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Controllable Drug Delivery by Naþ/Kþ ATPase
α1 Targeting Peptide Conjugated DSPE-PEG
Nanocarriers for Breast Cancer

Yayan Yang, BS1, Qian Feng, PhD1, Chuanfeng Ding, BS2, Wei Kang, PhD3,4 ,
Xiufeng Xiao, PhD1, Yongsheng Yu, PhD2 , and Qian Zhou, MD2

Abstract
Although Epirubicin (EPI) is a commonly used anthracycline for the treatment of breast cancer in clinic, the serious side effects
limit its long-term administration including myelosuppression and cardiomyopathy. Nanomedicines have been widely utilized as
drug delivery vehicles to achieve precise targeting of breast cancer cells. Herein, we prepared a DSPE-PEG nanocarrier conjugated
a peptide, which targeted the breast cancer overexpression protein Naþ/Kþ ATPase a1 (NKA-a1). The nanocarrier encap-
sulated the EPI and grafted with the NKA-a1 targeting peptide through the click reaction between maleimide and thiol groups.
The EPI was slowly released from the nanocarrier after entering the breast cancer cells with the guidance of the targeting NKA-a1
peptide. The precise and controllable delivery and release of the EPI into the breast cancer cells dramatically inhibited the cells
proliferation and migration in vitro and suppressed the tumor volume in vivo. These results demonstrate significant prospects for
this nanocarrier as a promising platform for numerous chemotherapy drugs.
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Introduction

Breast cancer incidence is rapidly growing since the late 1970s

and has become the most frequently occurring cancer among

females by far.1,2 Female mammary gland is composed of skin,

fiber texture, mammary gland, and adipose tissue. Breast mass,

nipple discharge, skin change, nipple and areola abnormal, and

axillary lymph node mass are typical signs of breast cancer.3-5

Breast cancer is a kind of malignant tumor originating in the

mammary epithelial tissue and affect the health of female and

even male seriously.6,7 In order to diagnose and treat breast

cancer efficiently, various studies have been conducted.8-10

Until now, for the non-metastatic breast cancer, surgical resec-

tion, axillary lymph node resection, and postoperative radiation

are the main treatments; while for the metastatic breast cancer,

endocrine therapy, chemotherapy, and radiation therapy are

widely used.11-14 Among these aforementioned therapies, che-

motherapy is a vital treatment for breast cancer in clinical.15

Moreover, the commonly used drugs for chemotherapy, such as

epirubicin, doxorubicin, and taxol are always accompanied by

underestimated side effects, including but not limited to ane-

mia, neutropenia, thrombocytopenia, fatigue, and nausea.15,16

To enhance the therapeutic effect of breast cancer drugs

and reduce the side effects simultaneously, researchers

develops various kinds of nanocarriers-based drug delivery
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systems which can target breast cancer cells firstly and then

slowly release drugs inside tumor cells to reach precision

breast cancer therapy.17-23 The most common nanocarriers

can broadly be divided into 2 categories: inorganic nanopar-

ticles, such as metal nanoparticles and silicon dioxide (SiO2)

nanoparticles, and organic nanoparticles, such as liposomes,

micellar nanoparticles, and polymer vesicles.24-32 Among

the above mentioned nanocarriers, liposome, which is able

to encapsulate both hydrophilic and hydrophobic drugs,

occupy a key position due to the excellent biocompatibility

and easy preparation.33 However, the blood circulation time

of liposome is unsatisfactory because of the elimination by

reticuloendothelial system (RES).34 Therefore, Poly (ethy-

lene glycol) (PEG) modified liposomes (PEG-LP) are devel-

oped as long-circulating liposomes. This is because that the

hydrophilic PEG in the surface of the modified liposomes

can be highly hydrated in humoral environment to form

a hydration layer to avoid the rapid recognition by

the RES.35,36

To guarantee the targeting efficiency of nanoparticles,

various kinds of targeting ligands including targeting

peptides are grafted on the surface of nanocarriers.37-40 A

significantly upregulated expression of the sodium pump

Naþ/KþATPase a1 subunit (NKA a1) is observed on a large

proportion of human malignancies.37-40 The sodium pump

NKA a1 subunit is established with an attractive cancer-

related biomarker and therapeutic target in numerous cancers

including breast cancer. Also, it is closely related to the

development and progression of several cancers. Therefore,

NKA a1 is recognized as an effective target for cancer ther-

apy including breast cancer. A facile small peptide named S3

peptide (CSISSLTHC) screened from the phage display

shows a high binding affinity toward cancer cells with NKA

a1 overexpression.41 It makes S3 peptide a helpful targeting

peptide candidate for NKA a1 based cancer therapy. Bene-

fiting from the active chemical groups, such as amino group

and carboxyl group in PEG, the PEG-Liposomes can be eas-

ily modified by targeting ligands to reach precise drug deliv-

ery in vivo.

Herein, we choose 1,2-Distearoyl-sn-glycero-3-phospho

ethanolamine-Poly (ethylene glycol)2000 (DSPE-PEG) as the

main raw amphiphilic polymer for nanocarriers formation.42

Moreover, NKA a1 targeting peptide grafted DSPE-PEG

(DSPE-PEG-TP) is prepared based on the reaction between the

carboxyl groups of PEG and the amino groups of NKA a1

peptide. Epirubicin (EPI) is used as the model drugs in this

study.4,43 The final EPI delivered and NKA a1 targeting small

peptide grafted DSPE-PEG liposomes (DP-EPI-TP) are self-

assembled by using the one-step lipid-based film method. Both

the in vitro and in vivo results demonstrated that the well-

designed DP-EPI-TP nanoparticle is a promising system for

breast cancer treatment. In addition, this nanocarrier system

can be further developed to a potential platform for other solid

tumor therapy.

Materials and Methods

Materials

1,2-Dioleoyl-3-trimethylammonium-propane (chloride salt)

(DOTAP), cholesterol (Chol), 1,2-distearoyl-sn-glycero-3-phos

phoethanolamine-N-[maleimide(polyethylene glycol)-2000]

(DSPE-PEG-Mal), 1,2-distearoyl-sn-glycero-3-phosphoethano

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

and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

carboxyfluorescein (CFPE) were purchased from Ruixibio

(Xi’an, Shanxi, China). All organic reagents are of analytical

grade and purchased from Aladdin (Shanghai, China). FAM-

labeled NKA a1 peptide and FAM-labeled control peptide

were synthesized by Gene-Pharma Co., Ltd (Shanghai,

China). Dulbecco’s modified Eagle’s medium (DMEM) and

fetal bovine serum (FBS) were purchased from Life Technol-

ogies (Carlsbad, CA, USA). The NKA a1 primary antibody

(Catalog number: ab7671, Abcam), GAPDH primary anti-

body (Catalog number: ab8245, Abcam), and the relative second

HRP-antibody (Catalog number: ab6728, Abcam) were pur-

chased from Abcam (Shanghai, China).

Cell Lines

The human normal breast epithelial cells MCF-10A and the

human breast cancer cells MDA-MB-231 were purchased from

ATCC (American Type Culture Collection, VA, USA). The

cells were maintained in DMEM supplemented with 10% FBS,

25 mM HEPES buffer, 100 U/ml penicillin and 100 mg/ml

streptomycin in a humidified atmosphere of 5% CO2 at 37�C.

Preparation of Targeted Nanoparticles

DP-EPI-TP nanoparticles were fabricated by the lipid-based

film method. Briefly, EPI methanol solution with the concen-

tration as 1 mg/mL were prepared firstly and then this solution

were mixed with the lipid mixture containing DSPE-PEG2000-

TP/DSPE-PEG2000 with mass ratio 1:4 in chloroform. After

4 hours stirring at 35�C, the solvent was stirring removed by

vacuum rotary evaporation to obtain EPI-containing lipid film.

The dried film was immersed in PBS for 40 min and then

collected the final DP-EPI-TP nanoparticles by using the 200

nm polycarbonate membrane. The DP-EPI nanoparticles were

obtained with the similar method.

Characterization of Targeted Liposomes

The size, size distribution (PDI), and zeta potential of lipo-

somes were analyzed using a Zeta sizer (Nano-ZS, Malvern

Instruments, Worcestershire, UK) equipped with a He-Ne laser

(633 nm) at a scattering angle 173. About 5 mL micellar solu-

tion with a concentration 1 mg/mL diluted from the stocked

micelle solution by Milli-Q water was dropped on 100-mesh

Formvar-free carbon-coated copper grids (Ted Pella Type-A;

nominal carbon thickness 2e3 nm). After evaporating the water
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by exposing to air at room temperature, the sample was inver-

sely covered on a small drop of an aqueous hydrodated phos-

photungstate (PTA) solution with a mass fraction of 2%. The

micelle morphology was analyzed using the transmission elec-

tron microscope assay TEM (Hitachi, H-7000 Electron Micro-

scope). The conventional TEM images were obtained at 75 kV.

In Vitro Drug Release

The EPI release rate from the DP-EPI-TP was studied by a

dialysis method. Briefly, the PEG-pp-PEI-PE/PTX/siRNA

(0.5 mL) was dialyzed (MWCO 2000 Da) against 40 mL of

water containing 1 M sodium salicylate to maintain the condi-

tion at 37�C. The EPI in the outside media was determined by

RP-HPLC during the experiment.

In Vitro Cellular Uptake

For in vitro cellular uptake analysis, MDA-MB-231 and MCF-10A

cells were seeded in confocal dish at a density of 3� 105 cells per

well overnight. Cells were treated with the FAM labeled nanopar-

ticles at a concentration of 10mm for 1 h. After washing with PBST

(PBS containing 0.1% Tween-20), the cells were fixed with 4%
paraformaldehyde (PFA). The immunofluorescence of the

cells was visualized with Leica TCS SP5 Confocal Microscope.

Cell Viability Assay

The cells MDA-MB-231 and MCF-10A were seeded into 96

wells (2 � 103 per well) and incubated overnight. Then the

cells were incubated with PBS, free EPI, TP, DP-EPI, and

DP-EPI-TP, respectively. 10 mL CCK-8 solution and 90 mL

medium were added into each well after 24 or 72 h incubation.

Then the cells were incubated for 2 h at 37�C. The absorbance

was determined at 450 nm using Microplate reader (ELx808

Absorbance Reader, Biotek).

Western Blot

For the protein expression of NKA a1 in MDA-MB-231 and

MCF-10A cells, 5 � 105 cells were seeded in 10 cm dish over-

night. Cells were washed twice with PBS, and then the cells were

treated as described in the cell viability assay. Cells were washed

by PBS 3 times and lysed after 48 h incubation. Recombinant

anti-NKA-a1 (1:2000 dilution) and GAPDH (1:10000 dilution)

antibodies were used to detect the proteins expression.

Real-Time Quantitative PCR

The expression level of NKA-a1 in MDA-MB-231 cells or

MCF-10A cells was detected by RT-PCR. Total RNA was

extracted from the 2 cells with Trizol reagent (Invitrogen,

Carlsbad, CA, USA) and the first-strand cDNA was reversely

transcribed from RNA using the Reverse Transcription System

kit (Promega, USA). RT-PCR reactions were performed using

an Applied Biosystems 7500 Sequence Detection system

(Applied Biosystems, USA).

Transwell Migration Assay

MDA-MB-231 cells migration in response to DP-EPI-TP was

measured using the Transwell system (polycarbonate, 8 mm

pores, from Corning, USA). 600 mL 10% FBS medium were

added into the low chambers. 5 � 104 cells in 200 mL of FBS

free medium were placed in the top chambers and treated with

the nanoparticles as the above description. Then the cells were

incubated at 37�C in 5% CO2 for 18 h. The cells were fixed by

methanol and stained with crystal violet. The stained cells were

counted under a microscope with a 20� objective.

The Anti-Tumor Effectivity of DP-EPI-TP In Vivo

Female 4-6 weeks BALB/c nude mice were obtained from the

laboratory animal center of Tongji University. All animal

experiments were performed according to the protocols and

guidelines approved by the Tongji University Institutional

Animal Care and Use Committee (Approval number:

TJLAC-020-147). The mice were maintained on a standard

laboratory under a 12 h/12 h light/dark schedule. Mice were

randomly divided into 4 groups of 5 mice each. Each mouse

was subcutaneously injected with 5 � 106 MDA-MB-231

breast cancer cells. When the tumor volume reached approxi-

mately 100 mm3, mice were injected intravenously via the tail

vein with a single dose (0.8 mg per mouse) of the different

formulations (1 injection every 2 days for 6 days). Tumor size

and mouse body weight were monitored every 5 days with Ver-

nier calipers. The volume (V) was calculated as: (V) ¼ 1/2 �
(width2 � length).

Statistical Analysis

Statistical analysis was performed by a Student’s t-test for

direct comparisons and one-way analysis of variance for mul-

tiple groups. All the quantitative data are expressed using the

mean + SD (standard deviations). A P value less 0.05 was

considered statistically significant.

Figure 1. Preparation of EPI-loaded DSPE-PEG2000-TP nanomicelles

and the mechanism of action of DP-EPI-TP in breast cancer cells.

Yang et al 3



Results and Discussion

Synthesis and Characterization of DSPE-PEG Based
Nanocarriers

The DSPE-PEG based nanocarriers were fabricated by the lipid-

based film method (Figure 1). As shown in the Transmission

Electron Microscope (TEM) (Figure 2A), both the pure DSPE-

PEG liposomes (DP) and the NKA a1 targeting peptide

(CSISSLTHC) conjugated and Epirubicin (EPI) encapsulated

DSPE-PEG liposomes (DP-EPI-TP) are clearly uniform

Figure 2. The characterization of DP-TP nanomicelles and the correlation between the targeting nanomicelles and the NKA a1 expression levels. A,

Transmission electron microscope image of DP and DP-TP. The scale bar is 200 nm. B, Confocal fluorescent images of cellular uptake of FAM-DP

and FAM-DP-TP. Nanoparticles at 10 mM were incubated with MDA-MB-231 or MCF-10A cells for 1 h at 37�C and extra nanoparticles in the

medium was washed away before the cells were imaged. The lower panel shows the mean fluorescent intensity of different cells (*P < 0.05).

Table 1. Characterization of Liposomes. Size, Polydispersity Indices

(PDI), and Zeta Potential.a

Liposomes Size (nm) PDI Zeta potential (mV)

DP 138.4 + 6.6 0.17 + 0.02 þ32.7 + 5.5

DP-EPI 140.1 + 5.7 0.14 + 0.02 þ26.4 + 4.3

DP-EPI-TP 143.3 + 6.9 0.18 + 0.04 þ24.9 + 3.9

aData are expressed as mean + SD (n ¼ 3).

Figure 3. NKA a1 protein (A) and mRNA (B) expression in human

breast normal epithelial cells MCF-10A and human breast cancer cells

MDA-MB-231 (*P < 0.05).
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spherical structure diameter. Notably, the diameter of DP-EPI-

TP is around 140 nm, which is similar to that of DP, demonstrat-

ing that the conjugation of NKA a1 targeting peptide and the

encapsulation of EPI drug have no negative influence on the

morphology of DSPE-PEG based liposome system. In addition,

the zeta potential DP-EPI-TP (þ24.9 + 3.9) is significantly

lower than that of DP (þ32.7 + 5.5) and DP-EPI (þ26.4 +
4.3) is due to the negative charge of the NKA a1 peptides,

proving the successful targeting peptide grafting on the surface

on the DP-EPI-TP nanocarrier (Table 1 and Figure S1).

Figure 4. Viability of MDA-MB-231 cells in response to the different treatments. Cells were treated with the different groups incubated for

24 (A) and 72 h (B) before counting by CCK-8 assay (DP-EPI-TP vs the other groups, *P < 0.05).

Figure 5. Effect of DP-EPI-TP on breast cancer cells migration. A, The representative images of staining of cells that have migrated under

a microscope. B, Quantification of the migrating cancer cells with different groups. The migrating cells markedly decreased with treatment

of DP-EPI-TP and EPI in MDA-MB-231 cancer cells (DP-EPI-TP vs the other groups, *P < 0.05).
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Cellular Targeting Efficiency of DP-EPI-TP In Vitro

Only about 20% of the loaded EPI was released from DP-EPI-

TP complexes after 4 h incubation, while more than 80% drug

was released after 20 h incubation (Figure S2). This appropriate

drug release profile ensured the efficient cell internalization of

the loaded EPI as well as the sufficient dose of the released EPI

for effective anticancer activity after endocytosis.

To determine the cellular targeting efficiency of DP-TP in

the breast cancer cells, FAM-DP and FAM-DP-TP were incu-

bated in MDA-MB-231 and MCF-10A cells for 1 h and any

free nanomicells in the buffer was removed by washing with

PBS. FAM-DP-TP efficiently targeted and entered the MDA-

MB-231 cells with high florescence, while the non-targeting

FAM-DP group shows low florescence (Figure 2B). We

detected the relative NKA a1 expression of protein and mRNA

in human breast cancer cell MDA-MB-231 and a normal

human breast epithelial cell MCF-10A. The NKA a1 protein

expression in MDA-MB-231 was significantly higher than that

in normal human breast epithelial cell MCF-10A (Figure 3A).

Meanwhile, the NKA a1 mRNA showed the similar expression

with the protein expression in the 2 types of cells (Figure 3B).

In Vitro Cytotoxicity of DSPE-PEG Based Nanocarriers

To evaluate the therapeutic effect of DP-EPI-TP nanocarriers,

the human breast cancer MDA-MB-231 cells and the human

normal breast MCF-10A cells were treated with pure NKA a1

targeting peptide (TP), pure drug EPI, DP-EPI, DP-EPI-TP,

and negative control PBS, respectively. As presented in

Figure 4, both TP and PBS groups show around 100% cell

viability after 24 h or 72 h in vitro culture, demonstrating the

non-toxicity of NKA a1 targeting peptide. EPI and DP-EPI-TP

groups show obviously lower cell viability than TP and PBS

groups, and the cell viability of EPI and DP-EPI-TP groups

decrease with the increasing of EPI concentration and the

prolonging of cell culture time. Moreover, compared to

DP-EPI groups which is without NKA a1 targeting peptide,

DP-EPI-TP still show significantly lower cell viability in

human normal breast cells MCF-10A (Figure S3). These results

strongly certify that the conjugation of NKA a1 targeting pep-

tide on the DSPE-PEG based liposomes can efficiently help the

precise drug delivery and releasing for breast cancer cells.

NKA a1 Targeted Nanoparticles Inhibits the Migration
of Breast Cancer Cells

Cell migration was closely related to numerous tumor biologi-

cal phenomena including progression and morphogenesis. We

next measured whether targeting group DP-EPI-TP would lead

to the inhibition of breast cancer cells migration in vitro. The

ability of breast cancer cells migration was determined by

the quantification of the staining of cells number using of the

Transwell system. The results showed that free EPI, DP-EPI,

Figure 6. In vivo antitumoral effect of DP-EPI-TP nanomicelles in tumor-bearing mice. (A) A representative picture of the excised tumors of

each group (1: PBS; 2: TP; 3: DP-EPI; 4: EPI; 5: DP-EPI-TP). Tumor volume (B) and tumor weight (C) measurement throughout the treatments

(DP-EPI-TP vs the other groups, *P < 0.05).
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and DP-EPI-TP inhibited cellular migration compared with the

PBS or TP groups after 16 h incubation (Figure 5A and B).

Moreover, DP-EPI-TP group demonstrated significant inhibi-

tion of cell migration compared with the DP-EPI group. This

suggests that DP-EPI-TP can specifically inhibit cell migration

in NKA a1-overexpressing breast cancer cells.

In Vivo Therapeutic Efficacy of DP-EPI-TP Nanomicelles

We further measure the therapeutic effect of DSPE-PEG nano-

carriers system in vivo. The breast cancer xenograft model was

established through subcutaneous injection of MDA-MB-231

breast cancer cells into BALB/c nude mice. When the tumor

volume reached to around 100 mm3, mice were treated with

PBS, TP, EPI, DP-EPI, and DP-EPI-TP via tail vein injection

randomly. By testing the tumor volume and weight (Figure 6A

and B), we can observe without the conjugation of NKA a1

targeting peptide, DP-EPI show unsatisfactory inhibition effect

of tumor growth. However, DP-EPI-TP groups show the same

level of tumor inhibition effect as EPI groups, which is much

lower than the PBS negative control groups and DP-EPI

groups. It demonstrates that the grafted NKA a1 targeting pep-

tide greatly improve the efficiency of drug delivery. While the

DP-EPI-TP groups play a most significantly role in inhibiting

the volume and weight of tumor than other groups, indicating

the DP-EPI-TP nanomicelles have the effectively active in anti-

breast cancer treatment. These results were consistent with the

cytotoxicity test. Furthermore, the advantages of the DP-EPI-

TP nanomicelles include accurately peptide targeting and

effectively delivery of drugs.
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