy production and programmed cell 

death.13,14 As a crucial regulator of apoptosis, the mitochon-

drion releases proapoptotic proteins from the mitochondrial 

intermembrane space to the cytosol to activate apoptosis.15 

The permeabilization of the mitochondrial outer membrane 

is regarded as a potent way to induce intrinsic apoptosis.16

Paclitaxel (PTX), a broad-spectrum anticancer drug, 

is usually considered to disrupt the microtubule dynam-

ics that are required for cell division and vital interphase 

processes.17,18 However, some reports have found that 

PTX also has a direct effect on mitochondria isolated from 

cancer cells, resulting in the apoptosis of cancer cells.19,20 

PTX can bind to the Bcl-2 antiapoptotic protein in mito-

chondria by mimicking Nur77, an orphan nuclear receptor, 

thereby changing the function of Bcl-2 from antiapoptotic 

to proapoptotic and resulting in the apoptosis of cancer 

cells.21,22 Other studies have shown that PTX depolarizes 

mitochondria and promotes the induction of the mitochon-

drial permeability transition pore, which then activates death 

signal proteins such as caspases.23,24 Therefore, it can be 

assumed that delivery of PTX to the mitochondria of tumor 

cells and tumor vascular endothelial cells is a promising 

strategy to improve the specificity of PTX and decrease the 

evasion of cell death.

A drug delivery system (DDS) that can efficiently 

transport PTX from the injection site to mitochondria to 

maximize anticancer efficacy should possess the following 

three targeting capabilities: 1) effectively encapsulate drugs, 

avoid capture by the reticuloendothelial system (RES) during 

blood circulation and accumulate in the tumor extracellular 

matrix; 2) specifically bind onto tumor cells (anticancer) 

and tumor vascular endothelial cells (antiangiogenesis) 

and 3) bind to and subsequently destroy the mitochondrial 

membranes to trigger programmed cell apoptosis. Despite 

outstanding advances, most previous reports have only 

addressed one or two of these criteria.7,8,14,25–27 Therefore, 

a multistage targeted DDS capable of satisfying the above 

requirements is highly desirable.

Here, two peptide-conjugated PEGylated phospholipid 

derivatives (cRGD-polyethylene glycol-1,2-distearoyl-sn-

glycerol-3-phosphoethanolamine [cRGD-PEG
2000

-DSPE] 

and 
D
-(KLAKLAK)

2
-polyethylene glycol-1,2-distearoyl-

sn-glycerol-3-phosphoethanolamine [KLA-PEG
2000

-DSPE]) 

were synthesized as tumor and vascular endothelial 

cell- and mitochondria-targeting molecules, respectively. PTX 

liposomes were modified using these two conjugates for the 

first time. It was hypothesized that the targeted PTX liposomes 

could overcome physiological and biological barriers between 

the injection site and the mitochondria (Scheme 1). First, the 

∆ψ

Scheme 1 Illustration of the multistage tumor-targeting liposomes modified using cRGD and KLA peptides (RGD-KLA/PTX-Lips) for anticancer drug delivery.
Notes: Main components of the RGD-KLA/PTX-Lips (A). Schematic illustration of RGD-KLA/PTX-Lips delivery in vivo (B).
Abbreviations: PTX, paclitaxel; PEG, polyethylene glycol; EPR, enhanced permeability and retention.
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nanoscaled liposomes (in the size range of 20–200 nm) could 

be loaded with anticancer drugs and accumulated in tumor 

tissue via the “enhanced permeability and retention (EPR) 

effect,” discovered by Maeda and Matsumura.28 PEG chains 

on the surface of liposomes help them evade clearance by 

the RES in the blood, consequently prolonging their circula-

tion time and raising the local concentration of the drug in 

the tumor tissue.3 Second, cyclic derivatives of RGD (Arg-

Gly-Asp) oligopeptides in the liposomes can selectively 

bind to the αvβ3 integrin because of the receptor–ligand 

interaction.29,30 Some tumor cells such as breast cancer, lung 

cancer, and activated vascular endothelial cells have been 

found to highly express the dimeric transmembrane integrin 

αvβ3, while other endothelial cells and most noncancerous 

organs rarely express αvβ3.31 RGD has been shown to be 

a good targeting peptide for vascular endothelial cells in 

many cases.32 Third, 
D
-(KLAKLAK)

2
 (KLA), a specific 

mitochondria-targeting sequence with a positive charge, has 

the ability to target mitochondria and disrupt the mitochon-

drial membrane when a threshold concentration (10 μmol) 

is reached.33–35 Previous research conducted by this research 

group demonstrated that KLA-modified nanocarriers could 

effectively deliver drugs to the mitochondria of both sensitive 

and drug-resistant cancer cells.26 Moreover, compared with 

triphenylphosphonium, a lipophilic cation, which targets 

mitochondria with a nonspecific toxicity, KLA-modified 

nanocarriers, may exhibit higher safety.36 The combination 

of cRGD and KLA peptides is expected to reduce off target 

effects and increase anticancer potency. In the present study, 

the physicochemical properties, cytotoxicity, cellular uptake, 

mitochondrial targeting, mitochondria-mediated apopto-

sis, and anticancer efficacy in breast tumor-bearing mice 

of PTX-loaded multistage-targeted liposomes and single 

targeted liposomes were evaluated and compared in detail.

Materials and methods
Materials and measurements
cRGD peptide with a terminal cysteine (cRGD-(D-Tyr)-K, 

MW =722.84, cRGD-SH) and KLA peptide with a terminal 

cysteine (
D
-(KLAKLAK)

2
-Cys, MW =1,627, KLA-SH) were 

purchased from SciLight Biotechnology, LLC (Beijing, 

China). Soybean phosphatidylcholine (SPC) was purchased 

from Lipoid GmbH (Ludwigshafen, Germany). Cholesterol, 

amiloride, chlorpromazine and filipin were obtained from 

Sigma-Aldrich (Louis, MO, USA). 1,2-Distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy-(polyethylene 

glycol)-2000] (DSPE-mPEG2000) and 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[maleimide-

(polyethylene glycol)-2000] (DSPE-mPEG2000-mal) 

were purchased from Avanti Polar Lipids (Alabaster, AL, 

USA). 1,10-Dioctadecyl-3,3,30,30-tetramethylindocar-

bocyanine perchlorate (DIL) was purchased from Fanbo 

Biochemicals, Co., Ltd. (Beijing, China). LysoTracker® 

green and Mitotracker® Green FM were purchased from 

Invitrogen Life Technologies (Carlsbad, CA, USA). A Cell 

Counting Kit-8 assay (CCK-8) was purchased from Dojindo 

Laboratories (Kumamoto, Japan). PTX was purchased from 

Meilun Biology Technology Company (Dalian, China). 

Taxol was purchased from Sichuan Taiji Pharmaceutical 

Company (Chengdu, China). Characterization and struc-

tural identification were performed using matrix-assisted 

laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS, Autoflex MALDI-TOF/TOF). Particle 

size and zeta potential measurements were performed in 

MilliQ water using a Zetasizer Nano ZS (Malvern Instru-

ments, Worcestershire, UK).

Synthesis of DSPE-PEG-RGD and DSPE-
PEG-KLA
DSPE-mPEG2000-Mal (100 mg, 37 μmol) was dissolved 

in chloroform and then cRGD-SH (40.20 mg, 55.5 μmol) 

dissolved in methanol was added into the DSPE-PEG-Mal 

solution. The mixed solution was then stirred under nitrogen 

for ~24 h in darkness at room temperature. After confirm-

ing the disappearance of DSPE-PEG-Mal using thin-layer 

chromatography, the organic solvent was removed using 

rotary evaporation. The white precipitate was washed using 

methanol three times, collected through filtration, and then 

confirmed using MALDI-TOF MS. DSPE-PEG-KLA was 

synthesized using the same method as that used for DSPE-

PEG-cRGD. The feed molar ratio of DSPE-mPEG2000-

Mal to KLA-SH was 37:55.5. The resultant product was 

confirmed using MALDI-TOF MS.

Preparation and characterization of 
liposomes
PTX-loaded liposomes were prepared using the thin-film 

hydration method.26 Briefly, SPC, cholesterol, DSPE-

mPEG
2000

 and PTX (90:10:5:10, molar ratio) were dissolved 

in chloroform:methanol (2:1, v:v) in a round-bottomed 

flask. After the organic solvent was removed using rotary 

evaporation, the dried lipid films were hydrated in phosphate-

buffered saline (PBS, pH 7.4) or ultrapure water at 37°C to 

achieve a final phospholipid concentration of 3.0 mg/mL. 

The liposomes were sonicated in a sonication bath at 37°C 

for 15 min and then further sonicated using a probe sonica-

tor (Sonics & Materials Inc., Danbury, CT, USA) at 40 W 

for 80 s to form PTX-loaded PEGylated liposomes (PEG/
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PTX-Lips). The unloaded PTX was removed from the lipo-

somes through centrifugation at 1,000 rpm for 10 min.

Peptide-modified liposomes were also prepared as per 

the above procedure. The components of the cRGD-modified 

liposomes (RGD/PTX-Lips) were SPC, cholesterol, DSPE-

mPEG
2000

, DSPE-PEG
2000

-cRGD and PTX (90:10:2.5:2.5:10, 

molar ratio). The components of the KLA-modified liposomes 

(KLA/PTX-Lips) were SPC, cholesterol, DSPE-mPEG
2000

, 

DSPE-PEG
2000

-KLA and PTX (90:10:2.5:2.5:10, molar ratio). 

The components of the multistage tumor-targeting liposomes 

(RGD-KLA/PTX-Lips) were SPC, cholesterol, DSPE-PEG
2000

-

cRGD, DSPE-PEG
2000

-KLA and PTX (90:10:2.5:2.5:10, molar 

ratio). DIL-loaded liposomes were prepared as per the same 

protocol as that used for the PTX-loaded liposomes, but PTX 

was replaced with DIL. The preparation of blank liposomes 

followed the same procedure as that used to prepare the PTX-

loaded liposomes, without the addition of PTX.

The encapsulation efficiency (EE) was calculated as fol-

lows: EE = W/W
0
×100%. W was the weight of PTX loaded 

in the liposomes after centrifugation. W
0
 was the weight of 

PTX initially added during liposome preparation. Briefly, 

PTX-containing liposomal solution was centrifuged at 

1,000 rpm for 10 min to remove any PTX already released 

from the liposomes. The supernatant was evaporated to dryness 

under vacuum, redissolved in methanol and analyzed using 

high-performance liquid chromatography (HPLC; Agilent 

Technologies, Santa Clara, CA, USA). The average particle 

size and zeta potentials of the various liposomes were measured 

at 25°C using a Zetasizer Nano ZS (Malvern Instruments). The 

liposomes (100 μL; phospholipid concentration 3 mg/mL) 

were DILuted in 1 mL of PBS for these measurements.

cell lines and cell culture
NIH 3T3 fibroblast cells and 4T1 cells (murine breast cancer 

cells) were purchased from the Chinese Academy of Science 

Cell Bank for Type Culture Collection (Shanghai, People’s 

Republic of China). NIH 3T3 fibroblasts cells were cultured 

in Dulbecco’s Modified Eagle’s Medium, while 4T1 cells 

were cultured in RPMI-1640, both supplemented with 10% 

fetal bovine serum and 100 μg/mL streptomycin, at 37°C 

under 5% CO
2
. Human umbilical vascular endothelial cells 

(HUVECs) were purchased from Sciencell™ Research Labo-

ratories (Carlsbad, CA, USA) and cultured at 37°C under 5% 

CO
2
 in endothelial cell medium, supplemented with 5% fetal 

bovine serum, 1% endothelial cell growth supplement and 1% 

penicillin/streptomycin solution. Cells were harvested using 

0.25% trypsin-EDTA and rinsed with PBS. The resulting cell 

suspension was used for in vitro cell experiments.

Cellular uptake and mitochondrial 
targeting
Cellular uptake efficiency
The cellular uptake by HUVECs and 4T1cells of DIL-loaded 

liposomes was measured using flow cytometry (FCM; 

Cytomics™ FC 500; Beckman Coulter, Miami, FL, USA). 

HUVECs or 4T1 cells were seeded in six-well plates at 

a density of 4×105 cells/well in 2 mL of growth medium. 

After incubation for 12 h at 37°C and 5% CO
2
, the cells were 

treated with various DIL formulations, which were DILuted 

in culture medium to reach a final DIL concentration of 

2 μM. Control experiments were performed by adding blank 

medium. After 1 or 4 h of incubation, the collected cell pel-

lets were washed twice using cold PBS and then resuspended 

in 0.3 mL of PBS. The fluorescence intensity of 1×104 cells 

was measured using FCM with an excitation wavelength of 

549 nm and an emission wavelength of 565 nm. Each assay 

was repeated in triplicate.

Endocytosis pathways for RGD-KLA-Lips
To explore the endocytosis pathways for various liposomes, 

cellular uptake of DIL-loaded liposomes by 4T1 cells in 

the presence of endocytosis inhibitors was measured using 

FCM. The cells (4T1 cells) were seeded in six-well plates 

at a density of 4×105/well in 2 mL of growth medium. After 

incubation for 12 h at 37°C and 5% CO
2
, cells were prein-

cubated with various inhibitors of endocytosis, including a 

caveolin-mediated endocytosis inhibitor: filipin (5 μg/mL); 

a micropinocytosis inhibitor: amiloride (1.48 mg/mL) and 

a clathrin-mediated endocytosis inhibitor: chlorpromazine 

(20 μg/mL), for 0.5 h at 37°C. Then, 4T1 cells were treated 

with DIL-loaded liposomes. After a further 2 h incubation, 

the collected cell pellets were washed twice using cold PBS, 

and the fluorescence intensity was determined using FCM.

endosomal escape
The endosomal escape capacity of RGD-KLA-Lips from 4T1 

cells was assessed using a confocal laser scanning microscope 

(CLSM; Leica TCP SP5, Mannheim, Germany). The cells 

(1×104 4T1 cells/well) were seeded in a glass-bottomed 

dish (Φ 15 mm; NEST, China). After 24 h of incubation, the 

cells were treated using DIL-loaded RGD-KLA/DIL-Lips 

(2 μM) for 2 h, and the medium was then replaced with fresh 

medium. Cells were cultivated for an additional 1, 2, 3 or 4 h. 

Subsequently, the cells were washed twice using cold PBS 

and stained using LysoTracker Green (100 nM) at 37°C for 

30 min. Stained cells were rinsed three times using PBS to 

remove free tracking agent and then observed using CLSM.
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Drug content in the isolated mitochondrial fraction
Drug accumulation in the isolated mitochondrial fractions 

in 4T1 cells was detected using a flow cytometer. The cells 

seeded in six-well plates were cultured for 24 h and then 

treated with DIL-loaded liposomes of different formulations 

at a 2 μM concentration of DIL for another 8 h. Cells were 

washed using cold PBS twice, and mitochondria were isolated 

using a cell mitochondria isolation kit (Beyotime Institute 

of Biotechnology, China). Briefly, the cells were solubilized 

using lysis buffer, cooled in an ice bath for 30 min and stirred 

in a homogenizer. The lysates were centrifuged for 10 min 

at 600× g. The supernatant was collected and centrifuged at 

11,000× g for 10 min to collect the mitochondria from the 

precipitates. The uptake of liposomes in the mitochondria was 

detected using FCM, using the fluorescence intensity of the 

loaded DIL. Each assay was performed in triplicate.

Mitochondrial targeting
Mitochondrial localization of various DIL-loaded liposomal 

formulations in HUVECs and 4T1 cells was observed using 

a CLSM. Cells were seeded at a density of 1×104 cells/well 

in a glass-bottomed dish (Φ 15 mm; NEST). After 24 h 

of incubation, the cells were treated with RGD/DIL-Lips, 

KLA/DIL-Lips and RGD-KLA/DIL-Lips (DIL concentra-

tion of 2 μM) for 8 h. Subsequently, the cells were washed 

twice with cold PBS and stained using Mitotracker Green 

FM (75 nM) at 37°C for 30 min. Stained cells were rinsed 

three times with PBS to remove free tracking agent and then 

observed using CLSM.

Cytotoxicity assay
A cytotoxicity assay of the blank RGD-KLA-Lips was 

conducted using NIH 3T3 fibroblasts. NIH 3T3 cells were 

seeded into a 96-well plate at a density of 1×104 cells/well. 

After 24 h of incubation at 37°C and 5% CO
2
, cells were 

treated with fresh medium containing a series concentration 

of RGD-KLA-Lips. Cells treated with blank culture media 

served as a control. After an additional 24 h, 10 μL of CCK-8 

was added into each well and cells were further incubated for 

2 h at 37°C. The absorbance of the samples was measured 

at 450 nm using a microplate reader (Thermo Scientific, 

Waltham, MA, USA). The cytotoxicity of PTX formulations, 

including Taxol (free PTX), RGD/PTX-Lips, KLA/PTX-Lips 

and RGD-KLA/PTX-Lips, was evaluated using HUVECs and 

4T1 cells. Cells were seeded into 96-well plates at a density 

of 1×104 cells/well and incubated for 24 h at 37°C and 5% 

CO
2
. Cells were then treated using different concentrations 

of the PTX formulations and evaluated using a CCK-8 

assay. The half-maximal inhibitory concentration (IC
50

) of 

each treatment was also calculated using Graph Pad Prism 

5 software (GraphPad Software, Inc., San Diego, USA).

Mitochondria-mediated cell apoptosis 
pathway
Mitochondrial targeting
Mitochondrial localization of various DIL-loaded liposomal 

formulations in HUVECs and 4T1 cells was observed using 

CLSM. Cells were seeded at a density of 1×104 cells/well 

in a glass-bottomed dish (Φ 15 mm; NEST). After 24 h 

of incubation, the cells were treated with RGD/DIL-Lips, 

KLA/DIL-Lips and RGD-KLA/DIL-Lips (DIL concentra-

tion of 2 μM) for 8 h. Subsequently, the cells were washed 

twice with cold PBS and stained using Mitotracker Green 

FM (75 nM) at 37°C for 30 min. Stained cells were rinsed 

three times with PBS to remove free tracking agent and then 

observed using CLSM.

Mitochondrial depolarization
The change in mitochondrial membrane potential (∆Ψ

m
) was 

detected using FCM after incubation with JC-1 (Beyotime 

Institute of Biotechnology) using the protocol recommended 

by the manufacturer. Briefly, 4T1 cells were seeded in six-

well plates at a density of 2×105 cells/well followed by a 

12 h incubation. Then, various PTX formulations (Taxol, 

RGD/PTX-Lips, KLA/PTX-Lips and RGD-KLA/PTX-Lips) 

were added to each well to give a final PTX concentration of 

4 μg/mL and incubated for 10 h. Cells were harvested and 

washed using PBS. The cells were then suspended in bind-

ing buffer and incubated with JC-1 (5 μg/mL) at 37°C in the 

dark. After 20 min, the cells were washed twice with cold 

PBS and analyzed immediately using FCM. Carbonyl cyanide 

3-chlorophenylhydrazone-treated cells were used as a positive 

control, and untreated cells (without liposomes) were used as a 

negative control. Decreased ∆Ψ
m
 =100%× green fluorescence/

red fluorescence. Each assay was repeated in triplicate.

Release of cytochrome c from mitochondria
Release of cytochrome c from mitochondria was detected 

using a streptavidin–peroxidase immunohistochemical kit 

(Zhongshan Goldenbridge Biotechnology, Co., Ltd., Beijing, 

China). Briefly, 4T1 cells at a density of 2×105/well were 

seeded in six-well plates with coverslips at the bottom of each 

well and incubated for 12 h. Then Taxol and PTX-loaded 

liposomes (RGD/PTX-Lips, KLA/PTX-Lips and RGD-KLA/

PTX-Lips) were added to each well to give a final PTX con-

centration of 4 μg/mL and cultured for 10 h. Culture medium 
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without PTX was used for a negative control. The cells were 

fixed in 4% paraformaldehyde for 10 min, soaked in 3% 

H
2
O

2
 for 5 min and blocked using 5% bull serum albumin. 

Cells were then incubated with an anticytochrome c primary 

antibody solution (Nanjing KeyGen Biotechnology, Co., 

Ltd., Nanjing, China), a secondary antibody solution and a 

streptavidin horseradish peroxidase (HRP) conjugate. The 

cells were stained using hematoxylin and an acetic bath and 

observed using an optical microscope.

Caspase activity assay
The activity of caspase-9 and -3 was determined using colori-

metric assays included in caspase-9 and caspase-3 activation 

kits (Beyotime Institute of Biotechnology). Briefly, 4T1 cells 

were seeded in six-well plates at a density of 2×105 cells/well 

for a 12 h incubation. Then, Taxol and PTX-loaded liposomes 

(RGD/PTX-Lips, KLA/PTX-Lips and RGD-KLA/PTX-Lips) 

were added to each well to give a final PTX concentration of 

4 μg/mL and incubated for 10 h. Cells incubated in culture 

medium without PTX were used as a negative control. Cells 

were harvested, washed with PBS and suspended in 100 μL of 

the supplied lysis buffer for 30 min in an ice bath. Obtained 

cell lysates were centrifuged at 16,000× g for 15 min at 4°C. 

The supernatant was collected and incubated with caspase-9 

or caspase-3 substrates at 37°C for 4 h in the dark. The activity 

of caspase-9 and caspase-3 was then detected by measuring 

the absorbance at 405 nm using a microplate reader. Each 

assay was repeated in triplicate.

Apoptosis assay
Apoptosis induced by various PTX formulations was 

measured using an Annexin V-FITC Apoptosis Detection 

kit (Qcbio Science & Technologies, Shanghai, China) and 

analyzed using FCM. Briefly, 4T1 cells were seeded in 

six-well plates at a density of 2×105 cells/well for a 12 h 

incubation. Then Taxol and PTX-loaded liposomes (RGD/

PTX-Lips, KLA/PTX-Lips and RGD-KLA/PTX-Lips) were 

added to each well at a final PTX concentration of 4 μg/mL 

and cultured for another 12 h. Blank RGD-KLA-Lips, with 

a KLA peptide concentration of 2.76 μM, which is equal to 

RGD-KLA/PTX-Lips at a concentration of 4 μg/mL of PTX, 

were also assessed in the assay. Cells were harvested, washed 

with cold PBS, suspended in binding buffer and stained using 

Annexin V-FITC and propidium iodide (PI, provided in kit) 

for 20 min and were analyzed using FCM with excitation 

wavelengths of 488 and 535 nm and emission wavelengths 

of 525 and 615 nm for FITC and PI-DNA, respectively.

In vivo antitumor efficacy
Six-week old female BALB/c mice were purchased from 

Dossy Biological Technology, Co., Ltd. (Chengdu, China) and 

maintained on the premises under standard animal house condi-

tions. Animal welfare and experimental procedures were carried 

out strictly in accordance with the Association for Assessment 

and Accreditation of Laboratory Animal Care and Office of 

Laboratory Animal Welfare guidelines under the direction of 

the Institutional Animal Care and Use Committee. All animal 

experiments were performed under the approval of the Experi-

mental Animal Ethical Committee of Sichuan University. 

For the establishment of xenograft tumors, 4T1 cells (1×106) 

suspended in PBS (50 μL) were subcutaneously injected into 

the right-hand side of the back of female BALB/c mice. Tumor 

volume (V) was calculated as V = L × W2/2, where the length 

(L) and width (W) were measured. The drug was administered 

when tumors grew to a uniform size of ~50–100 mm3.

To investigate antitumor efficacy in vivo, 4T1 tumor-

bearing mice were randomly divided into five groups (n=6). 

Saline, Taxol, RGD/PTX-Lips, KLA/PTX-Lips and RGD-

KLA/PTX-Lips (200 μL) were injected via the tail vein in 

each group at days 9, 12, 15 and 18 posttumor inoculation, 

and the injected PTX dosage was normalized to 7.5 mg/kg. 

The tumor volume and body weight of mice were measured 

every 3 days. At day 22 after inoculation, the mice were 

euthanized, and tumors were collected and weighed. Liver, 

heart, spleen, lung and kidney were also collected. The col-

lected tissues were fixed in 4% formaldehyde overnight, 

embedded in paraffin and cut using a microtome (5 μm 

sections) for hematoxylin and eosin (H&E) staining and were 

then analyzed using an optical microscope.

Immunohistochemical detection
A Ki67 staining method was used to quantify the proliferative 

cells in the tumors. Briefly, the tissue sections (5 μm thick) 

were deparaffinized using xylene, rehydrated using alcohol 

and were incubated in 1% H
2
O

2
 to inactivate endogenous per-

oxidase. The tissue sections were then incubated with a Ki67 

antibody (Abcam, Cambridge, MA, USA) at 4°C overnight. 

After incubation with biotinylated goat antirabbit antibod-

ies (ZSGB-BIO, Beijing, China) as secondary antibodies 

(DILution ratio, 1:100) for 30 min at 37°C, the sections were 

incubated with HRP (ZSGB-BIO; DILution ratio, 1:100) 

for 30 min and then counterstained using hematoxylin. The 

Ki67 index was calculated as the ratio of proliferative cells 

to total cells in each field, choosing five random fields with 

an optical microscope.
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To quantify the apoptotic cells, the terminal deoxy-

nucleotidyl transferase-mediated dUTP nick end labeling 

(TUNEL) assay was conducted. Tissue sections (5 μm thick) 

were incubated with proteinase K (Merck Millipore, Bedford, 

MA, USA) at 37°C for 25 min and washed several times in 

PBS. After incubation with equilibration buffer and TdT 

enzyme, the tissue sections were treated with POD-conju-

gated antifluorescein (conjugated with HRP; Roche Applied 

Science, Penzberg, Germany) and 3,30-diaminobenzidine. 

All sections were analyzed using an optical microscope. The 

apoptotic index was calculated as the ratio of apoptotic cells 

to total cells in each field, choosing five random fields.

A CD31 staining assay was used to quantify the 

microvessel density (MVD) in the tumor tissues using an 

experimental method similar to that of the Ki67 staining 

assay. MVD was assessed in accordance with the interna-

tional consensus report. The slides were examined under 

100× magnification to identify the highest vascular density 

area (so called “hot spots”). Ten areas of highest MVD were 

selected for counting by two independent pathologists under 

400× magnification and averaged to obtain the MVD level for  

each group.

PTX quantification using HPLC
PTX was measured via HPLC using an Agilent HPLC 

system consisting of a 1260-pump and a 1260-ultraviolet 

detector (Agilent Technologies). An Agilent ODS3 column 

(250×4.6 mm, 5 μm; Agilent Technologies) and a detector 

wavelength of 227 nm were used. A solvent mixture of 

methanol–water (50:50, v/v) was used as an eluent, and the 

flow rate was 1.5 mL/min.

Statistical analysis
All data are presented as mean ± SD. The Student’s t-test 

or one-way analysis of variance (ANOVA) was used to 

determine statistical significance. Statistical significance was 

set at *P,0.05, and **P,0.01 indicates highly significant 

differences.

Results and discussion
Synthesis of DSPE-PEG-RGD and DSPE-
PEG-KLA
The synthetic routes of DSPE-PEG-RGD and DSPE-PEG-

KLA are presented in Scheme S1. The resulting products 

were synthesized by conjugating DSPE-PEG-Mal to the 

cysteine residue on the cRGD or KLA peptides. The synthesis 

process was monitored using thin-layer chromatography, 

and the excessive peptide was removed via washing with 

methanol. The MALDI-TOF results (Figure S1A and B) 

show that the molecular weights of DSPE-PEG-RGD and 

DSPE-PEG-KLA are ~4,527 and 3,624 Da, respectively, 

which is consistent with the theoretical molecular weights 

(4,527 and 3,624 Da).

Preparation and characterization of 
liposomes
All the PTX-loaded liposomes had a similar diameter ranging 

from 109.97 to 134.90 nm and a similar polydispersity index 

ranging from 0.240 to 0.268, suggesting that they can enter 

leaky vasculature via the EPR effect because their diameter 

is in the range of 20–200 nm, as shown in Table 1.3 The 

PEG/PTX-Lips and RGD/PTX-Lips exhibited a moderately 

negative surface charge (-6.14±0.62 and -11.11±1.65 mV, 

respectively). The KLA/PTX-Lips exhibited a positive 

surface charge of 9.17±0.40 mV, mainly because of the six 

alkaline lysine residues on the KLA peptide, whereas the 

RGD-KLA/PTX-Lips were slightly negatively charged with 

a zeta potential value of -1.19 mV, as expected. It has been 

reported that nanoparticles with a slightly negative surface 

charge exhibit preferential uptake at the tumor site but not at 

normal organs,37 which could be beneficial for extending the 

duration that the nanoparticles are in circulation because of 

efficient evasion of renal elimination.38,39 All the liposomes 

had high encapsulation efficiencies, .80%. The size and 

zeta distributions of the RGD-KLA/PTX-Lips are shown 

in Figure 1A and B, and the size distributions of the other 

liposomes are presented in Figure S2.

Table 1 Physical properties of various PTX-loaded liposomes (n=3)

Liposomes Size (nm) Polydispersity  
index

Zeta potential  
(mV)

Entrapment  
efficiency (%)

PEG/PTX-Lips 109.97±1.92 0.268±0.02 -6.14±0.62 89.00±1.96
RGD/PTX-Lips 117.23±0.62 0.252±0.03 -11.11±1.65 84.57±2.70
KLA/PTX-Lips 110.25±0.31 0.256±0.01 9.17±0.40 85.36±1.90
RGD-KLA/PTX-Lips 134.90±0.62 0.240±0.01 -1.19±0.16 84.55±4.01

Abbreviation: PTX, paclitaxel.
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Cellular uptake and endocytosis pathways
The cellular uptake of the liposomes by HUVECs and 4T1 

cells was measured using FCM. Fluorescence intensities 

were used to indicate uptake efficiencies. After incubation 

with HUVECs for 1 h (Figure 2A), few PEG/DIL-Lips were 

internalized by cells and the fluorescence intensity was only 

2.83±0.04. In contrast, the cellular uptake of RGD/DIL-

Lips was 8.7-fold higher than that of PEG/DIL-Lips mainly 

because of the high binding affinity between cRGD and 

integrin α
v
β

3
, which is highly expressed in HUVECs.40,41 

KLA/DIL-Lips could also deliver more DIL into cells with 

a 9.2-fold higher fluorescence level in comparison with 

PEG/DIL-Lips. The enhanced uptake of KLA/DIL-Lips 

is attributed in part to the interaction with cell membranes 

via electrostatic attraction and hydrogen bonding.42,43 It is 

worth noting that the RGD-KLA/DIL-Lips achieved the 

highest cellular uptake among all the liposomes (103.5-fold 

higher than the PEG-Lips), suggesting that cRGD and KLA 

peptides have a synergistic effect on the internalization of 

liposomes. This synergistic effect can be attributed to the 

identification of the α
v
β

3 
integrin by the RGD motifs, allow-

ing liposomes to come into close contact with the cell surface, 

which facilitated the participation of KLA in electrostatic 

interactions with the cell surface.44 As a result, the cellular 

uptake of RGD-KLA/DIL-Lips was significantly increased. 

It is also related to the conformation of the two ligands, 

which caused heteromultivalency of the liposomes.45 Such 

heteromultivalent constructs have been reported to enhance 

binding affinity and selectivity compared with single modi-

fied liposomes.46–48 Moreover, the cellular uptake increased 

in a time-dependent manner. With an extension of incubation 

time, the cellular uptake of liposomes increased quickly, but 

the relative uptake of the various liposome formulations did 

not change. This time-dependent behavior could be explained 

by the presence of an active endocytosis process.8 Similar 

phenomena were also observed in 4T1 cells (Figure 2B). 

RGD-KLA/DIL-Lips showed an increased cellular uptake 

as compared with PEG/DIL-Lips (47.6-fold higher for 1 h 

and 62.2-fold higher for 4 h). The above results demonstrate 

that cRGD and KLA peptides can work together to facilitate 

the uptake of liposomes.

The internalization mechanism of RGD-KLA/DIL-Lips 

was also evaluated using various inhibitors of endocytosis 

pathways. Chlorpromazine, filipin and amiloride were used 

to block clathrin-, caveolin- and macropinocytosis-mediated 

endocytosis, respectively.49,50 Figure 2C and D demonstrate 

that the cellular uptake efficiencies of RGD/DIL-Lips were 

reduced by ~20% (P,0.05) in the presence of each of the 

endocytosis inhibitors, indicating that all three endocytic 

pathways are involved in the internalization of RGD/DIL-

Lips in 4T1 cells, and they play almost equally important roles 

in the process. This result is consistent with those reported in 

previous studies.30,51 Similarly, KLA/DIL-Lips entered cells 

through macropinocytosis, clathrin and caveolin-dependent 

endocytosis. However, among them, caveolin-dependent 

endocytosis is the main endocytosis pathway since amiloride 

could significantly block the uptake of KLA/DIL-Lips with 

an inhibition of 44.5% (P,0.01). In the case of RGD-KLA/

DIL-Lips, amiloride and filipin decreased the cellular uptake 

by 24.5% (P,0.05) and 40.6% (P,0.01), respectively. The 

results reveal that liposomes modified with cRGD and KLA 

demonstrated increased cellular uptake through caveolin-

dependent endocytosis and macropinocytosis. These two 

independent pathways did not interfere with each other but 

rather promoted the cellular uptake of the nanoparticles.

endosomal escape and mitochondrial 
targeting
To demonstrate the potential of the prepared mitochondria-

targeted liposomes (RGD-KLA/DIL-Lips) for cancer therapy, 

endosomal escape and drug accumulation in isolated mito-

chondrial fractions were explored using confocal fluorescence 

microscopy and FCM. As shown in Figure 3A, with an 

Figure 1 characterization of liposomes.
Note: Size distribution of RGD-KLA/PTX-Lips (A) and zeta potential distribution 
of RGD-KLA/PTX-Lips (B).
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extension of incubation time, more particles were released into 

the cytosol (red dots in merged images), indicating that lipo-

somes escaped from lysosomes. The KLA conjugate contains 

six lysine residues and an alanine residue, which could produce 

a proton sponge effect similar to that produced by polyethylen-

imine, leading to swelling and disruption of endosomes and the 

liberation of intact liposomes.52,53 It has also been reported that 

internalization through macropinocytosis is more favorable for 

drug delivery than that through clathrin-mediated endocytosis, 

since the porous membrane structure of macropinosomes 

releases the internalized particles to the cytosol more eas-

ily (Figure 2C and D), resulting in a low level of lysosomal 

degradation.49,54 The above results suggest that multistage 

tumor-targeting liposomes are more easily internalized by cells 

through caveolin-dependent endocytosis and macropinocyto-

sis and that they have the ability to escape from lysosomes. 

Figure 3B and C shows that the average fluorescence intensity 

of the RGD-KLA/DIL-Lip-treated group was 809.00±14.11,  

Figure 2 Cellular trafficking of different DIL-loaded liposomal formulations.
Notes: Cellular uptake of DIL-loaded liposomes in HUVECs (A) and 4T1 cells (B). Effect of inhibitors on cellular uptake in 4T1 cells (C). Groups treated with RGD/DIL-
Lips, KLA/DIL-Lips or RGD-KLA/DIL-Lips were used as controls. Comparison of inhibitors in terms of the uptake inhibition of RGD/DIL-Lips, KLA/DIL-Lips and RGD-KLA/
DIL-Lips (D). *P,0.05 and **P,0.01 vs respective controls. Data are presented as mean ± SD (n=3).
Abbreviations: HUVECs, human umbilical vascular endothelial cells; PEG, polyethylene glycol.
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about 3-fold higher than that of the KLA/DIL-Lips group 

(256.67±8.33) and 17-fold higher than that of the RGD/DIL-

Lips group (46.40±1.77). These data suggest that RGD-KLA/

DIL-Lips could successfully target to mitochondria, with drug 

accumulation in the mitochondrial fractions and that KLA 

played an essential role in the targeting process.26,55

To determine whether the enhanced anticancer and 

antiangiogenesis effects of RGD-KLA/PTX-Lips resulted 

from the mitochondria-mediated apoptosis pathway, mito-

chondrial localization in HUVECs and 4T1 cells was first 

examined using a CLSM. Liposomes were tracked using a 

red fluorescent dye (DIL) and mitochondria were stained 

using Mitotracker Green FM. Yellow dots indicated the 

colocalization of red fluorescence from DIL-loaded lipo-

somes and green fluorescence from Mitotracker Green 

FM. Figure 4A and B shows that both KLA/DIL-Lips 

and RGD-KLA/DIL-Lips selectively accumulate in 

mitochondria. RGD/DIL-Lips without the KLA segment 

did not show mitochondrial localization.

In vitro cytotoxicity study
The cytotoxicity of blank RGD-KLA-Lips against NIH 

3T3 cells was evaluated using various lipid concentrations. 

Blank RGD-KLA-Lips had no influence on the prolifera-

tion of NIH 3T3 cells even at a high concentration of lipids 

(Figure S3), which indicates that RGD-KLA-Lips may 

be a safe drug carrier. Subsequently, the cytotoxicity of 

PTX formulations including Taxol, RGD/PTX-Lips, KLA/

PTX-Lips and RGD-KLA/PTX-Lips against HUVECs and 

4T1 cells was examined. Figure S4 and Table 2 show that 

the IC
50

 values of the PTX formulations against HUVECs 

are smaller than those against the 4T1 cells, indicating that 

HUVECs are quite sensitive to PTX and can be killed by 

PTX even at a very low concentration (Table 2). This result 

is consistent with other reports.56,57 PTX has been found to 

have antiangiogenic potential and interferes with the divi-

sion of cells, but not specifically tumor cells, as the division 

of endothelial cells in tumors is also inhibited.57,58 Among 

the PTX formulations, RGD-KLA/PTX-Lips exhibited the 

Figure 3 Endosomal escape capacity of RGD-KLA-Lips and the accumulation of different DIL-loaded liposomal formulations in mitochondria in 4T1 cells.
Notes: 4T1 cells were incubated with KLA-RGD/DIL-Lips for 2 h and then cultivated for an additional 1, 2, 3 or 4 h and stained using LysoTracker Green for 30 min. Yellow 
spots in the merged pictures denote the colocalization of the liposomes within endosomal compartments. The yellow arrows indicate the internalized liposomes, and the 
white arrows indicate the escaped liposomes. Scale bars represent 10 μm (A). The accumulation of different DIL-loaded liposomal formulations in the mitochondria of 4T1 
cells, as measured by flow cytometry (B and C). Data are presented as mean ± SD (n=3). **P,0.01 vs the RGD-KLA/DIL-Lips treatment group.
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lowest IC
50

 value (8.2-fold lower than Taxol), followed by 

RGD/PTX-Lips (2.3-fold lower than Taxol), which was 

caused by the enhanced cellular uptake. For 4T1 cells, the 

IC
50

 of RGD-KLA/PTX-Lips was 36.7-fold lower than 

that of RGD/PTX-Lips, 22.7-fold lower than that of KLA/

PTX-Lips and 1.9-fold lower than that of Taxol. A strong 

cytotoxicity was observed in the Taxol (free PTX) group. 

Free PTX could be rapidly transported into cells via passive 

diffusion due to the high concentration gradient under in vitro 

conditions and immediately inhibit cell growth without a 

drug release process.59 The multistage tumor-targeting RGD-

KLA/PTX-Lips exhibited the strongest cytotoxic effect on 

both cell lines. This could be a result of the high intracellular 

uptake and the initiation of the intrinsic apoptotic pathway 

by targeting mitochondria.

Mitochondria-mediated apoptosis 
pathway
The destabilization of the mitochondrial membrane is con-

sidered an early event in mitochondria-mediated apoptosis, 

followed by the release of mitochondrial proteins, such 

as apoptosis inducing factor and cytochrome c, and the 

activation of caspases.60,61 To confirm whether intrinsic apop-

tosis is induced by mitochondrial targeting, various apoptotic 

markers in 4T1 cells were measured after incubation with 

Taxol, RGD/PTX-Lips, KLA/PTX-Lips and RGD-KLA/

PTX-Lips.

JC-1 staining is often used to evaluate membrane 

depolarization. The stain specifically accumulates in the 

mitochondria as JC-1 aggregates emitting red fluorescence 

or exists in the cytoplasm as monomers emitting green 

fluorescence. During the process of apoptosis, the decrease 

in mitochondrial membrane potential results in the leak-

age of JC-1 from the mitochondria to the cytoplasm with 

an increase in green fluorescence. The reduced ratio of red 

to green fluorescence intensity can be calculated as ∆Ψ
m
, 

which indicates mitochondrial depolarization.62,63 As shown 

in Figure 5A and B, the ∆Ψ
m
 of the blank RGD-KLA-Lip-

treated group was 99.08%±1.67% of control (culture medium 

only), indicating that the blank RGD-KLA-Lips had no effect 

on the mitochondria. After treatment with Taxol, RGD/PTX-

Lips, KLA/PTX-Lips or RGD-KLA/PTX-Lips for 10 h, the 

∆Ψ
m
 was 67.99%±6.78%, 73.65%±1.92%, 39.91%±0.40% 

and 19.73%±1.27% of control, respectively. RGD-KLA/

PTX-Lips reduced ∆Ψ
m
 the most, suggesting that RGD-

KLA/PTX-Lips produced the most significant disruption of 

negatively charged mitochondrial membranes and triggered 

the highest depolarization.

Cytochrome c, an important apoptotic marker, can form an 

apoptosome complex, which activates the effector caspases.64 

The release of cytochrome c from the mitochondria to the 

Figure 4 Mitochondrial targeting of different liposomes.
Notes: Mitochondrial localization of DIL-loaded liposomes (red) in HUVECs (A) and 4T1 cells (B) as assessed using CLSM. HUVECs and 4T1 cells were incubated with 
RGD/DIL-Lips, KLA/DIL-Lips and RGD-KLA/DIL-Lips for 8 h and then stained using Mitotracker Green FM. Yellow spots in the merged pictures denote the colocalization 
of the liposomes within mitochondrial compartments. Scale bars represent 10 μm.
Abbreviations: CLSM, confocal laser scanning microscope; HUVECs, human umbilical vascular endothelial cells.

Table 2 Ic50 (μg/mL) of various PTX formulations

Cell 
lines

IC50 (μg/mL)

Taxol RGD/PTX-
Lips

KLA/PTX-
Lips

RGD-KLA/
PTX-Lips

HUVEC 0.0049±0.0011 0.0021±0.0004 0.0084±0.0030 0.0006±0.0001
4T1 1.11±0.08 22.06±3.56 13.62±1.47 0.60±0.02

Abbreviations: Ic50, half-maximal inhibitory concentration; PTX, paclitaxel; HUVECs, 
human umbilical vascular endothelial cells.
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Figure 5 (Continued)

cytosol was assessed. Figure 5C shows images of immu-

nohistochemically stained samples and demonstrates the 

released cytochrome c, as evidenced by brown staining. No 

cytochrome c was observed in the control group (Figure 5C1). 

Only a slight cytochrome c release was observed in the Taxol 

group (Figure 5C2) and the RGD/PTX-Lips group (Figure 5C3). 

In contrast, KLA/PTX-Lips (Figure 5C4) produced a slightly 

increased release of cytochrome c, and RGD-KLA/PTX-Lips 

(Figure 5C5) produced the highest release. These results indicate 

the activation of mitochondria-mediated apoptosis pathways.

Cells commit irreversibly to apoptosis by activating 

caspases.65,66 Activation of the main caspases involved in 

cell apoptosis was assessed (Figure 5D and E). The activi-

ties of caspase-9 and caspase-3 were remarkably increased 

after treatment with RGD-KLA/PTX-Lips. The levels of 

caspase-9 and caspase-3 were ~2.6-fold and 2.3-fold higher 

than control, respectively. There was statistically significant 

difference between the RGD-KLA/PTX-Lip group and the 

other groups, whereby RGD-KLA/PTX-Lips initiated greater 

levels of irreversible cell apoptosis.
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Figure 5 Mitochondria-mediated apoptosis pathway.
Notes: The relative fluorescence intensity of JC-1 aggregates and monomers (A1–A6), in 4T1 cells treated for 10 h with culture medium, RGD-KLA-Lips (blank liposomes), 
Taxol, RGD/PTX-Lips, KLA/PTX-Lips and RGD-KLA/PTX-Lips, was measured using flow cytometry. The change in mitochondrial membrane potential (∆Ψm) of 4T1 cells 
treated with Taxol, RGD/PTX-Lips, KLA/PTX-Lips and RGD-KLA/PTX-Lips (B). Immunohistochemical staining images of cytochrome c translocation from the mitochondria 
to the cytosol after the application of various formulations, (C1) Control, (C2) Taxol, (C3) RGD/PTX-Lips, (C4) KLA/PTX-Lips and (C5) RGD-KLA/PTX-Lips. The broad 
brown regions in the images indicate the released cytochrome c (original magnification: 400×). The activity ratios of caspase-9 (D) and caspase-3 (E). *P,0.05 and **P,0.01 
vs the RGD-KLA/PTX-Lips group. Data are presented as mean ± SD (n=3). Cell apoptosis of 4T1 cells treated with culture medium, RGD-KLA-Lips (blank liposomes), Taxol, 
RGD/PTX-Lips, KLA/PTX-Lips and RGD-KLA/PTX-Lips for 12 h as measured using flow cytometry (F1–F6).

Apoptosis in 4T1 cells was quantified using Annexin V/PI 

staining and FCM (Figure 5F). After treatment with blank 

RGD-KLA-Lips, the total apoptotic ratio was 3.40%±1.20%, 

which is comparable with the negative control (3.26%±0.51%). 

Therefore, blank RGD-KLA-Lips did not induce cell apop-

tosis. The total apoptotic ratios of the Taxol, RGD/PTX-

Lips, KLA/PTX-Lips and RGD-KLA/PTX-Lips groups 

were 29.68%±1.79%, 23.36%±1.35%, 24.29%±1.25% and 

44.13%±3.43%, respectively. RGD-KLA/PTX-Lips dem-

onstrated the strongest apoptosis-inducing effect. Based 

on the above results, RGD-KLA/PTX-Lips induced cell 

apoptosis through the mitochondria-dependent pathway, 

which enhanced the antitumor effect of PTX. Previous 

reports indicate that combining angiogenesis inhibitors 

with conventional anticancer drugs results in additive or 

even synergistic antitumor effects.4 However, there are still 

important issues to be addressed, such as inherent/acquired 

resistance to angiogenesis inhibitors like bevacizumab, 

enhanced invasiveness and how to achieve the most effective 

combinations.10,67 The multistage tumor-targeting liposomes 

(RGD-KLA/PTX-Lips) developed in the current study can 

deliver PTX to the mitochondria of both tumor vascular 

endothelial cells and tumor cells. Here, PTX was exploited 

to implement a promising therapeutic strategy to control 

tumor growth by inhibiting angiogenesis and killing tumor 

cells at the same time.

In vivo antitumor efficacy
4T1 tumor-bearing mice were treated with different PTX 

formulations when tumors averaged 50–100 mm3 in size. As 

shown in Figure 6A, the tumor volume of the saline group 

rapidly increased, and the tumor volume of mice treated with 

free PTX was not significantly decreased compared with 

the normal saline group, in which the tumor volume grew 

to 750.35±201.45 mm3. Mice treated with RGD/PTX-Lips 

or KLA/PTX-Lips displayed a similar tumor suppression, 

which was better than PEG/PTX-Lips. As expected, RGD-

KLA/PTX-Lips significantly inhibited tumor growth, with 

statistical significance obtained on day 21.

After euthanizing the animals, tumor tissues were 

collected and weighed, and the tumor growth inhibition 

(TGI) rate was calculated (Figure 6B). The TGI rate of the 

Taxol, PEG/PTX-Lips, KLA/PTX-Lips and RGD/PTX-

Lips groups was 29.41%, 55.21%, 70.16% and 64.54%, 

respectively, which demonstrates the importance of targeted 

therapies. In the RGD-KLA/PTX-Lips group, the tumor 

growth was suppressed by 80.62%, indicating that the 

multistage tumor-targeting liposome was a more efficient 
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Figure 6 In vivo antitumor efficacy of various PTX formulations in 4T1 cell tumor-bearing mice.
Notes: Mice (n=6) received injections of PTX (7.5 mg/kg) as indicated by the arrows. Tumor growth as a function of time (A); at the end of the experiment, tumor tissues 
were isolated and tumor growth inhibition (TGI, %) was calculated (B); morphological changes in H&E stained sections of tumors (C); evaluation of tumor cell proliferation in 
vivo using Ki67 staining (proliferative cells shown in brown (D); evaluation of tumor cell apoptosis in vivo using a TUNEL assay (apoptotic cells shown in brown (E); 1. Saline, 
2. Taxol, 3. PEG/PTX-Lips, 4. RGD/PTX-Lips, 5. KLA/PTX-Lips and 6. RGD-KLA/PTX-Lips treatment groups. The Ki67 index was calculated as the ratio of proliferative cells 
to total cells in each field (n=5). Quantification of proliferative cells from five random fields (F). Quantification of apoptotic cells from five random fields (G). The apoptotic 
index was calculated as the ratio of apoptotic cells to total cells in each field (n=5). Results are presented as mean ± SD, &&P,0.01 vs Saline treatment group and **P,0.01 
vs RGD-KLA/PTX-Lips treatment group (final magnification: C, D, E, 400×).
Abbreviations: PTX, paclitaxel; PEG, polyethylene glycol; H&E, hematoxylin and eosin.
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DDS than single-target liposomes. H&E staining confirmed 

that the ratio of apoptosis and necrosis was highest in the 

RGD-KLA/PTX-Lips group (Figure 6C). Ki-67 staining was 

performed to assess the inhibition of tumor cell proliferation. 

The RGD-KLA/PTX-Lip-treated group showed the lowest 

cell proliferation (Figure 6D and F, P,0.01). A TUNEL 

assay was used to label the apoptotic cells. The RGD-KLA/

PTX-Lip-treated group exhibited the most significant levels 

of apoptosis (Figure 6E and G, P,0.01).

To evaluate the antiangiogenic activity of the liposomes 

in vivo, tumor samples were immunohistochemically stained 

and the MVD was calculated (Figure 7A). CD31 staining was 

Figure 7 Efficacy of different PTX-loaded liposomes in decreasing microvessel density (MVD) in xenograft 4T1 tumors.
Notes: Representative micrographs of immunohistochemical detection of CD31-positive microvessels in xenograft 4T1 tumors from mice in different treatment groups (A), 
(A1) normal saline control, (A2) Taxol, (A3) PEG/PTX-Lips, (A4) KLA/PTX-Lips, (A5) RGD/PTX-Lips and (A6) RGD-KLA/PTX-Lips (final magnification, 400×). Mean CD31-
positive microvessel counts in xenograft 4T1 tumors (B). Data are presented as the mean ± SD (n=5). **P,0.01 vs control treatment group; ##P,0.01 vs RGD-KLA/PTX-Lips 
treatment group and &&P,0.01 vs RGD/PTX-Lips treatment group.
Abbreviations: PEG, polyethylene glycol; PTX, paclitaxel.
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used to identify microvessels. Very few microvessels were 

observed in the RGD/PTX-Lips and RGD-KLA/PTX-Lips 

treatment groups. Moreover, the MVD in the RGD-KLA/

PTX-Lips-treated group was significantly less than in the 

other groups, as shown in Figure 7B (P,0.01), which 

confirmed the antiangiogenic effect of the cRGD-modified 

liposomes. Inhibiting the growth of microvessels blocked 

the blood supply of the tumors, which suppressed tumor 

growth in vivo.4,68

Based on the above results, the advantages of RGD-KLA/

PTX-Lips may result from their passive diffusion via the EPR 

effect, higher accumulation in tumor vascular cells and tumor 

cells via receptor–ligand interactions and the activation of 

mitochondrial-dependent apoptosis pathways in these cells, 

directly killing tumor cells, decreasing the formation of 

blood vessels, and reducing or blocking nutrient delivery to 

tumors. Consequently, RGD-KLA/PTX-Lips should have 

an enhanced anticancer efficacy.

In vivo toxicity assays
The potential toxicity of the different formulations was 

assessed systematically. The body weights of all the mice 

were recorded and are shown in Figure 8A. No decrease 

in body weight was found, indicating that there was no 

Figure 8 In vivo toxicity assays.
Notes: Decreased mouse weight as a measure of systemic toxicity (A), results are presented as the mean ± SD (n=6); representative histological H&E staining of various organ 
tissues from the saline group, Taxol group, PEG/PTX-Lips group, RGD/PTX-Lips group, KLA/PTX-Lips group and RGD-KLA/PTX-Lips group (B; final magnification: 100×).
Abbreviations: H&E, hematoxylin and eosin; PEG, polyethylene glycol; PTX, paclitaxel.
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toxicity associated with the treatments. No apparent signs of 

dehydration, muscle loss, locomotor impairment, anorexia 

or other symptoms associated with animal toxicity were 

observed during the treatment period. The toxicity to major 

organs was also investigated using H&E staining. No appre-

ciable abnormality or noticeable organ damage was apparent 

after treatment with the liposomes, as shown in Figure 8B. 

Thus, the RGD-KLA/PTX-Lips efficiently enhanced the 

therapeutic index without causing side effects.

Conclusion
In the present work, a multistage tumor-targeting liposome 

(RGD-KLA-Lip) has been developed, in which PTX was 

delivered to the mitochondria of both tumor cells and tumor 

vascular cells to enhance anticancer activity. This PTX-

loaded targeting liposome (RGD-KLA/PTX-Lips) exhibits 

a small size (in the range of 20–200 nm) and a slightly 

negative surface charge capable of achieving tumor tissue 

targeting through the EPR effect. RGD-PEG2000-DSPE 

(integrin-targeting peptide lipids) and KLA-PEG2000-

DSPE (mitochondria-targeting peptide lipids) act as cell 

and mitochondrion-targeting moieties, respectively. The 

two peptides display a synergistic effect in enhancing the 

cellular uptake into vascular endothelial cells and tumor 

cells, which results in improved mitochondrial localiza-

tion to facilitate mitochondria-mediated apoptosis. Con-

sequently, superior anticancer efficacy was observed both 

in vitro and in vivo. Concomitantly, no systemic toxicity 

was found. These encouraging results demonstrate that 

this multistage tumor-targeting liposome is a promising 

entity capable of improving targeting efficiency and treat-

ment efficacy.
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Supplementary materials
Synthesis routes of DSPE-PEG2000-RGD and DSPE-

PEG2000-KLA; matrix-assisted laser desorption ionization 

time-of-flight (MALDI-TOF) mass spectra of DSPE-PEG-

RGD and DSPE-PEG-KLA; size distribution of PEG/

PTX-Lips, RGD/PTX-Lips and KLA/PTX-Lips; in vitro 

cytotoxicity of blank RGD-KLA-Lips against NIH 3T3 

fibroblast cells and in vitro cytotoxicity of Taxol, RGD/PTX-

Lips, KLA/PTX-Lips and RGD-KLA/PTX-Lips at various 

paclitaxel (PTX) concentrations against human umbilical 

vascular endothelial cells (HUVECs; Figure S4A) and 4T1 

cells (Figure S4B).

Figure S1 The MALDI-TOF mass spectra of DSPE-PEG-RGD (A) and DSPE-PEG-KLA (B). 
Abbreviations: MALDI-TOF, matrix-assisted laser desorption ionization time-of-flight; PEG, polyethylene glycol.

×

Scheme S1 The synthesis routes of DSPE-PEG-KLA (A) and DSPE-PEG-RGD (B).
Abbreviation: PEG, polyethylene glycol.
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Figure S2 The size distribution of PEG/PTX-Lips (A), RGD/PTX-Lips (B) and KLA/PTX-Lips (C).
Abbreviations: PEG, polyethylene glycol; PTX, paclitaxel.

Figure S3 In vitro cytotoxicity of blank RGD-KLA-Lips against NIH 3T3 fibroblast cells with 24 h of incubation.
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Figure S4 In vitro cytotoxicity of Taxol, RGD/PTX-Lips, KLA/PTX-Lips and RGD-KLA/PTX-Lips at various PTX concentrations against HUVECs (A) and 4T1 cells (B) with 
a 24 h incubation.
Note: Data are given as mean ± SD (n=5).
Abbreviations: PTX, paclitaxel; HUVECs, human umbilical vascular endothelial cells.
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