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Abstract: In the present study, we prepared a novel delivery system of iRGD (CRGDK/

RGPD/EC)-modified sterically stabilized liposomes (SSLs) containing conjugated linoleic 

acid–paclitaxel (CLA-PTX). The anti-tumor effect of iRGD-SSL-CLA-PTX was investigated 

on B16-F10 melanoma in vitro and in vivo. The in vitro targeting effect of iRGD-modified 

SSLs was investigated in a real-time confocal microscopic analysis experiment. An endocytosis-

inhibition assay was used to evaluate the endocytosis pathways of the iRGD-modified SSLs. 

In addition, the in vitro cellular uptake and in vitro cytotoxicity of iRGD-SSL-CLA-PTX were 

evaluated in B16-F10 melanoma cells. In vivo biodistribution and in vivo antitumor effects 

of iRGD-SSL-CLA-PTX were investigated in B16-F10  tumor-bearing mice. The induction 

of apoptosis by iRGD-SSL-CLA-PTX was evaluated in tumor-tissue sections. Real-time 

confocal microscopic analysis results indicated that the iRGD-modified SSLs internalized into 

B16-F10 cells faster than SSLs. The identified endocytosis pathway of iRGD-modified SSLs 

indicated that energy- and lipid raft-mediated endocytosis played a key role in the liposomes’ 

cellular uptake. The results of the cellular uptake experiment indicated that the increased cel-

lular uptake of CLA-PTX in the iRGD-SSL-CLA-PTX-treated group was 1.9-, 2.4-, or 2.1-fold 

compared with that in the CLA-PTX group after a 2-, 4-, or 6-hour incubation, respectively. In 

the biodistribution test, the CLA-PTX level in tumor tissues from iRGD-SSL-CLA-PTX-treated 

mice at 1 hour (1.84±0.17 µg/g) and 4 hours (1.17±0.28 µg/g) was 2.3- and 2.0-fold higher 

than that of CLA-PTX solution at 1 hour (0.79±0.06 µg/g) and 4 hours (0.58±0.04 µg/g). The 

value of the area under the curve for the first 24 hours in the tumors of iRGD-SSL-CLA-PTX-

treated mice was significantly higher than that in the SSL-CLA-PTX and CLA-PTX solution-

treated groups (P0.01). The in vivo antitumor results indicated that iRGD-SSL-CLA-PTX 

significantly inhibited the growth of B16-F10 tumors compared with the SSL-CLA-PTX or 

CLA-PTX solution-treatment groups (P0.01). The results of tumor-cell apoptosis showed that 

tumors from the iRGD-SSL-CLA-PTX-treated group exhibited more advanced cell apoptosis 

compared with the control, CLA-PTX solution-, and SSL-CLA-PTX-treated groups. In con-

clusion, the antitumor effect of iRGD-SSL-CLA-PTX was confirmed on B16-F10 melanoma 

in vitro and in vivo.

Keywords: peptide-modified liposome, iRGD, CLA-PTX, antitumor effect, in vitro, in vivo

Introduction
Paclitaxel (PTX) is a chemotherapeutic antitumor drug widely used in clinical situations 

for the treatment of many tumors.1 In order to overcome the side effects of Cremophor® 

EL (CrEL; BASF, Ludwigshafen, Germany), which is used as a solubilizer in the 

current PTX-injection formulation named Taxol® (Bristol-Myers Squibb, New York, 

NY, USA), many CrEL-free PTX-delivery systems have been investigated, such as 

liposomes, nanoparticles, and micelles.2 These PTX-delivery systems express passive 
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targeting effects because of an enhanced-permeability-and-

retention effect in tumor tissues.3,4

Conversion of PTX into a water-soluble conjugate 

is an important alternative strategy.5–8  Examples of this 

include the poly(L-glutamic acid)–PTX conjugate (coded 

as CT-2103), polyethylene glycol (PEG)–PTX conjugate, 

hyperbranched poly(ether-ester)-PTX conjugate, poly(L-γ-

glutamyl-glutamine)–PTX conjugate, N-(2-hydroxypropyl)-

methacrylamide–PTX conjugate, PEG–polylactic acid–PTX, 

and hyaluronic acid–PTX conjugate.9–16 These polymer–PTX 

conjugates possess many evident advantages compared to 

conventional polymeric carrier drug-delivery systems, includ-

ing enhanced water-solubility and antitumor activities.

Another strategy for PTX conversion is to improve 

its lipophilicity.17–19  Modification of PTX with fatty acid 

derivatives is one potential approach. It has been reported 

that docosahexaenoic acid–PTX is currently in Phase III 

clinical trials.20 According to this strategy, we previously 

reported a new PTX–fatty acid-derivative conjugate, 

involving the conjugation of linoleic acid with PTX (CLA-

PTX).21  The antitumor effect of CLA-PTX in C6  glioma 

and B16-F10 melanoma cells was confirmed by its in vitro 

cytotoxicity.21–23  CLA-PTX also exhibits higher cellular 

uptake in C6 glioma and B16-F10 melanoma cells compared 

with PTX. The in vivo antitumor activity of CLA-PTX 

was confirmed in brain tumor-bearing rats. However, the 

solvent used for the CLA-PTX formulation for intravenous 

(IV) administration was a mixture of physiological saline,  

CrEL, and ethanol (80:10:10, volume:volume:volume 

[v:v:v]), the same as that used for Taxol.21  Therefore, a 

novel CLA-PTX microemulsion containing less CrEL 

compared with the CLA-PTX solution was designed and 

prepared.22 The antitumor activity of the CLA-PTX micro-

emulsion was confirmed in our in vivo C6 glioma tumor-

bearing nude mouse model as well as in a rat model in the 

treatment of brain tumors.22 In addition, the CLA-PTX micro-

emulsion is safer than CLA-PTX solution due to the reduc-

tion in CrEL. Therefore, we considered that the CrEL-free 

as well as the active targeted modified CLA-PTX-delivery 

system would have none of the toxicity produced by CrEL 

and would also exhibit increased antitumor activity.

It has been reported that the iRGD peptide (sequence 

CRGDK/RGPD/EC) could increase vascular and tissue 

permeability in a tumor-specific and neuropilin-1-dependent 

manner.24,25 The targeting activity of iRGD-modified steri-

cally stabilized liposomes (SSLs) has been demonstrated in 

our previous flow-cytometry and confocal analysis studies 

in B16-F10 cells.26 However, the cellular uptake pathway 

of iRGD-modified SSLs in B16-F10 cells was unclear. In 

addition, we found that the antitumor activity of CLA-PTX 

solution on B16-F10  bearing mice was similar to that of 

PTX injection.23 Therefore, we suggested that the antitumor 

effect of the CLA-PTX formulation after being iRGD-

modified would be increased in B16-F10 melanoma cells. 

This assumption needs to be confirmed in detail.

In the present study, iRGD was selected as a targeting 

ligand, SSLs were used as a delivery system, and CLA-PTX 

was selected as a model drug to prepare CLA-PTX-loaded 

iRGD-modified SSLs (iRGD-SSL-CLA-PTX). Because of  

overexpression of both α
v
-integrin receptors and neuropilin-1 

(NRP-1), B16-F10  melanoma cells were chosen for the 

tumor-cell model. The antitumor effect of iRGD-SSL-CLA-

PTX was investigated on B16-F10 melanoma in vitro and in 

vivo. The in vitro targeting effect and endocytosis pathway 

of iRGD-modified SSLs were investigated. In addition, the in 

vitro cellular uptake and in vitro cytotoxicity of iRGD-SSL-

CLA-PTX were also evaluated. The in vivo biodistribution 

and the in vivo antitumor effect of iRGD-SSL-CLA-PTX 

were investigated in B16-F10  tumor-bearing mice. The 

induction of apoptosis by iRGD-SSL-CLA-PTX was evalu-

ated in tumor-tissue sections.

Materials and methods
Materials
PTX was obtained from Yunnan Hande Bio-Tech (Kun-

ming, People’s Republic of China [PRC]). CLA-PTX was 

synthesized from CLA and PTX according to our previous 

report.21 The structure of CLA-PTX is shown in Figure 1.  

The iRGD peptide (CRGDK/RGPD/EC) was supplied 

by GL Bio-Chem (Shanghai, PRC). Cholesterol, sulfo

rhodamine B, chlorpromazine, amiloride, filipin, methyl-

β-cyclodextrin (M-β-CD) and Tris base were purchased 

from Sigma-Aldrich (St Louis, MO, USA). Coumarin-6 and 

Hoechst 33258  were obtained from Thermo Fisher Sci-

entific (Waltham, MA, USA). Egg phosphatidylcholine 

was purchased from Lipoid (Ludwigshafen, Germany). 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine- 

N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG) was 

obtained from Avanti Polar Lipids (Alabaster, AL, USA). 

iRGD-PEG-DSPE, as shown in Figure 1, was synthesized 

according to our previously reported method.26

Cell-culture media, Dulbecco’s Modified Eagle’s 

Medium DMEM (high glucose), penicillin–streptomycin, 

fetal bovine serum, and L-glutamine were purchased from 

Thermo Fisher Scientific. All solvents and other reagents 

were of analytical grade.
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Cells
Murine B16-F10 cells (Chinese Academy of Sciences Cell 

Bank, Shanghai, PRC) were grown in Dulbecco’s modified 

Eagle’s medium (high glucose) supplemented with 10% fetal 

bovine serum and 1% glutamine penicillin–streptomycin at 

37°C and 5% CO
2
.

Animals
Female C57BL6/N mice weighing 20–25 g (5–6 weeks old) 

were obtained from the Experimental Animal Center of 

Peking University Health Science Center (Beijing, PRC). All 

care and handling of the animals were performed according 

to the requirements of the Institutional Authority for Labora-

tory Animal Care of Peking University. For preparation of 

the tumor-bearing C57BL6/N mice model, C57BL6/N mice 

received a subcutaneous inoculation of 100 µL B16-F10 cell 

suspension (1×106) in the right armpit.

Preparation of iRGD-SSL-CLA-PTX
The iRGD-modified SSLs containing CLA-PTX were pre-

pared as described previously.27 As shown in Figure 1, a mix-

ture of egg phosphatidylcholine, cholesterol, PEG-DSPE, 

and iRGD-PEG-DSPE (65:30:4:1  molar ratio) was dis-

solved in chloroform, then CLA-PTX (CLA-PTX:lipid 

[weight:weight] ratio of 1:20) was added, and the resulting 

solution was then dried to obtain the lipid film. The resulting 

thin film was hydrated in phosphate buffered saline (PBS; 

pH 7.4) and sonicated to produce a liposome suspension. 

After that, the liposome suspension was passed through 

a 0.2 µm pore-size membrane, then through a Sephadex 

G-50 column to remove any free CLA-PTX, obtaining the 

final iRGD-SSL-CLA-PTX.

To prepare the SSL-CLA-PTX, an identical procedure 

was performed, except that the equivalent molar iRGD-PEG-

DSPE was replaced by PEG-DSPE. The SSL-CLA-PTX 

was used as nontargeting liposome. Coumarin-6-loaded 

liposomes (iRGD-SSL-coumarin-6  and SSL-coumarin-6) 

were prepared exactly the same as for CLA-PTX-loaded lipo-

somes, except that CLA-PTX was replaced by coumarin-6. 

To prepare the CLA-PTX solution, CLA-PTX was directly 

dissolved in a mixture of physiological saline, CrEL, and 

ethanol (80:10:10, v:v:v).

Characterization of iRGD-SSL-CLA-PTX
The particle size and zeta potential of iRGD-SSL-CLA-

PTX (0.3 mg/mL) were measured by a Malvern Zetasizer 

Nano ZS (Malvern Instruments, Malvern, UK) at 25°C. For 

measurement of the encapsulation efficiency of iRGD-SSL-

CLA-PTX, the final liposomes were passed through the 

Sephadex G-50 column to remove free CLA-PTX, followed 

by disruption with 10% Triton X-100 (v:v), then the CLA-

PTX in the liposomes was measured by high-performance 

liquid chromatography (HPLC). Meanwhile, the same  

amount of iRGD-SSL-CLA-PTX was treated as previously 

described, except that it was not passed through a Sephadex 

G-50 column to obtain the total concentration of CLA-PTX. 

Figure 1 Preparation of iRGD-SSL-CLA-PTX.
Notes: The iRGD-SSL-CLA-PTX was prepared by the thin-film hydration method. Briefly, the mixture of EPC, cholesterol, PEG-DSPE, and iRGD-PEG-DSPE was dissolved in 
chloroform, and then CLA-PTX was added and dissolved. The lipid film was formed by evaporation and then hydrated in phosphate-buffered saline. The liposome suspensions 
were passed through a 0.2 µm pore size membrane and then passed through a Sephadex G-50 column to remove any unentrapped CLA-PTX, giving the final iRGD-SSL-
CLA-PTX.
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; PTX, paclitaxel; EPC, egg phosphatidylcholine; PEG, polyethylene glycol; DSPE, 1,2-distearoyl- 
sn-glycero-3-phosphoethanolamine.
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The encapsulation efficiency was calculated using the for-

mula below:

Encapsulation  

efficiency (%) 
=

Concentration of CLA-PTX  

in the filtered liposomes
×100%.

Concentration of CLA-PTX  

in the unfiltered liposomes

In vitro release of CLA-PTX  
from iRGD-SSL-CLA-PTX
The CLA-PTX released from iRGD-SSL-CLA-PTX was 

investigated by dialysis under sink conditions. Briefly, a vol-

ume of 1 mL iRGD-SSL-CLA-PTX (0.15 mg/mL) was put 

in a dialysis bag (molecular weight cutoff 8,000–14,000). The 

dialysis bag was immersed in 40 mL release medium (distilled 

water containing 0.1% [v:v] Tween 80) and incubated in an 

orbital shaker at 37°C with mild oscillating at 100 rpm for 

48 hours. Each sample (0.5 mL) was taken from the release 

medium at a predetermined time and replaced with an equal 

volume of fresh release medium. After the last sample was 

removed at 48 hours, the solution in the dialysis bag was mixed 

with the release medium. Then, 10 μL of 10% (v:v) Triton 

X-100 was added to the release medium, and this mixture was 

used as a positive control. The concentration of CLA-PTX was 

determined by HPLC, as described in a later section.

Cellular uptake pathway  
of iRGD-modified liposomes
To evaluate the effect of inhibitors on the cellular uptake 

of iRGD-modified SSLs, B16-F10 cells were preincubated 

with different inhibitors for 30 minutes at 37°C. Briefly, 

the cells were incubated for 24 hours, then chlorpromaz-

ine (10 μg/mL), amiloride (20 μM), filipin (5 μg/mL), or 

M-β-CD (2.5 mM) was added, followed by incubation for 

30 minutes at 37°C. After that, the inhibitor-containing cul-

ture medium was replaced with iRGD-SSL-coumarin-6 (the 

final concentration of coumarin-6  was 150  ng/mL) and 

incubated for 2 hours at 37°C. Then, the cells were washed 

three times with PBS solution, harvested by trypsinization, 

and centrifuged at 1,000  rpm for 5  minutes. After being 

resuspended in 500 μL PBS medium, the cells were tested 

using a FACScan™ (BD Biosciences, San Jose, CA, USA). 

The coumarin-6 in the cells was excited with an argon laser 

(467  nm), and fluorescence was detected at 502  nm. To 

investigate the effect of temperature on cellular uptake, the  

cells without inhibitor treatment were incubated at both  

37°C and 4°C, and treated as described earlier.

Real-time confocal microscopic analysis
To study the real-time cellular uptake of iRGD-SSL- 

coumarin-6, B16-F10 cells (3×105 per dish) were seeded on 

glass-bottom dishes and allowed to grow and differentiate 

for 4 days prior to being studied. After that, the medium was 

removed, and each dish was placed on a microscope stage. 

Each solution containing SSL-coumarin-6, iRGD-SSL-

coumarin-6, or coumarin-6 solution (final drug concentration  

of coumarin-6, 150 ng/mL) was added to each dish, respec-

tively. The series of images were recorded continuously 

using a TCS SP2 confocal laser-scanning microscope (Leica 

Microsystems, Wetzlar, Germany). For quantification of 

the uptake rate, regions of interest (ROIs) were randomly 

selected from the cell layer, and their fluorescence intensity 

was determined using the SP2 confocal software. Each spot 

on the curve was calculated using the fluorescence intensity 

of 20 ROIs.

In vitro cellular uptake  
of iRGD-SSL-CLA-PTX
B16-F10  cells (1×106 cells/well) were seeded in six-well 

flat-bottom tissue-culture plates for a 24-hour incubation. 

After that, the medium was replaced by iRGD-SSL-CLA-

PTX, SSL-CLA-PTX, or CLA-PTX solution (10 μM), and 

incubated for 2, 4, or 6 hours at 37°C. After incubation, cells 

were washed twice with cold PBS and collected using 0.25% 

trypsin. The cells were centrifuged at 6,000 g for 5 minutes, 

and the supernatant removed carefully. The cell pellets were 

added to 0.1 mL 10% sodium dodecyl sulfate to destroy the 

cells. A volume of 0.1 mL acetonitrile was added to each 

cell solution to precipitate the protein. After centrifugation 

at 6,000 g for 5 minutes, a volume of 50 μL supernatant was 

used for HPLC analysis. Three wells were measured for each 

sample. Cellular uptake efficiency was calculated using the 

formula below:

Cellular uptake 

efficiency (%)    
=

Amount of drug in the cells
 ×100%.

Amount of drug added to the cells

In vitro cytotoxicity
B16-F10  cells (5×103  cells/well) were seeded in 96-well 

transparent plates and incubated for 24 hours. The medium 

was removed, and increasing concentrations of iRGD-

SSL-CLA-PTX was added. At 48  hours’ incubation, cell 

viability was determined by sulforhodamine B assay. 

Absorbance was measured at 540 nm using a 96-well plate 

reader (model 680; Bio-Rad Laboratories, Hercules, CA, 
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USA). The survival percentages were calculated using the  

formula: survival % = (A
540

 nm for the treated cells/A
540

 nm 

for the control cells) ×100%, where A
540

 nm is the absor-

bance value. Each assay was carried out in triplicate. The 

half-maximal inhibitory concentration (IC
50

) values were 

calculated according to the dose–effect curves.

Biodistribution studies
When the tumor volume reached about 300  mm3, the 

tumor-bearing mice were randomly assigned to one of three 

groups: group 1 was given IV CLA-PTX solution, group 

2 was given IV SSL-CLA-PTX, and group 3 was given 

IV iRGD-SSL-CLA-PTX. All the CLA-PTX preparations 

were injected through the tail veins at a dose of 2  mg 

CLA-PTX/kg. After drug administration, the mice were 

killed at 1, 4, 8, 12, and 24 hours. The tumors or excised 

organs (heart, liver, spleen, lung, kidney, and brain) were 

collected, blotted with a paper towel, rinsed in saline, blot-

ted to remove excess fluid, weighed, and homogenized. 

The homogenized tissue samples were extracted using our 

previously reported method.21 The content of CLA-PTX in 

each tissue was measured by HPLC under the chromato-

graphic conditions described in the “HPLC analysis of 

CLA-PTX” section.

In vivo antitumor activity  
of iRGD-SSL-CLA-PTX
When the tumor volume reached about 100–150 mm3, the 

tumor-bearing mice were randomly assigned to one of four 

groups: group 1  was given IV physiological saline as a 

control, group 2 was given IV CLA-PTX solution, group 

3 was given IV SSL-CLA-PTX, and group 4 was given IV 

iRGD-SSL-CLA-PTX. Each group contained six animals. 

All the CLA-PTX preparations were injected through the tail 

veins at a dose of 2 mg CLA-PTX/kg on days 7, 9, 11, 13, 

and 15. Throughout the study, animals were weighed and 

tumors measured with calipers twice a week. Tumor volumes 

were calculated according to the formula: V = length (cm) ×  

width2 (cm2) ×0.5236. On day 19 of tumor inoculation, one or 

two mice in each group were killed and the tumors collected 

for the preparation of sections. Terminal deoxynucleotidyl 

transferase deoxyuridine triphosphate nick-end labeling 

(TUNEL) staining of the paraffin-embedded tumors was 

performed according to the standard protocols provided by 

the manufacturers. The survival time was calculated from 

the day that the B16-F10 cells were inoculated (day 0) to 

the day the animal died. Kaplan–Meier survival curves were 

drawn for each group.

HPLC analysis of CLA-PTX
The content of CLA-PTX was measured by a Waters HPLC 

system consisting of a 1525 pump, and a 2487 ultraviolet 

detector (Waters, Milford, MA, USA). The wavelength was 

set at 227 nm. The mobile phase was started with solvent 

A (acetonitrile:water 60:40 v:v) for 10 minutes, and then a 

linear gradient was used to change to solvent B (acetonitrile) 

at 12 minutes, remaining at solvent B for 20 minutes. The 

flow was set at 1 mL/min. An ODS 3 C-18 analytical column 

(5 μm, 250×4.6 mm; Phenomenex, Torrance, CA, USA) was 

used for chromatographic separation. The retention time of 

CLA-PTX was approximately 15 minutes.

Statistical analysis
All data are shown as means ± standard deviation. One-way 

analysis of variance was used to determine the significance 

of differences among groups, after which post hoc tests 

with the Bonferroni correction were used for comparisons 

among the individual groups. Statistical significance was 

set at P0.05.

Results
Characterization of iRGD-SSL-CLA-PTX
The average particle size of iRGD-SSL-CLA-PTX was 

about 93±0.2 nm, with a polydispersity index of 0.19±0.01, 

as shown in Table 1. The zeta potential of iRGD-SSL-

CLA-PTX was slightly negative (-23.97±0.35 mV). The 

entrapment efficiency of iRGD-SSL-CLA-PTX was 83.22%, 

which indicated that CLA-PTX was almost completely 

entrapped within the liposomes. The typical particle size 

and distribution of iRGD-SSL-CLA-PTX is shown in 

Figure S1.

In vitro release of CLA-PTX  
from iRGD-SSL-CLA-PTX
The in vitro released CLA-PTX from iRGD-SSL-CLA-PTX 

is shown in Figure 2. The CLA-PTX released from the iRGD-

SSL-CLA-PTX groups at the 48-hour time point was only 

40%. Similar CLA-PTX-release behavior was observed in 

Table 1 Characteristics of iRGD-SSL-CLA-PTX (means ± stan
dard deviation, n=3)

SSL-CLA-PTX iRGD-SSL-CLA-PTX

Average particle size (nm) 89.50±3.30 92.95±0.21
Polydispersity 0.33±0.06 0.19±0.01
Zeta potential (mV) -20.50±1.04 -23.97±0.35
Entrapment efficiency (%) 80.06±0.15 83.22±0.23

Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; 
PTX, paclitaxel.
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the SSL-CLA-PTX groups. However, CLA-PTX was rapidly 

released from the CLA-PTX solution, and this was almost 

complete within 48 hours.

Cellular uptake pathways
In order to investigate the endocytosis pathway for 

iRGD-modified SSLs, an endocytosis-inhibition assay 

was performed. As shown in Figure 3, the rate of uptake 

of B16-F10 cells was inhibited by 51% at 4°C compared 

with that at 37°C (P0.01), and was also inhibited by 

M-β-CD (down to 76%) (P0.01), showing energy- and 

lipid raft-mediated endocytosis. Other inhibitors, such as 

chlorpromazine, amiloride, and filipin, had only a weak 

inhibitory effect.

Real-time confocal microscopic analysis
Figure 4, A and B show that iRGD-SSL-coumarin-6 was 

internalized into B16-F10 cells faster and exhibited higher 

fluorescence intensity at every time compared with SSL- 

coumarin-6. In addition, coumarin-6  was also rapidly 

absorbed into the B16-F10 cells (Figure S2).

To further investigate the internalization speed and 

degree of iRGD-SSL-coumarin-6  and SSL-coumarin-6, 

a quantitative analysis of the images was conducted. 

Twenty ROIs were randomly selected to determine the 

fluorescence intensity. As shown in Figure 4C, iRGD-SSL-

coumarin-6 showed greater internalization in B16-F10 cells 

at every time point compared with SSL-coumarin-6. 

We found that the fluorescence intensity of iRGD-SSL- 

coumarin-6 internalized in B16-F10 cells at the 80-second 

time point was almost 100% compared with that at the end 

of the test (Figure 4C[1]). On the other hand, only about 

30% was found in SSL-coumarin-6 groups.

In vitro cellular uptake of iRGD-SSL-
CLA-PTX
The uptake of CLA-PTX by B16-F10 cells in the iRGD-SSL-

CLA-PTX-, SSL-CLA-PTX-, and CLA-PTX-solution groups 

is shown in Figure 5. The cellular uptake of CLA-PTX in the 

iRGD-SSL-CLA-PTX group was significantly higher than 

that in the SSL-CLA-PTX- and CLA-PTX-solution groups 

(P0.01) after 2, 4, and 6 hours’ incubation. These results 

indicated that the increased cellular uptake of CLA-PTX in 

the iRGD-SSL-CLA-PTX-treated group was 1.9-, 2.4-, or 

2.1-fold compared with that in the CLA-PTX group after 2, 4, 

or 6  hours’ incubation, respectively. For SSL-CLA-PTX 

groups, there was 1.2-, 1.5-, or 1.3-fold increased uptake 

compared with that in CLA-PTX group after 2, 4, or 6 hours’ 

incubation, respectively.

In vitro cytotoxicity
B16-F10  cells were used to evaluate the cytotoxicity of 

iRGD-SSL-CLA-PTX in comparison with SSL-CLA-PTX 

and CLA-PTX solutions. IC
50

 values are given in Table 2. 

The IC
50

 value of iRGD-SSL-CLA-PTX was similar to that 

of CLA-PTX (P0.05). The IC
50

 value of SSL-CLA-PTX 

was significantly higher than that of iRGD-SSL-CLA-PTX 

and CLA-PTX (P0.01).

Biodistribution
The concentration of CLA-PTX in the tumor tissues and 

excised organs (heart, liver, spleen, lung, kidney, and brain) 

of tumor-bearing mice treated with CLA-PTX solution, 

Figure 2 The released CLA-PTX from CLA-PTX solution, SSL-CLA-PTX, or iRGD-
SSL-CLA-PTX at 37°C.
Notes: The release medium was distilled water containing 0.1% (volume/volume) of 
Tween 80. Data presented are means ± standard deviation (n=3).
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; 
PTX, paclitaxel.
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Figure 4 (Continued)
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Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; PTX, paclitaxel; s, seconds.

Figure 5 In vitro cellular uptake of iRGD-SSL-CLA-PTX. B16-F10 cell-uptake 
efficiency cultured with the CLA-PTX solution, SSL-CLA-PTX, or iRGD-SSL-CLA-
PTX for 2, 4, and 6 hours.
Notes: The amount of CLA-PTX in the B16-F10 cells was measured. Data 
presented are means ± standard deviation of three replicates. ##P0.01 versus CLA-
PTX solution-treatment group; &&P0.01 versus SSL-CLA-PTX-treatment group.
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; 
PTX, paclitaxel.
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SSL-CLA-PTX, and iRGD-SSL-CLA-PTX is shown in 

Figure 6. The calculated area under the curve for hours 

0–24 (AUC
0–24

) is shown in Table 3. The recovery efficiency 

of CAL-PTX in organs was in the range of 81%–94%.  

A targeting effect of iRGD-SSL-CLA-PTX was observed in 

tumor tissues compared with the SSL-CLA-PTX and CLA-

PTX solutions. As shown in Figure 6, the CLA-PTX level 

in tumor tissues from iRGD-SSL-CLA-PTX-treated mice 

Table 2 Cytotoxicity of iRGD-SSL-CLA-PTX for B16-F10 cells 
(means ± standard deviation, n=3)

CLA-PTX formulations IC50 (µM)

CLA-PTX solution 4.63±1.09
SSL-CLA-PTX 13.34±1.78*
iRGD-SSL-CLA-PTX 5.97±0.49†

Notes: *P0.01 versus CLA-PTX solution group; †P0.01 versus SSL-CLA-PTX group.
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; 
PTX, paclitaxel.
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Figure 6 Biodistribution of iRGD-SSL-CLA-PTX in tumor-bearing mice.
Notes: When the tumor volume reached about 300 mm3, the tumor-bearing C57BL/6 mice were randomly assigned to one of three groups: group 1 was given intravenous 
(IV) CLA-PTX solution, group 2 was given IV SSL-CLA-PTX, and group 3 was given IV iRGD-SSL-CLA-PTX. All the CLA-PTX preparations were injected through the tail 
veins at a dose of 2 mg CLA-PTX/kg. After drug administration, the mice were killed at 1, 4, 8, 12, and 24 hours. The excised organs (heart, liver, spleen, lung, kidney, and 
brain) or tumors were collected. The content of CLA-PTX in each tissue was measured by high-performance liquid chromatography.
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; PTX, paclitaxel.
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at 1 hour (1.84±0.17 µg/g) and 4 hours (1.17±0.28 µg/g) 

was 2.3- and 2.0-fold higher than that of CLA-PTX solution 

at 1 hour (0.79±0.06 µg/g) and 4 hours (0.58±0.04 µg/g). 

The AUC
0–24

 value in the tumors of the iRGD-SSL-CLA-

PTX-treated mice was significantly higher than that in the 

SSL-CLA-PTX and CLA-PTX solution-treated groups. In 

addition, drug accumulation in the liver was higher than that 

in other tissues.

In vivo antitumor activity  
of iRGD-SSL-CLA-PTX
As shown in Figure 7,  tumor growth was significantly 

inhibited in all CLA-PTX treatment groups compared 

with the physiological saline treatment group (P0.01). 

iRGD-SSL-CLA-PTX significantly inhibited the growth 

of B16-F10  tumors compared with the SSL-CLA-PTX 

or CLA-PTX solution-groups (P0.01). The average 

tumor size at day 19 in the CLA-PTX-solution, SSL-CLA-

PTX, and iRGD-SSL-CLA-PTX groups was 4,723±853, 

3,969±495  and 1,793±355  mm3, respectively, compared 

with 10,054±996  mm3  in the physiological saline group 

(P0.01). The corresponding tumor-growth inhibition in 

the SSL-CLA-PTX- and iRGD-SSL-CLA-PTX-treated 

groups was 52.5% and 82.7%, respectively. Figure 8 shows 

the Kaplan–Meier survival curve. After five administrations, 

the median survival time of mice treated with iRGD-SSL-

CLA-PTX (34 days) was significantly longer than that of 

mice treated with physiological saline (24 days, P0.01), 

CLA-PTX solution (28 days, P0.01), and SSL-CLA-PTX 

(29 days, P0.01), respectively.

Figure 7 In vivo antitumor activity of iRGD-SSL-CLA-PTX.
Notes: When the tumor volume reached about 100–150 mm3, the tumor-bearing C57BL/6 mice were randomly assigned to one of four groups (each groups contained six 
animals): group 1 was given intravenous (IV) physiological saline as a control, group 2 was given IV CLA-PTX solution, group 3 was given IV SSL-CLA-PTX, and group 4 was 
given IV iRGD-SSL-CLA-PTX. All the CLA-PTX preparations were injected through the tail veins at a dose of 2 mg CLA-PTX/kg on days 7, 9, 11, 13, and 15. Throughout the 
study, mice were weighed and tumors were measured with calipers twice a week. Tumor volumes were calculated from the formula: V = length (cm) × width (cm2) ×0.5236.  
**P0.01 versus physiological saline group as control; ##P0.01 versus CLA-PTX solution group; &&P0.01 versus SSL-CLA-PTX group.
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; PTX, paclitaxel.
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Table 3 The AUC0–24 (µg/h/g) values of CLA-PTX after intravenous administration of the CLA-PTX solution, SSL-CLA-PTX, or iRGD-
SSL-CLA-PTX at 2 mg/kg in tumor-bearing C57BL/6 mice (means ± standard deviation, n=3)

CLA-PTX solution SSL-CLA-PTX iRGD-SSL-CLA-PTX

Tumor 9.00±1.18 12.38±1.06* 16.42±1.40*†

Heart 5.32±0.55 5.57±0.61 6.17±0.41
Liver 11.84±1.06 23.63±1.47* 39.23±4.49*†

Spleen 5.04±0.28 8.70±2.43* 10.86±0.70*
Lung 11.86±1.13 11.44±2.08 10.55±1.14
Kidney 3.27±0.40 3.93±0.04* 3.76±0.20*
Brain 4.13±0.27 5.82±0.39* 6.67±0.42*†

Notes: *P0.01 versus CLA-PTX solution group; †P0.01 versus SSL-CLA-PTX group.
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; PTX, paclitaxel.
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We also evaluated the effect of tumor-cell apoptosis by 

TUNEL analysis staining of tumor-tissue sections. As shown 

in Figure 9A, tumors from the iRGD-SSL-CLA-PTX-treated 

group exhibited more advanced cell apoptosis compared with 

the control, CLA-PTX solution-, and SSL-CLA-PTX-treated 

groups. The calculated results are shown in Figure 9B.

Discussion
The in vitro cellular uptake and in vitro cytotoxicity of CLA-

PTX in B16-F10 melanoma cells were demonstrated in our 

previous research study;23 however, the efficacy of active tar-

geting of a modified CLA-PTX delivery system is unknown. 

Therefore, we designed and prepared iRGD-SSL-CLA-PTX 

and investigated its antitumor effect in B16-F10 melanoma 

cells in vitro and in vivo.

The tumor-targeting and tumor-penetrating mechanisms 

of iRGD have been reported.24,25 Recently, iRGD-modified 

delivery systems have been reported for targeted tumor 

therapy.28–30  Our previous results indicated that iRGD 

could target cells that over-express α
v
-integrins or the 

NRP-1  receptor.26 The targeting effect of iRGD-modified 

SSLs on B16-F10 melanoma cells has been demonstrated 

by our previous in vitro flow cytometry and confocal 

microscopy.26 In order to further confirm the targeting effect 

of iRGD-modified SSLs on B16-F10  melanoma cells in 

Figure 8 Kaplan–Meier survival curves of mice treated with iRGD-SSL-CLA-PTX.
Notes: Kaplan–Meier survival curves of B16-F10-bearing C57BL6/N mice treated 
with physiological saline (black), CLA-PTX solution (green), SSL-CLA-PTX (blue), 
and iRGD-SSL-CLA-PTX (red). All the CLA-PTX preparations were injected through 
the tail veins at a dose of 2 mg CLA-PTX/kg on days 7, 9, 11, 13, and 15. Results 
indicated that iRGD-SSL-CLA-PTX (34 days) significantly improved the survival rate 
of animals compared with physiological saline (24 days, P0.01), CLA-PTX solution 
(28 days, P0.01), and SSL-CLA-PTX (29 days, P0.01), respectively.
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; 
PTX, paclitaxel.
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+ the present study, real-time confocal microscopic analysis 

was performed. The real-time uptake results indicated that 

iRGD-modified SSLs internalized into B16-F10 cells faster 

than unmodified SSLs at every time point (Figure 4). This 

is because ligand-modified delivery systems may prove 

beneficial in increasing drug exposure, due to increased 

target-cell uptake and target-tissue retention compared to 

ligand-lacking delivery systems.31 Our in vitro cellular uptake 

experiment also demonstrated that the iRGD-SSL-CLA-

PTX was absorbed more than unmodified SSLs (Figure 5). 

In addition, a higher level and AUC of CLA-PTX in tumor 

tissue in the iRGD-SSL-CLA-PTX-treatment group was also 

observed in our in vivo biodistribution experiment (Figure 6). 

In addition, drug accumulation in the liver was higher than 

that in other tissues. It has been reported that iRGD-modified 

nanoparticles accumulate in the liver at high levels.32,33 Those 

researchers suggested that these nanoparticles were rapidly 

recognized by the phagocytic cells and the reticuloendothelial 

system or easily penetrated through the endothelial wall of 

liver fenestrae, resulting in enhanced liver uptake.

Endocytosis is a fundamental process that is used to 

internalize molecules and macromolecules by cells. Many 

nanoparticles have been customized to enter cells through 

endocytosis and deliver the cargo within the cells,34 such as 

clathrin-mediated and caveolae-mediated endocytosis, as 

well as rhodamine A-mediated and CDC42-mediated macro-

pinocytosis. For example, conventional liposomes are taken 

up by cells via clathrin-mediated endocytosis.35,36 It has been 

reported that RGD-modified nanoparticles can be internalized 

via the receptor-mediated or clathrin-mediated endocytosis 

pathway.37  Therefore, understanding the cellular entry of 

nanoparticles has become a key factor in drug delivery. 

Many endocytic inhibitors have been used to characterize 

the endocytosis pathway involved in nanoparticles.38–42  

In the present study, we selected chlorpromazine, amiloride, 

filipin, and M-β-CD as endocytic inhibitors to investigate the 

endocytosis pathway of iRGD-modified SSLs. Also, 4°C was 

selected to investigate the impact of energy on cellular uptake. 

Our results indicate that 4°C and M-β-CD significantly 

reduced the cellular uptake of iRGD-modified SSLs, sug-

gesting that energy- and lipid raft-mediated endocytosis play 

a critical role in the cellular uptake of iRGD-modified SSLs 

(Figure 3). It was found that chlorpromazine, amiloride, and 

filipin did not reduce the cellular uptake of iRGD-modified 

SSLs, indicating that the clathrin-, macropinocytosis-,  

and caveolae-mediated endocytosis pathways are not 

involved in iRGD-modified SSL cellular transport (Figure 3).  

Our results suggest that iRGD-modified SSLs, unlike 
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Figure 9A, B Effects of iRGD-SSL-CLA-PTX on the apoptosis of B16-F10 melanoma tumors.
Notes: When the tumor volume reached about 100–150 mm3, the tumor-bearing C57BL/6 mice were randomly assigned to one of four groups (each group contained six 
animals): group 1 was given intravenous (IV) physiological saline as a control, group 2 was given IV CLA-PTX solution, group 3 was given IV SSL-CLA-PTX, and group 4 was 
given IV iRGD-SSL-CLA-PTX. All the CLA-PTX preparations were injected through the tail veins at a dose of 2 mg CLA-PTX/kg on days 7, 9, 11, 13, and 15. On the 19th day 
of tumor inoculation, one or two mice in each group were killed, and tumors collected for the preparation of sections. Terminal deoxynucleotidyl transferase deoxyuridine 
triphosphate nick-end labeling (TUNEL) staining of the paraffin-embedded tumors was performed according to the standard protocols provided by the manufacturers. 
Tumor-apoptosis cells were detected by TUNEL (A). The fluorescence area of each group was used for the statistical analysis of apoptosis activity (B). **P0.01 versus 
physiological saline group as control; ##P0.01 versus CLA-PTX solution group; &&P0.01 versus SSL-CLA-PTX group.
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; PTX, paclitaxel.
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RGD-modified nanoparticles, are not internalized via the 

clathrin-mediated endocytosis pathway.37 Although iRGD 

has the RGD sequence, we speculated that the endocytosis 

pathway of iRGD-modified SSLs was different from that of 

RGD-modified nanoparticles.

It has been reported that liposomes could be efficiently 

accumulated in tumor because of the enhanced-permeability-

and-retention effect. The addition of targeting moieties, such 

as antibodies or Fab fragments or small peptides and aptamers, 

to the surface of liposomes allows liposomes to actively target 

tumor cells. A lipsome is a spherical vesicle consisting of a 

lipid bilayer that can encapsulate various types of drugs into 

an inner aqueous phase or lipid bilayer.43–45 Previously, we 

prepared iRGD-modified SSLs containing the aqueous anti-

tumor drug doxorubicin.26 In the present study, we prepared 

RGD-SSL-CLA-PTX. Our results also demonstrated the 

antitumor effect of iRGD-SSL-CLA-PTX (Figures 7–9).

In the present cellular uptake study, we did not observe 

PTX that was hydrolyzed from CLA-PTX. In addition, our 

biodistribution study indicated that intact CLA-PTX was 

identified in tumor tissue and other organs after iRGD-SSL-

CLA-PTX, SSL-CLA-PTX, or CLA-PTX solution was given 

to tumor-bearing mice. According to these results, we suggest 

that the antitumor activity was due to the intact CLA-PTX, 

not the hydrolyzed PTX.

Conclusion
In the present study, we prepared a novel iRGD-SSL-CLA-

PTX solution with the objective of investigating its in 

vitro and in vivo targeting and antitumor activity in B16-

F10 cells. The targeting effect of iRGD-modified SSLs was 

demonstrated by the real-time confocal microscopy analysis 

and in vivo biodistribution experiments. The results of the 

endocytosis pathway of iRGD-modified SSLs indicated that 

energy- and lipid raft-mediated endocytosis played a key 

role in the cellular uptake of iRGD-modified SSLs. In addi-

tion, iRGD-SSL-CLA-PTX produced a very marked in vivo 

antitumor effect in B16-F10 tumor-bearing mice.
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Supplementary materials

Figure S1 Typical particle size and distribution of the SSL-CLA-PTX (A) and iRGD-SSL-CLA-PTX (B).
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; PTX, paclitaxel.
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Figure S2 Time-series confocal laser-scanning microscopy analysis on cellular uptake of coumarin-6 dimethyl sulfoxide solution.
Notes: Green represents the fluorescence of coumarin-6. Scale bars for all images are 75 μm.
Abbreviations: SSL, sterically stabilized liposome; CLA, conjugated linoleic acid; PTX, paclitaxel; s, seconds.
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