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Abstract: Therapeutic delivery of small interfering RNA (siRNA) is a major challenge that 

limits its potential clinical application. Here, a pH-sensitive cholesterol–Schiff base–polyethylene 

glycol (Chol–SIB–PEG)-modified cationic liposome–siRNA complex, conjugated with the 

recombinant humanized anti-EphA10 antibody (Eph), was developed as an efficient nonviral 

siRNA delivery system. Chol–SIB–PEG was successfully synthesized and confirmed with FTIR 

and 1H-NMR. An Eph–PEG–SIB–Chol-modified liposome–siRNA complex (EPSLR) was 

prepared and characterized by size, zeta potential, gel retardation, and encapsulation efficiency. 

Electrophoresis results showed that EPSLR was resistant to heparin replacement and protected 

siRNA from fetal bovine serum digestion. EPSLR exhibited only minor cytotoxicity in MCF-7/

ADR cells. The results of flow cytometry and confocal laser scanning microscopy suggested 

that EPSLR enhanced siRNA transfection in MCF-7/ADR cells. Intracellular distribution 

experiment revealed that EPSLR could escape from the endo-lysosomal organelle and release 

siRNA into cytoplasm at 4 hours posttransfection. Western blot experiment demonstrated that 

EPSLR was able to significantly reduce the levels of MDR1 protein in MCF-7/ADR cells. The 

in vivo study of DIR-labeled complexes in mice bearing MCF-7/ADR tumor indicated that 

EPSLR could reach the tumor site rather than other organs more effectively. All these results 

demonstrate that EPSLR has much potential for effective siRNA delivery and may facilitate 

its therapeutic application.

Keywords: siRNA, cationic liposome, pH sensitive, endosomal escape, anti-EphA10 antibody, 

gene silencing

Introduction
Cancer is a major public health problem in many parts of the world, and existing 

chemotherapeutic drugs are far from perfect with undesirable severe side effects, low 

bioavailability, or development of drug resistance.1 Worldwide, the number of clinical 

trials in gene therapy has increased so as to overcome serious genetic disorders, such 

as cancers and other types of monogenic disorders. It has been reported that RNA 

interference is a powerful technique that has been regarded as a potential therapeutic 

option for silencing target genes in various diseases. Currently, several synthetic RNAs 

are in clinical trials for macular degeneration,2 kidney injury,3 respiratory infection,4 

and cancer.5 Small interfering RNA (siRNA) acts in a very specific manner inhibiting 

specific protein expression. Maximum therapeutic efficacy of siRNA can be obtained 

if the siRNAs are delivered to the site of action.6,7 However, a variety of physiologi-

cal, cellular, and immunological barriers hinder siRNA molecules from reaching their 

target site.8 Physiological barriers are composed of endothelial barrier, degradation 
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by nucleases, reticuloendothelial system uptake, etc. siRNA 

therapeutics also need to overcome various cellular bar-

riers for their intracellular entry, endosomal escape, and 

effective protein knockdown.9 Besides this, hydrophilicity 

and negative charge of siRNAs are also obstacles for their 

intracellular delivery.

To resolve these problems, recent developments in 

nanotechnology have raised exciting opportunities for the 

design and formulation of nonviral delivery systems for 

siRNA therapeutics. Various liposomes, polymer micelles, 

and nanoparticles can be used as nonviral delivery vectors 

for siRNA.10 Among these vectors, cationic liposomes-based 

delivery systems are the most explored and promising siRNA 

delivery systems because of their suitable physicochemical 

properties and biocompatibility. However, poor serum stabil-

ity and short circulation time limited the further development 

of cationic liposomes.

To prolong the circulation time of cationic liposomes, 

modification with polyethylene glycol (PEG)-conjugated lipid 

is preferentially employed.11,12 Although attaching PEG on the 

surface of liposomes presents various advantages, PEGylation 

hinders the interaction between liposomes and targeted cells, 

and may bring about lysosomal escape failure13 – referred to 

as the PEG dilemma.14 To circumvent this problem, labile 

linkages have been introduced between the hydrophilic 

PEG and the hydrophobic moiety15 (eg, cholesterol), which 

is degradable only upon exposure to relatively acidic,16 

enzymatic,17 or oxidoreductive18 condition.19 Among these 

responsive bonds, pH-sensitive bond was mostly researched 

because it is independent of cellular chemical substances and 

does not require the exact location of tumors for triggered 

release.20 It is well known that the physiological pH in cancer 

cells is lower compared to that in blood and normal tissues, 

and it is about 6.0 in early endosomes, and reduces to 5.0 

during the progression to late endosomes and lysosomes.21 

pH-sensitive PEG-lipid can be degraded even in weak acid, 

in favor of endosomal escape, followed by cytoplasmic 

release of the liposome-incorporated drug.22 Ketal,23 vinyl 

ester,24 orthoester,25 hydrazone,26 and Schiff base27,28 are sev-

eral examples of pH-degradable bonds that are hydrolyzed 

relatively rapidly at pH 6.0 but stable at neutral conditions. 

Schiff base is stable under neutral pH but releases drug in 

acidic environments.29 Recently, we reported on the produc-

tion of a pH-sensitive PEG-lipid, cholesterol–Schiff base PEG 

(Chol–SIB–PEG) to modify doxorubicin-loaded liposome for 

hepatocarcinoma therapy.30 In this study, Chol–SIB–PEG was 

synthesized with some modification to develop an efficient 

siRNA delivery system.

To further enhance the transfection efficiency of PEGy-

lated cationic liposomes, it is a good choice to develop immu-

noliposomes conjugated with antibody.31 Eph receptor A10, 

the most recent addition to the largest subfamily of receptor 

tyrosine kinases, is a valuable breast cancer marker that is 

highly expressed in breast cancer tissue in comparison to 

other tissues (mRNA level in testis).32 Anti-EphA10, which 

plays a role in tumor progression and metastasis,33 could be 

used as the target site for breast carcinoma therapy.34 Anti-

EphA10 antibody (Eph) preferentially binds to anti-EphA10 

expressed in breast cancer cells, and so when conjugated to 

liposomes, it enables a preferential targeting ability to cancer 

cells following systemic administration.

Here, we developed an approach to improve the therapeu-

tic efficacy of siRNA-targeting MDR1 gene (MDR1-siRNA) 

in female breast doxorubicin-resistant MCF-7/ADR cells 

within one multifunctional nanoassembly carrier. The carrier 

is composed of siRNA–liposomes complexes coated with 

Eph conjugated with Chol–SIB–PEG, which is shown in 

Figure 1. We hypothesized that the delivery system remains 

relatively stable in blood system, with internalization medi-

ated by anti-EphA10 antibody upon arrival at tumor sites, 

resulting in siRNA release into the cytoplasm silencing 

gene expression after PEG-lipid degradation and siRNA 

endosomal/lysosomal escape. To evaluate the hypothesis, 

liposome–siRNA complexes (LR), PEGylated LR (PSLR), 

and PSLR-conjugated anti-EphA10 antibody (EPSLR) were 

prepared and their physicochemical characteristics investi-

gated. The transfection efficiency and cytotoxicity of vec-

tors were determined on MCF-7/ADR cell line. Endosomal 

escape efficacy of the vectors was also investigated by confo-

cal laser scanning microscopy (CLSM), and gene silencing 

was assessed using Western blot. In vivo targeting ability 

of EPSLR on tumor cells was evaluated using MCF-7/ADR 

xenograft nude mice. Our results suggest that the successful 

delivery and gene silencing of siRNA in vitro and targeting 

ability in vivo can be achieved using EPSLR.

Materials and methods
Materials
Para-hydroxybenzaldehyde was purchased from Meilan 

Co., Ltd. (Shanghai, People’s Republic of China); choles-

teryl choroformate was obtained from J&K Scientific Ltd. 

(Karlsruhe, Germany); phenylenediamine was purchased 

from Bill Chemical Products Co., Ltd. (Zhengzhou, 

People’s Republic of China); HOOC–PEG
2000

–COOH 

was from Seebio Biotech (Shanghai, People’s Republic 

of China); and N,N-diisopropylethylamine (DIPEA), 
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1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b]

pyridinium 3-oxide hexafluorophosphate (HATU), and 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-

chloride (EDCI) were purchased from GL Biochem Ltd. 

(Shanghai, People’s Republic of China).

Soybean phospholipid (PC) was purchased from Shanghai 

Tywei Pharmacy Co. Ltd. (Shanghai, People’s Republic of 

China). The 1,2-Dioleoyl-3-trimethylammonium-propane 

(DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanol-amine 

(DOPE), and cholesterol were from A.V.T. (Shanghai, 

People’s Republic of China). Anti-EphA10 antibody was 

purchased from Bioss Biotechnology Co. Ltd. (Beijing, 

People’s Republic of China). Doxorubicin hydrochloride 

was from Beijing Huafeng United Technology Co. Ltd. 

(Beijing, People’s Republic of China). RPMI 1640 and fetal 

bovine serum (FBS) were purchased from Gibco (Thermo 

Fisher Scientific, Waltham, MA, USA). MDR1 rabbit mAb, 

β-actin rabbit mAb, and HRP-conjugated goat anti-rabbit IgG 

were obtained from Cell Signal Technology (Danvers, MA, 

USA). DIR, sulfo-NHS, EDCI, and 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) were 

purchased from Sigma-Aldrich (St Louis, MO, USA). 
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Figure 1 A schematic diagram showing (A) the formation of EPSLR complexes and (B) the intracellular trafficking for siRNA delivery.
Notes: EPSLR is associated with MCF-7/ADR cells followed by cell internalization by anti-EphA10-mediated endocytosis. Chol–SIB–PEG–Eph degraded in acidic endosome 
and liposome–siRNA complexes subsequently escaped from endosomes through fusion interaction. Lastly, the siRNA was released into cytoplasm and formed RISC gene 
expression.
Abbreviations: LR, liposome–siRNA complexes; siRNA, small interfering RNA; PSLR, PEGylated LR; EPSLR, PSLR-conjugated anti-EphA10 antibody; RISC, RNA-induced 
silencing complex; EDCI, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride; sulfo-NHS, N-Hydroxysulfosuccinimide sodium salt; Eph, anti-EphA10 antibody; PSL, 
PEGylated lipsomes; EPSL, anti-EphA10 antibody coated PSL; Chol-SIB-PEG, cholesterol–Schiff base–polyethylene glycol.
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LysoTracker Red was obtained from Invitrogen (Thermo 

Fisher Scientific, Waltham, MA, USA). FAM-labeled siRNA 

(sense, 5′-UUCUCCGAAC GUGUCACGUTT-3′; antisense, 

5′-ACGUGACACGUUCGGAGAATT-3′), MDR1-siRNA 

(sense, 5′-CACCCAGGCAAUGAUGUAUTT-3′; antisense, 

5′-AUACAUUGCCUGGGUGTT-3′), and scramble siRNA 

(NC; sense, 5′-UUCUCCGAACGUGUCACGUTT-3′; 
antisense, 5′-ACGUGACACGUUCGGAGAATT-3′) were 

synthesized by GenePharma (Shanghai, People’s Republic 

of China). All other reagents used were of analytical grade 

and were used without purification.

Human breast carcinoma doxorubicin-resistant MCF-7/

ADR cells were provided by KeyGen Biotech Co. Ltd. 

(Nanjing, People’s Republic of China). The cells were main-

tained in RPMI 1640 medium containing 20% FBS (Gibco, 

Thermo Fisher Scientific) and 1% penicillin–streptomycin in 

a humidified atmosphere with 5% CO
2
 at 37°C.35 To maintain 

their multidrug resistance, MCF-7/ADR cells were cultured 

in a medium containing 1 μg/mL of doxorubicin.

Synthesis of Chol–SIB–PEG
To synthesize the Chol–SIB–PEG, para-hydroxybenzalde-

hyde and para-phenylenediamine were used to constitute 

pH-sensitive Schiff base bond. The synthesis of Schiff base 

bond can be divided into two steps:

1.	 Synthesis of Chol–CHO. Cholesteryl chloroformate 

was reacted with para-hydroxybenzaldehyde (molar 

ratio =2:1) in anhydrous dichloromethane (DCM) 

at room temperature under argon in the presence of 

N-ethyldiisopropylamine (DIPEA) for about 4 hours. 

After thin-layer chromatography showed the disappear-

ance of para-hydroxybenzaldehyde, the reaction mixture 

was poured into distilled water and extracted using DCM. 

The extract was evaporated under vacuum. The residue 

was purified in a silica-gel chromatography column 

(DCM:MeOH =1:1) to get Chol–CHO.

2.	 Chol–CHO and para-phenylenediamine (molar 

ratio =1:2) were reacted in methylbenzene with gentle 

stirring at 120°C in an oil bath overnight. The mixture 

was evaporated under vacuum followed by dissolving in 

DCM and then purifying by silica-gel chromatography. 

The collected solution was evaporated under vacuum, 

and the crude product (Chol–SIB–NH
2
) was used in 

subsequent steps without further purification.

For the synthesis of the Chol–SIB–PEG conjugate, 

HOOC–PEG
2000

–COOH and Chol–SIB–NH
2
 (molar 

ratio =1.5:1) were reacted in DCM with gentle stirring at 

room temperature in the presence of HATU, DIPEA, and 

EDCI for 48 hours. The crude mixture was washed with 

distilled water and extracted with DCM, which was then 

removed using a rotary evaporator. After drying under 

vacuum, the residue was redissolved in chloroform and fil-

tered again to purify the product. The Chol–SIB–PEG was 

obtained by removing chloroform under vacuum.

The chemical structure of Chol–SIB–PEG was deter-

mined and confirmed by 1H-NMR (Bruker ARX-300, 

Bruker Optik GmbH, Ettlingen, Germany) and FTIR (Bruker 

vector 22, Bruker Optik GmbH).

Preparation of EPSLR nanocomplexes
Liposomes were prepared by the modified film dispersion–

hydration method described by Qiang.36 Briefly, the mixture 

of PC, DOPE, DOTAP, cholesterol, and Chol–SIB–PEG in 

the weight ratio of 2:2:4:2:1.5 was dissolved in 5 mL of DCM; 

the solvent was then evaporated at 24°C until a thin film was 

obtained. Then, thin films were hydrated with 3 mL of dis-

tilled water in a 60°C water bath for 20 minutes. The resultant 

suspension was sonicated for 4 minutes (200 W 2 minutes, 

400 W 2 minutes) with a probe (Scientz-1200E, Ningbo, 

People’s Republic of China) to form unilamellar liposomes 

and filtered through a 0.22 μm microporous membrane to form 

Chol–SIB–PEG-modified liposomes (PSL) with a narrow-

size distribution. Liposomes were prepared with PC, DOPE, 

DOTAP, and cholesterol as reference formulations (L).

The conjugation of anti-EphA10 antibody onto PSL was 

achieved by using a previously described method.37 Briefly, 

EDCI and sulfo-NHS dissolved in pH 7.4 phosphate-buffered 

saline (PBS) were added to liposome suspensions. The 

mixtures were incubated, with constant stirring, at room 

temperature for 2 hours. Then, 250 μL of anti-EphA10 anti-

body solution (1 mg/mL) was added and the mixture gently 

agitated at room temperature for 2 hours; the mixture was 

incubated at 4°C overnight. PSL-conjugated anti-EphA10 

antibody (EPSL) was separated from free antibody by gel 

filtration on sepharose 4B column equilibrated in PBS.

EPSLR nanocomplexes were prepared with EPSL and 

siRNA at a series of N/P ratios (molar ratio of DOTAP-

nitrogen atoms to siRNA-phosphate). For EPSLR formula-

tion, various aliquots of EPSL solution were diluted to a final 

volume of 50 μL with RNase-free water; to this, an equal 

volume of siRNA solution was then added. The mixture was 

immediately vortexed for 5 minutes and incubated at room 

temperature for 20–30 minutes to assemble homogeneous 

EPSLR. As control, liposome-siRNA complexes (LR) and 

PEGylated LR (PSLR) nanocomplexes were prepared by the 

same procedure as described earlier.
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As for biodistribution of complexes, DIR, a near-

infrared fluorescence probe, was loaded into the complexes 

described previously except that DIR fluorescence dye was 

dissolved with lipid in DCM during the process of liposome 

preparation.

Physicochemical characteristics of EPSLR
The mean particle sizes and zeta potential of lipoplexes were 

determined by the dynamic light scattering (DLS) technique 

using a Malvern Instruments apparatus (Nano series ZS; 

Malvern Instruments S.A., Cedex, France) at a 90° scat-

tering angle. The morphology of EPSL was observed on 

Tecnai G220 Transmission Electron Microscope (transmis-

sion electron microscopy [TEM], FEI, Hillsboro, OR, USA). 

Before visualization, the liposomes were placed on copper 

grids, dried with warm air, and then negatively stained with 

2%(w/v) phosphotungstic acid for 1 minute. Finally, the 

images were captured with TEM using an accelerated volt-

age of 120 kV.

Gel retardation assay and encapsulation 
efficiency
The desired N/P ratios for full complexation of liposomes 

and siRNA were evaluated by gel electrophoresis in Tris–

borate–EDTA buffer (40 mM Tris–HCl, 40 mM borate, and 

1 mM EDTA). About 10 μL of lipoplexes in different N/P 

ratios were loaded onto 2% agarose gel stained with ethidium 

bromide to test the combining ability between liposomes and 

siRNA,38 and naked siRNA was used as a positive control. 

After electrophoresis, the siRNA bands were visualized using 

the Tannon 2500R system (Shanghai, People’s Republic of 

China) at 254 nm.

The encapsulation efficiency of lipoplexes was evalu-

ated by using the same method described in the section 

“gel retardation assay encapsulation efficiency” except that 

RiboGreen (Thermo Fisher Scientific, Waltham, MA, USA) 

was used instead of ethidium bromide. The amount of free 

siRNA not encapsulated in lipoplexes was calculated by cor-

relating band intensities to concentration. The encapsulation 

efficiency of siRNA was precisely evaluated by quantifying 

free siRNA from total siRNA. The encapsulation efficiency 

was calculated using the formula:

	 Encapsulation efficiency total free

total

=
−

×
C C

C
100%, � (1)

where C
total

 is the concentration of total siRNA and C
free

 is the 

concentration of siRNA not encapsulated in lipoplexes.

Stability assay of the siRNA–liposome 
complexes
The stability of LR, PSLR, and EPSLR was evaluated using 

polyanion heparin7 and FBS. LR, PSLR, and EPSLR were 

prepared at N/P ratios of 1, 2, 3, 5, 7, 9, and 14 as in the 

“Preparation of EPSLR nanocomplexes” section and then 

incubated with heparin solution (Tianjin Biochem Pharma-

ceutical Co. Ltd., Tianji, People’s Republic of China) at a 

heparin/siRNA ratio of 5 (IU/μg) for 20 minutes at room tem-

perature. A 5 μL sample of the mixture was electrophoresed 

and analyzed on agarose gel.39

For investigating stability in FBS, lipoplexes were incu-

bated with equivoluminal FBS at 37°C, in which the N/P ratio 

was fixed at 7. Naked siRNA was treated as control at the 

same time. At predetermined time internals, samples were 

taken and immediately stored at -20°C. In order to release 

siRNA from the complexes, excessive heparin sodium solu-

tion (heparin/siRNA =20 IU/μg) was added. After another 

1 hour of incubation, the samples were analyzed by agarose 

gel electrophoresis and visualized using the Tannon system 

to look for intact siRNA.

Cellular uptake studies
For uptake analysis, the cells were cultured in six-well plates 

containing glass coverslips for 24 hours with a density of 

3×105 cells/well. The cells were treated with lipoplexes pre-

pared with FAM-labeled siRNA. After 4 hours of incubation, 

the cells were fixed with 4% paraformaldehyde followed 

by staining with Hoechst 33258 to stain the nucleus. The 

cell imaging was performed by a CLSM (FV1000-IX81; 

Olympus, Tokyo, Japan).

The quantitative measurement of cellular uptake siRNA was 

determined using a fluorescence-activated cell sorter (FACS; 

BD FACSCalibur; BD Biosciences, San Jose, CA, USA). 

MCF-7/ADR cells were seeded in six-well plates with a density 

of 1×106 cells/well and incubated overnight to allow adhesion of 

cells. The original culture medium was then replaced by fresh 

supplemented medium, and then cells were incubated with 

FAM-labeled siRNA–liposome complexes, LR, PSLR, and 

EPSLR-loaded 50 nM FAM-siRNA. After 4 hours of incuba-

tion, MCF-7/ADR cells were washed twice with cold PBS and 

dissociated with 0.25% trypsin–EDTA, and then harvested and 

resuspended in PBS solution. The cell suspension obtained was 

further analyzed by FACS. The level of cellular uptake was 

quantified based on FAM-siRNA fluorescence determined in 

FL1H, in which a total of 10,000 events were analyzed. For free 

ligand competition study, cells were coincubated with 10 μg/mL 

of anti-EphA10 antibody with formulations.
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Intracellular distribution
Approximately 3×105 MCF-7/ADR cells were seeded per 

well (with cover slips). After 24 hours of culture, the origi-

nal medium was replaced with fresh RPMI 1640 containing 

FAM-labeled siRNA (100 nM), FAM-labeled siRNA–lipo-

some complexes for 4 hours at 37°C, followed by staining 

with LysoTracker Red for 30 minutes. The medium was 

removed, and cells were washed three times with cold PBS 

and then fixed with 4% paraformaldehyde for 30 minutes. 

Cell nucleus was stained with 2 μg/mL Hoechst 33258 for 

10 minutes. The fluorescence images were captured using a 

CLSM (FV1000-IX81).

Cytotoxicity assay
The cytotoxicity of complexes was evaluated using the MTT 

method in MCF-7/ADR cells. MCF-7/ADR cells were seeded 

in 96-well plates with a density of 10,000 cells per well. The 

cells were incubated for 24 hours to allow for attachment to the 

culture vessel before they were washed with prewarmed sterile 

PBS (pH 7.4), followed by exposure to free siRNA and differ-

ent siRNA–liposome complexes at different N/P ratios diluted 

with a culture medium to the same siRNA concentration  

(50 nM) at 37°C for 24, 48, and 72 hours, separately. Then, 

cell viability was evaluated using the MTT assay. The amounts 

of MTT formazan products were analyzed spectrophotometri-

cally at 490 nm using a flash multimode reader (Varioskan™; 

Thermo Fisher Scientific). The concentrations of all com-

plexes were tested in six replicates. The percentage of cell 

viability was calculated using the following equation:

	

Cell viability 0

1 0

=
−

×
A A

A A
2 100

−
%,

�

(2)

where A
1
 and A

2
 are the absorbance of control and sample 

wells, respectively, and A
0
 is the absorbance of blank wells 

without samples and cells.

Western blotting analysis of MDR1 
expression
To observe the MDR1 gene silencing, MCF-7/ADR cells 

were seeded in six-well plates at a density of 3×105 and 

cultivated for 24 hours. Then, cells were transfected with 

MDR1-siRNA (50 nM)-loaded different formulations. After 

4 hours of incubation, the supernatant was discarded, and then 

cells were incubated with a fresh complete culture medium 

for 72 hours. MCF-7/ADR cells were lysed in 50 μL of RIPA 

lysis buffer with 1% PMSF, and the lysates were centrifuged at 

14,000 g for 10 minutes at 4°C to gather total protein. Protein 

extracts were separated using 10% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis under reducing conditions 

and transferred onto polyvinylidene fluoride films (Invitro-

gen), which were then allowed to block with 5% skimmed 

milk for 2 hours. MDR1 and β-actin protein were detected 

using the MDR1/ABCB1 rabbit monoclonal antibody (1:300; 

Cell Signal Technology) and the rabbit anti-β-actin antibody 

at a dilution of 1:1,000, respectively. The secondary antibody 

was HRP-conjugated goat anti-rabbit IgG (1:2,000). Signals 

were detected by adding ECL chemical substrates (Thermo 

Fisher Scientific) according to manufacturer’s instructions.

Biodistribution
Female BALB/c nude mice aged 5–6 weeks were obtained from 

Beijing HFK Bioscience Co. Ltd. (Beijing, People’s Republic 

of China). Mice were housed in the SPF II laboratories under 

natural light/night conditions and allowed free access to food 

and water. All animal procedures were approved by the Animal 

study committee of Shenyang Pharmaceutical University and 

followed the Guide for the Care and Use of Laboratory Animals 

Published by the National Institutes of Health.

Tumor-bearing mice were established by inoculating 

a suspension of 1×107 MCF-7/ADR cells (subcutaneously 

injected) into the right axillary fossa. When the tumor volume 

reached approximately 50–100 mm3, DIR-loaded LR, PSLR, 

and EPSLR were administrated via the tail vein of xenograft 

mice. The distribution of nanocomplexes in MCF-7/ADR 

tumor-bearing nude mice was analyzed using a near-infrared 

fluorescence imaging system (Carestream Health, Inc., 

Rochester, NY, USA). Then, the mice were sacrificed and 

tumor and the main organs, including heart, liver, spleen, 

lung, kidney, and brain, removed. Each organ or tumor was 

immersed in saline solutions followed by measurement of 

fluorescence intensity.

Statistical analysis
All the experiments were repeated at least three times. Results 

are presented as mean ± SD. Statistical comparisons were 

performed using a one-way analysis of variance. Pairwise 

comparisons between treatments were made using Student’s 

t-test (two-tailed) at a confidence level of P0.05 (*) or 

P0.01 (**).

Results and discussions
Synthesis and characteristics of 
Chol–SIB–PEG
To construct siRNA delivery carrier targeting cancer cells, 

a pH-sensitive cholesterol–PEG derivative (Chol–SIB–PEG) 

was synthesized according to the procedure illustrated in 

Figure 2. The terminal acyl chloride group of commercial 
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Chol–COCl was activated with para-hydroxybenzaldehyde 

to synthesize Chol–CHO. Chol–SIB–NH
2
 was synthesized by 

conjugating para-phenylenediamine to the aldehyde reactive 

group of Chol–CHO through aldimine condensation reaction. 

The method of the aldimine condensation reaction is well 

understood, and an important advantage of this method is 

that the byproducts and excess reactant can be easily sepa-

rated from the reaction product. Then, the resulting PEG was 

reacted with Chol–SIB–NH
2
 to produce a good overall yield 

of the detachable PEG–lipid (Chol–SIB–PEG). The Chol–

SIB–PEG was characterized by FTIR and 1H-NMR. The FTIR 

data for Chol–SIB–PEG showed several bands at 1,623 cm-1 

(ν-CH=N– in Chol–SIB–PEG), 2,889 cm-1 (ν-C–H– in 

PEG), and 1,110 cm-1 (ν-C–O–C in PEG). 1H-NMR spectra 

(300 MHz, CDCl
3
) of Chol–SIB–PEG showed a singlet proton 

at δ=8.81(1H, s, –CH=N–), 3.71 (t, J=7.0 Hz, –O–CH
2
CH

2
– 

of PEG), and 2.03–1.07 (m, cholesterol) and confirmed the 

successful synthesis of Chol–SIB–PEG.

Construction of siRNA-liposome 
complexes
This study aimed to develop multifunctional liposomes 

formulated for enhancing siRNA delivery. The system 

consisted of the multifunctional components including a 

core of siRNA–cationic liposome complexes, pH-sensitive-

based lipid envelope Chol–SIB–PEG, and active targeting 

ligand anti-EphA10 antibody. Since first introduced by Fel-

gner, cationic liposomes have been proven to be promising 

gene delivery systems to cells in culture for gene therapy.40 

To pack and deliver siRNA, DOTAP, cholesterol, DOPE, 

and PC were employed to prepare cationic liposomes, 

which were used to interact electrostatically with siRNA to 

form the siRNA–liposome complex. In the composition of 

liposomes, DOTAP was a major contributor to the surface 

charge of cationic liposomes, which promoted complete 

complexation with siRNA by electrostatic interaction.41 

DOPE also caused transition of lipid bilayers from lamellar 

phase to hexagonal phase in low pH, enabling endosomal 

escape, and therefore cargo was released into cellular 

plasma.42 PC and cholesterol were basic lipids, which were 

essential for membrane stability, especially for the incor-

poration of Chol–SIB–PEG.

Chol–SIB–PEG was added to the bilayers of the posi-

tively charged complexes to form a coating on the surface. 

In this siRNA delivery system, the important lipid was 

Chol–SIB–PEG, which, because of PEG chains, could 

prevent aggregation and extend circulation time, and then 

degrade in acidic pH condition.

Figure 2 Synthesis of Chol–SIB–PEG conjugates.
Notes: The synthesis of Chol–SIB–PEG can be divided into three steps. Chol–COCl (A) was reacted with para-hydroxy benzaldehyde in anhydrous dichloromethane at 
room temperature under argon in the presence of N-Ethyldiisopropylamine to synthesize Chol–CHO (B). (II) Chol–CHO (B) and para-phenylenediamine were reacted in 
the methylbenzene with gentle stirring at 120°C in oil bath overnight to synthesize Chol–SIB–NH2 (C). Finally, Chol–SIB–PEG (D) was synthesized by conjugating C with 
HOOC–PEG–COOH in the presence of HATU, DIPEA, and EDC.
Abbreviations: Chol, cholesterol; DIPEA, N,N-diisopropylethylamine; DCM, dichloromethane; HATU, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b]pyridinium 
3-oxide hexafluorophosphate; SIB, Schiff base; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride; PEG, polyethylene glycol.
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Active targeting liposomal formulations were nanoscale 

vesicles modified with a ligand that can be used as drug-

carrying vesicles. Here, we coupled the anti-EphA10 antibody 

onto carboxyl terminal of Chol–SIB–PEG to prepare the 

immunoliposomes. Anti-EphA10 antibody was attached on 

the surface of Chol–SIB–PEG using the primary amines of 

anti-EphA10 and Chol–SIB–PEG–COOH by amide reaction, 

and successful conjugation was confirmed with sodium dode-

cyl sulfate polyacrylamide gel electrophoresis (Figure S1).

Gel retardation assay
RiboGreen is a sensitive fluorescence nuclear stain for 

determining RNA concentration (as little as 1 ng/mL) and 

is generally used for siRNA encapsulation efficiency 

evaluation.31 Here, siRNA encapsulation efficiency of LR, 

PSLR, and EPSLR formed at different N/P ratios was 

detected with the gel retardation assay (Figure 3). As shown 

in Figure 3C, the encapsulation efficiency of siRNA–liposome 

complexes was N/P ratio dependent and exhibited increased 

encapsulation efficiency as N/P ratio increased. When the N/P 

ratio was above 5, the encapsulation efficiencies of LR, PSLR, 

and EPSLR were all above 85%. When the N/P ratio increased 

to 19, the encapsulation efficiency of LR, PSLR, and EPSLR 

was almost the same at about 94%. Compared with the LR, 

there were relatively low encapsulation efficiencies of PSLR 

and EPSLR. It could be due to steric hindrance of PEGyla-

tion, electric hindrance, or the adverse effect of antibody 

modification on encapsulation efficiency.43 The results of the 

gel retardation assay (Figure 3A) showed that the siRNA in 

EPSLR was fully complexed at an N/P ratio of 5, which was 

consistent with the encapsulation efficiency results.

To study the electrostatic interaction of the siRNA with 

liposomes, EPSLR was subjected to heparin displacement. 

Heparin is an anionic polysaccharide and a major compo-

nent of extracellular matrix that can compete with siRNA 

for binding to disrupt EPSLR stability.44 siRNA displaced 

by heparin can bind to EB, where fluorescence emission is 

captured when excited.7 As shown in Figure 3B, no siRNA 

released from LR or PSLR was observed when the N/P 

ratio reached 5, whereas a fractional release occurred from 

EPSLR at this ratio. The results indicated that the interactions 

between L or PSL and siRNA were stronger than EPSLR, 

thereby resisting dissociation, and this might be due to the 

high negative charge on the anti-EphA10 antibody diminish-

ing siRNA–liposome interaction to some degree. However, 

no siRNA released from EPSLR when the N/P ratio reached 

7, which suggested that an increase in the N/P ratio caused 

greater stability of EPSLR. These results showed that EPSL 

Figure 3 Encapsulation efficiency and protection by EB (RiboGreen) interaction and gel retardation assay.
Notes: (A) Gel retardation of LR, PSLR, and EPSLR at different N/P ratios; (B) heparin-resistant assay with different N/P ratios; (C) encapsulation efficiency of LR, PSLR, and 
EPSLR at various N/P ratios; (D) stability in serum of naked siRNA and liposome–siRNA.
Abbreviations: LR, liposome–siRNA complexes; siRNA, small interfering RNA; PSLR, PEGylated LR; EPSLR, PSLR-conjugated anti-EphA10 antibody; EB, ethidium bromide; 
N/P ratios, molar ratio of DOTAP-nitrogen atoms to siRNA-phosphate.
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was not only involved in the formation of EPSLR but also 

protected the siRNA to some extent. The N/P ratio was fixed 

at 7 in the following experiments if not mentioned.

In therapeutic application, siRNA is vulnerable to degra-

dation by nucleases.45 We investigated whether complexation 

with liposome could protect siRNA from degradation in the 

presence of FBS. The results showed that the amount of 

intact siRNA decreased along with increase in the time of 

exposure (Figure 3D). Naked siRNA incubated with FBS 

was stable within 1 hour and completely degraded after  

5 hours (disappearance of band in gel). Meanwhile, serum 

incubation with LR complexes resulted in a significantly 

lower siRNA degradation ratio (stable for 5 hours), which 

was attributed to the siRNA that was only bound to the outer 

surface of liposomes, and would immediately release and be 

degraded by nucleases.43 The siRNA in EPSLR and PSLR 

showed the best integrity, which was visualized even after 

24 hours incubation, suggesting that EPSLR and PSLR com-

plexes provided a significant protection for siRNA against 

RNase degradation compared to LR. The serum stability 

assay demonstrated that EPSLR could significantly increase 

siRNA stability, which was likely due to the presence of the 

PEGylated shell and the anti-EphA10 antibody that sterically 

hampered the access of nucleases to siRNA.

Physicochemical characteristics of 
lipoplexes
The characteristics of siRNA–liposome complexes on the 

particle sizes and zeta potential were investigated. Figure 4A 

shows that the particle size and zeta potential of complexes 

were N/P ratio dependent. As the N/P ratio increased from 

2 to 14, the particle size of EPSLR decreased (from 339.7 to 

Figure 4 Physicochemical characteristics of complexes.
Notes: The particle sizes (columns) and zeta potentials (lines) of EPSLR at different N/P ratios (A) and its reference formulations at an N/P ratio of 9 (B). Morphology of 
Eph-modified liposomes was characterized with TEM after staining with phosphotungstic acid (C).
Abbreviations: LR, liposome–siRNA complexes; siRNA, small interfering RNA; PSLR, PEGylated LR; EPSLR, PSLR-conjugated anti-EphA10 antibody; TEM, transmission 
electron microscopy; N/P ratios, molar ratio of DOTAP-nitrogen atoms to siRNA-phosphate; Eph, anti-EphA10 antibody.
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141.1 nm), whereas the zeta potential increased (from +4.41 

to +23.3 mV). This suggested that siRNA was condensed 

by cationic liposomes and that the condensation efficiency 

was dependent on the N/P ratio in the formulation, which 

was consistent with a previous report.46 Similar results were 

obtained in PSLR and LR (data not shown). As shown in 

Figure 4B, when the N/P ratio was 9, the diameter increased 

from 133 nm of PSLR to 143 nm of EPSLR, whereas the zeta 

potential decreased from +32.7 mV of PSLR to +22.7 mV 

of EPSLR, which indicated that the particle size and zeta 

potential of complexes were dependent on the ligand moiety 

in the vector. In general, the zeta potential of gene-loaded 

complexes was +20 mV or more. The positive potential 

could induce nonspecific interactions of these complexes 

with blood components,47 which could severely reduce the 

half-life and targeting ability of the complexes. Complexes 

coated with PEG and ligand can reduce the uptake of par-

ticles by the reticuloendothelial system, resulting in a longer 

circulation in vivo, and this subsequently facilitates tumor 

targeting.48 In this study, anti-EphA10 antibody-conjugated 

Chol–SIB–PEG was decorated on complexes to achieve zeta 

potential reduction and prolonged circulation time.

TEM showed that EPSL were spherical in shape and had 

a narrow size distribution (Figure 4C). The mean nanoparticle 

sizes observed by TEM were smaller than that measured 

by the dynamic light scattering technique because of the 

shrinkage of nanoparticles owing to the drying process in 

the TEM preparation.49

In vitro cellular uptake of EPSLR
The in vitro cellular uptake of EPSLR was investigated by 

CLSM and flow cytometry. FAM-labeled siRNA was chosen 

as a fluorescence probe in place of siRNA. The CLSM study 

showed that a very weak green fluorescence signal was 

obtained for siRNA, indicating that only small amounts 

of siRNA were internalized into the cells (Figure 5A). 

In contrast, MCF-7/ADR cells treated with LR, PSLR, and 

EPSLR showed significant internalization as shown by inten-

sive green fluorescence (Figure 5). LR resulted in a higher 

amount of internalization (Figure 5B) than PSLR (as shown 

in Figure 5C), indicating that the cellular uptake of PSLR 

was inhibited in the presence of PEG. The cells treated with 

EPSLR exhibited intensive green fluorescence, indicating 

that the EPSLR had significantly increased transfection 

efficiency in MCF7/ADR cells in comparison to PSLR and 

even LR (Figure 5D). It has to be noted that the zeta potential 

of LR was much higher than that of EPSLR, and higher zeta 

potential would contribute to nonspecific internalization. 

These results firmly demonstrated that anti-EphA10 conjuga-

tion could specifically enhance the binding affinity of EPSLR 

in breast cancer of anti-EphA10 expression.

In order to evaluate the cellular uptake of siRNA–liposome 

complexes, MCF-7/ADR cells were incubated with LR, 

PSLR, and EPSLR prepared with FAM-labeled siRNA for 

4 hours at 37°C. Fluorescence intensity was quantitatively 

analyzed by flow cytometry (Figure 6A). The amount of 

cellular uptake of naked siRNA after 4 hours incubation was 

significantly lower than that of siRNA–liposome complexes. 

The EPSLR resulted in 4.42-fold higher cellular uptake than 

PSLR, and thus 1.67-fold higher cellular uptake than the LR 

after 4 hours incubation, respectively. The cells incubated 

with PSLR demonstrated less fluorescence intensity in con-

trast to LR, which indicated that the PEG modification led 

to a decrease in the complexes–cell interaction as a result of 

the steric and electrostatic hindrance to entry into the target 

cell caused by PEG.50 The high amount of cellular uptake of 

EPSLR in MCF-7/ADR cells may be attributed to the anti-

EphA10-mediated targeting, and this result is consistent with 

the findings of the fluorescence intensity study as shown in 

Figure 5. Surface-functionalized liposomes with antibodies 

decreased steric hindrance during targeting, facilitating bind-

ing of liposomes to cancer cells.51 Anti-EphA10 is expressed 

in all subsets of breast cancer but is not expressed in normal 

breast tissue.52 Nagano et al53 revealed that the administration 

of an anti-EphA10 antibody significantly suppressed tumor 

growth in a xenograft mouse model, indicating anti-EphA10 

as the target for breast cancer. To improve the targeting ability 

of loaded siRNA, cationic liposomes can be modified with 

Figure 5 CLSM images of MCF-7/ADR cells incubated with naked siRNA (A), FAM-
labeled LR (B), PSLR (C), and EPSLR (D).
Notes: Blue and green colors indicate Hoechst 33258 and FAM-siRNA, respectively. 
Scale bar =10 μm.
Abbreviations: CLSM, confocal laser scanning microscopy; LR, liposome–siRNA 
complexes; siRNA, small interfering RNA; PSLR, PEGylated LR; EPSLR, PSLR-
conjugated anti-EphA10 antibody.
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anti-EphA10 antibody that selectively binds to anti-EphA10 

preferentially expressed on the surface of breast cancer cells. 

The uptake experiments demonstrated that anti-EphA10 

antibody modification facilitated siRNA–liposome complexes 

internalization in MCF-7/ADR cells.

To further investigate the targeting ability of EPSLR, 

competitive inhibition of free Eph was performed. MCF-7/

ADR cells were incubated with EPSLR in medium with or 

without Eph. The result revealed that uptake of EPSLR with-

out Eph was significantly higher than that with anti-EphA10 

(Figure 6B, P0.01). The aforementioned results indicated 

that the introduction of anti-EphA10 antibody may greatly 

enhance the affinity of EPSLR to MCF-7/ADR cells through 

Eph-mediated endocytosis, which is highly Eph dependent, 

and free antibody can competitively bind to anti-EphA10 on 

MCF-7/ADR surface. Although the endocytosis mechanism 

mediated by Eph is not clear and needs further research, Eph 

conjugation significantly increased EPSLR accumulation in 

the breast cancer cells.

Intracellular distribution
To further explore the intracellular distribution of siRNA 

in EPSLR, subcellular localization of FAM-labeled siRNA 

was observed using CLSM with respect to LysoTracker Red 

for lysosomes and Hoechst 33258 for nucleus. As shown in 

Figure 7A, naked siRNA displayed poor green fluorescence, 

based on which it is difficult to judge successful endosomal 

escape. The separation of green and red fluorescence was 

significant when cells were incubated with LR (Figure 7B); 

siRNA in LR indicating a successful endosomal escape and 

an efficient release into cytoplasm. Comparatively, FAM-

siRNA formulated in PSLR and EPSLR exhibited a diffuse 

Figure 6 Flow cytometry measurement of intracellular uptake of FAM-siRNA-loaded complexes (A) and anti-EphA10 antibody competitive assay (B) in MCF-7/ADR cells 
(P0.01).
Note: **P,0.01.
Abbreviations: LR, liposome–siRNA complexes; siRNA, small interfering RNA; PSLR, PEGylated LR; EPSLR, PSLR-conjugated anti-EphA10 antibody; Eph, anti-EphA10 
antibody.

Figure 7 CLSM images of the intracellular distribution of FAM-siRNA.
Notes: For each panel, images from left to right show nuclei stained by Hoechst 
33258 (blue), FAM-siRNA (green), lysosome stained with LysoTracker (red) and 
merged images. MCF-7/ADR cells were incubated with naked siRNA (A), LR (B), 
PSLR (C), and EPSLR (D) for 4 hours. Scale bar =10 μm.
Abbreviations: CLSM, confocal laser scanning microscopy; LR, liposome–siRNA 
complexes; siRNA, small interfering RNA; PSLR, PEGylated LR; EPSLR, PSLR-
conjugated anti-EphA10 antibody.
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distribution after 4 hours incubation (Figure 7C and D). 

The results could be due to the fact that PEG–SIB–Chol 

or Eph–PEG–SIB–Chol was sensitive to H+ and degraded 

to remove the PEG or Eph–PEG long chains, contributing 

to membrane–membrane fusion between liposome and 

plasma.24 In addition, stronger green fluorescence was found 

on incubation with EPSLR than PSLR as well as LR. The 

results were consistent with flow cytometry results, confirm-

ing facilitated internalization by Eph.

As endosomal escape is a well-known barrier to efficient 

nucleic acid delivery, vectors are generally entrapped in 

endosomes after being internalized, and tend to either recycle 

their contents back to the cell surface or fuse with the acidic 

lysosomes later, resulting in sequestration followed by deg-

radation of the cargo plasmid by the lysosomal enzymes, 

with no access to the cytoplasm or nucleus. As a potential 

long circulation candidate for siRNA delivery, pH-sensitive 

PEG–lipid has been proven to assist to reduce liposome 

surface protein absorption and aggregation to extend half-

life and release siRNA into cytoplasm.54 High transfection 

efficiency does not always mean superior gene silencing 

activity because enough siRNA escape from endosome/

lysosome is required. Upon release of FAM-siRNA from 

EPSLR into cytoplasm, the cellular fluorescence is expected 

to increase significantly (Figure 7D). The results confirmed 

that the novel PEG–cholesterol derivative could degrade 

in mild acidic environment, assisting in siRNA endosomal 

escape and release into cytoplasm through membrane fusion 

between liposome and endosome/lysosome.

Cytotoxicity assay
Cytotoxicity is one of the most important issues in biological 

application of the siRNA delivery system, and cytotoxicity 

may be related to factors including stabilizer, structure, and 

zeta potential.55 As for cationic liposomes, there are two fac-

tors contributing to cytotoxicity: the positive zeta potential and 

inherent biotoxicity of ligands conjugation (eg, HER2 anti-

body). To assess the cytotoxicity of siRNA-loaded complexes, 

the MTT assay was used to compare the viability of MCF-7/

ADR cells after incubation with different formulations (naked 

siRNA, LR, PSLR, and EPSLR) at different N/P ratios for 

24, 48, and 72 hours. As shown in Figure 8A, LR and PSLR 

did not exhibit significant cytotoxicity at different N/P ratios 

against MCF-7/ADR cells at 24 hours. However, a signifi-

cant difference was observed when the N/P ratio was above 

9 after 48 hours, indicating that LR and PSLR were slightly 

more cytotoxic at 48 hours (Figure 8B) and N/P dependent, 

and the same trend was observed at 72 hours (Figure 8C).  

In comparison with LR and PSLR, the viability of cells 

adapted for EPSLR with N/P ratios above 7 in MCF-7/ADR 

cells reduced significantly after 24 hours incubation. These 

results indicate that anti-EphA10 antibody-mediated targeting 

increases the cytotoxicity of EPSLR against MCF-7/ADR 

cells. It has been reported that anti-EphA10 was specifically 

expressed in various subtypes of breast cancer tissues, but not 

within most normal tissues, indicating that anti-EphA10 is a 

promising drug target potentially useful for breast cancers.53 

Therefore, the cytotoxicity of EPSLR is probably attributed to 

the fact that anti-EphA10 antibody decoration can facilitate 

EPSLR internalization into carcinoma cells. Furthermore, 

anti-EphA10 promoted cell proliferation following ligand 

stimulation. Anti-EphA10 mAb as a therapeutic tool can 

accumulate in breast tumor tissues and is capable of mediat-

ing significant tumor growth suppression both in vitro and 

in vivo.56 These results confirm that anti-EphA10 modifica-

tion plays an essential role in increasing the cytotoxicity of 

EPSLR because of receptor-mediated endocytosis. In addi-

tion, no significant difference was found at different time 

points in MCF-7/ADR cells treated with EPSLR at an N/P 

ratio of 14 (Figure 8A–C). It is important to note that the cell 

viability remained at over 75% even after exposure to EPSLR 

at an N/P ratio of 14 at 72 hours, suggesting that EPSLR can 

serve as a safe gene vector with low cytotoxicity.

Gene silencing
In order to demonstrate the effectiveness of EPSLR delivery 

siRNA into MCF-7/ADR cells, the cells were treated with 

different formulations for 4 hours and MDR1 expression 

was analyzed using the Western blot assay after 72 hours. 

As shown in Figure 8D and E, the level of MDR1 protein 

expression in MCF-7/ADR cells significantly decreased 

after the delivery of MDR1-siRNA using siRNA–liposome 

complexes in comparison with naked MDR1-siRNA. This 

is probably due to the fact that the negative charge and the 

large molecule weight hamper naked siRNA cross cellular 

membrane. Upon examination of the primary siRNA delivery 

system in the study, MDR1-siRNA-loaded EPSLR showed a 

higher gene-silencing efficiency in MCF-7/ADR cells com-

pared to both MDR1-siRNA-loaded LR and MDR1-siRNA-

loaded PSLR at the protein level. It has been proven that 

cationic liposomes have great potential for siRNA delivery. 

It is a promising strategy to deliver therapeutic agents using 

nanoparticles conjugated with antibody for tumor-specific 

antigens in tumor therapy,57 and in vitro targeting ability 

experiments suggested that anti-EphA10 antibody conjuga-

tion is highly efficient in facilitating the cellular uptake of 
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siRNA in MCF-7/ADR cells. Furthermore, Chol–SIB–PEG 

as a pH-sensitive PEG–lipid has reportedly been used to 

develop a pH-sensitive liposome for cancer therapy.30 As a 

result of these advantages coupled with the ability to escape 

from endosome/lysosome (Figure 7), EPSLR achieved 

more efficient MDR1 gene silencing. Besides, MDR1 

protein expression in LR was lower than that of PSLR, 

which further confirmed that PEG-modified nanoparticles 

hinder its endocytosis into cells. It is noteworthy that there 

was no obvious change in the expression of MDR1 protein 

in MCF-7/ADR cells treated with LR
NC

 in comparison to 

control, suggesting that gene silencing was attributed to a 

specific sequence of siRNA inducing mRNA degradation. 

Gene silencing experiments suggested that EPSLR was 

significantly internalized with the assistance of anti-EphA10  

antibody, escaped from endo-lysosome and released siRNA 

into cellular plasma, and finally siRNA formed RNA-induced 

silencing complex (RISC) and silenced target gene.

In vivo tumor-targeting of EPSLR
The in vivo biodistribution and targeting ability of EPSLR 

in tumor-bearing mice were evaluated using a near infrared 

fluorescence image system. The tumor-bearing mice were 

injected with DIR-loaded LR, PSLR, and EPSLR. Figure 9A 

Figure 8 In vitro cytotoxicity studies of LR, PSLR, and EPSLR.
Notes: Studies of LR, PSLR, and EPSLR for 24 (A), 48 (B), and 72 hours (C) (P0.05) and Western blot. Quantification of Western blot bands using ImageJ (D). MDR1 
silencing mediated by control, naked siRNA, LRNC, LR, PSLR, and EPSLR (E).
Abbreviations: LR, liposome–siRNA complexes; siRNA, small interfering RNA; PSLR, PEGylated LR; EPSLR, PSLR-conjugated anti-EphA10 antibody; LRNC, Liposome–
negative control siRNA complexes; N/P ratios, molar ratio of DOTAP-nitrogen atoms to siRNA-phosphate; P-gp, P-glycoprotein.
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Figure 9 In vivo fluorescence images of nude mice.
Notes: (A) Nude mice bearing MCF-7/ADR cells after tail vein administration of DIR-loaded LR, PSLR and EPSLR. (B) Ex vivo fluorescence images of tumors and organs 
collected at 24 hours postinjection of LR, PSLR, and EPSLR. (C) Quantification of excised organs and tumor uptake characteristics of nanocomplexes. Uptake expressed as 
fluorescence per mm2 of tumor and organs. Data expressed as mean values ± SD (n=3, *P0.05).
Abbreviations: LR, liposome–siRNA complexes; siRNA, small interfering RNA; PSLR, PEGylated LR; EPSLR, PSLR-conjugated anti-EphA10 antibody; SD, standard deviation; 
DIR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide.

shows the real-time images in nude mice at 1 and 24 hours 

after injection of the complexes. Most of the DIR accumu-

lated in liver at 1 hour postadministration of LR, PSLR, and 

EPSLR, and then there was a decrease in the fluorescence 

intensity after 24 hours. The targeted EPSLR revealed a 

distinct uptake, with the highest accumulation in a MCF-7/

ADR xenograft tumor model, which is consistent with 

anti-EphA10 antibody-mediated accumulation of EPSLR  

in breast cancer cells. Injection of PSLR resulted in signifi-

cantly lower fluorescence intensities in tumor at 24 hours 

compared to mice that received EPSLR, revealing EPSLR 

affinity to MCF-7/ADR tumor. Compared to LR, the fluores-

cence intensity of PSLR or EPSLR in the tumor region was 

significantly increased at 24 hours postinjection, which was 

attributed to enhanced permeability and retention effect58 or 

a combination effect with Eph-mediated endocytosis,59 indi-

cating that PEGylation is capable of prolonging circulation 

times of complexes in blood. Numerous reports showed that 

the nanoparticles with sizes ranging from 100 to 200 nm 

could take a longer circulation time than larger diameters.60 

It should be noted that our prepared EPSLR and PSLR at 

N/P ratio possess a particle size of ~170 nm and ~160 nm 

(data not shown), which is partly responsible for accumula-

tion of liposome-siRNA complexes in tumor site. The ex 

vivo analysis of fluorescence intensity (Figures 9B and C) 

also supported the realization that EPSLR could be delivered 

to tumor rather than other organs, providing the substantial 

evidence of tumor targeting ability of EPSLR as an effective 

delivery system for siRNA delivery.

Conclusion
A multifunctional siRNA-loaded liposomal nanocarrier, 

decorated with the monoclonal antibody anti-EphA10 and 

a pH-sensitive PEG shield, was designed and characterized. 
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This carrier could act as a stimulus-sensitive carrier targeted 

with antitumor antibody, with systemic long circulation 

characteristics and with pH sensitivity to lower pH. 

The  cytotoxicity assays showed that the anti-EphA10 

antibody coating could slightly increase the cytotoxicity 

of siRNA–liposome complexes against MCF-7/ADR cells. 

The results of the cellular uptake experiments demonstrated 

that anti-EphA10 antibody coating could improve the  

transfection efficiency of EPSLR in MCF-7/ADR cells by 

Ephrin receptor-mediated endocytosis. The gene expression 

studies in MCF-7/ADR cells clearly showed that MDR1 

protein expression was significantly downregulated using 

EPSLR. Furthermore, the results of CLSM indicated that 

EPSLR could facilitate in siRNA endosomal escape and 

efficient release into cytoplasm. Biodistribution of EPSLR 

results demonstrated that PEGylation and anti-EphA10 

antibody modification increased tumor targeting in vivo. 

Thus, the formation of the EPSLR complex provides a facile 

approach to constructing a multifunctional delivery system 

for gene drug targeting. These EPSLR complexes capable 

of efficiently delivering siRNA into cancer cells are highly 

promising for cancer therapy.
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Figure S1 SDS–PAGE of free (1–2) and conjugated anti-EphA10 antibody (3–4).
Abbreviation: SDS–PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis. 
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