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Background: Breast cancer is the leading cause of cancer death in women. Chemotherapy to

inhibit the proliferation of cancer cells is considered to be themost important therapeutic strategy.

The development of long-circulating PEG and targeting liposomes is a major advance in drug

delivery. However, the techniques used in liposome preparation mainly involve conventional

liposomes, which have a short half-life, high concentrations in the liver and spleen reticuloen-

dothelial system, and no active targeting.

Methods: Four kinds of paclitaxel liposomeswere prepared and characterized by various analytical

techniques. The long-term targeting effect of liposomes was verified by fluorescence detection

methods in vivo and in vitro. Pharmacokinetic and acute toxicity tests were conducted in ICR

mice to evaluate the safety of different paclitaxel preparations. The antitumor activity of ES-SSL-

PTX was investigated in detail using in vitro and in vivo human breast cancer MCF-7 cell models.

Results: ER-targeting liposomes had a particle size of 137.93±1.22 nm and an acceptable

encapsulation efficiency of 88.07±1.25%. The liposome preparation is best stored at 4°C, and

is stable for up to 48 hrs. Cytotoxicity test on MCF-7 cells demonstrated the stronger

cytotoxic activity of liposomes in comparison to free paclitaxel. We used the near-infrared

fluorescence imaging technique to confirm that ES-SSL-PTX was effectively targeted and

could quickly and specifically identify the tumor site. Pharmacokinetics and acute toxicity

in vivo experiments were carried out. The results showed that ES-SSL-PTX could signifi-

cantly prolong the half-life of the drug, increase its circulation time in vivo, improve its

bioavailability and reduce its toxicity and side effects. ES-SSL-PTX can significantly

improve the pharmacokinetic properties of paclitaxel, avoid allergic reaction of the original

solvent, increase antitumor efficacy and reduce drug toxicity and side effects.

Conclusion: ES-SSL-PTX has great potential for improving the treatment of breast cancer,

thereby improving patient prognosis and quality of life.

Keywords: breast cancer, estrogen receptors, paclitaxel, long-acting liposomes, targeted

drug delivery

Introduction
Cancer is a complex and highly heterogeneous disease. Globally, breast cancer is

the most common type of cancer and results in the most fatalities.1 Breast cancer is

chemosensitive;2 thus, chemotherapy to inhibit the proliferation of primary cancer

cells is considered to be the most important therapeutic strategy.3 Taxanes are one

of the most effective classes of anticancer drugs in the clinic.

Paclitaxel (PTX) is a first-line treatment for breast cancer.4–7 Polyoxyethylene

castor oil and absolute ethanol are used clinically (50:50, v/v) as a vehicle for
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intravenous PTX injections.8,9 The solvent significantly

increases the solubility of PTX, however, it has been

reported to cause allergic reactions, neurotoxicity, nephro-

toxicity, and other toxic side effects,10–12 greatly limiting

the clinical application of PTX. Additionally, like other

broad-spectrum anticancer drugs, PTX has several limita-

tions that seriously affect its clinical efficacy; it is not

selectively distributed in vivo, has a short circulation half-

life, and causes damage to normal cells while killing

cancer cells.

The use of liposomes as drug carriers for chemotherapy

was first proposed in 1974 by Gregoriadiset al13 and lipo-

somes are regarded as good candidates because of their

safety, size controllability, and capability for easy

functionalization.14 Cisplatin and other chemotherapeutic

drug-liposome preparations are approved by the FDA for

clinical use in tumor therapy.15 The study of polyethylene

glycol (PEG) long-circulating liposomes began in 1990.16

Because binding PEG to proteins was demonstrated to

prolong their half-life in vivo, researchers have tried to

determine if PEG conjugation could also extend the half-

life of liposomes.17,18 The development of long-circulating

PEG liposomes is a major advance in drug delivery, parti-

cularly tumor drug delivery. Kim et al showed that PEG-

modified liposomes have enhanced anticancer effects and

in vivo stability.19 The PEG chain bound to the lipid

bilayer membrane enables the liposome to persist longer

because the hydrophilic long chain of PEG can form

a barrier on the surface of the liposome. This reduces the

mutual polymerization between the liposomes and

increases their stability. The PEG-modified liposomes

have spatial stability and reduced adsorption by opsonized

proteins in the blood. In addition, PEG can help liposomes

escape capture by the reticuloendothelial system, greatly

improving the stability of the liposomes in the vascular

system, thereby reducing the distribution in important

tissues and organs, and reducing drug toxicity.20

However, the techniques used in liposome preparation

mainly involve conventional liposomes, which have

a short in vivo half-life, high concentrations in the liver

and spleen reticuloendothelial system, and no active

targeting.21,22

Estrogen receptors (ERs) are powerful targets for

receptor-mediated delivery of PTX to breast cancer cells.

ERs are members of the nuclear receptor superfamily that

mediate the multidirectional effects of estrogen and have

a wide range of roles in various developmental and phy-

siological processes.23–25 ERs were first identified in the

late 1960s based on their ability to bind radiolabeled

estrogens.26–28 Over the following decade, several differ-

ent methods were developed to detect their expression in

clinical breast cancer samples, and they became widely

used as a predictor of hormone stress and the clinical

invasiveness of tumors.29 Studies have shown that in

breast cancer ERs are overexpressed by 60–80%.30

Estrone (ES)-conjugated liposomes loaded with doxorubi-

cin (DOX) potentiated the delivery of DOX to cancer cells

overexpressing ERs.31,32 A biodistribution test in female

rats showed that the concentration of ES-conjugated lipo-

somes in ER-positive cells (such as from the breast and

uterus) was significantly increased; the concentration of

DOX in the breast was 13.9 and 11.05 times higher than

that of free DOX or DOX loaded in untargeted liposomes,

respectively. Additionally, the concentration of DOX in

myocardial tissue was significantly lower than that of

free DOX.23 These studies suggest that ERs can be used

to target breast cancer.

Here, we synthesized ER-targeting molecules and

loaded them into conventional liposomes to develop and

characterize a new, high-efficiency, low-toxicity liposome

nanopreparation with long-term circulation and tumor-

targeting characteristics. We also explored its ability to

target breast cancer cells. We investigated the antitumor

effect of this new PTX liposome on breast cancer in vitro

and in vivo. Data from pharmacokinetic studies provides

important evidence for the further reduced toxicity of

PTX, which will help to improve the drug treatment

index and compliance of patients with clinical cancer, in

addition to facilitating its use by clinical staff.

Materials and Methods
Materials
The following reagents, drugs, and chemicals were used in this

study: Paclitaxel (PTX, Dalian Meilun Biotechnology Co.,

Ltd.), Soy lecithin (PC, Tianjin Guangfu Fine Chemical

Research Institute), Cholesterol (Chol, Shanghai Huishi

Biochemical Reagent Co., Ltd.), distearoylphosphatidyletha-

nolamine-oxypolyethylene glycol 2000 (DSPE-PEG2000,

Shanghai Xibao Biotechnology Co., Ltd.), distearoylphospha-

tidylethanolamine-polyethylene glycol 2000-estrone (DSPE-

PEG2000-ES, laboratory synthesis), chloroform (Beijing

Chemical Plant), sodium hydroxide (Beijing Chemical

Plant), sodium diethyldithiocarbamate (DDTC, Tianjin

Tiantai Fine Chemicals Co., Ltd.), Rhodamine B (Tianjin

Guangfu Fine Chemical Research Institute), DiR (Beijing
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Fanbo Biochemical Company), Thiazole Blue (MTT, MYM

Biotechnology Co., Ltd.), and Hoechst 33342 (Sigma). All the

reagents were of analytical or HPLC grade.

Cells
Human breast cancer MCF-7 cells (purchased from Wuhan

Biotechnology Co., Ltd.) were cultured in DMEM high-

glucose medium containing 10% fetal bovine serum (FBS)

and cyan/streptomycin (0.1 and 0.06 mg/mL, respec-

tively). The cells were cultured in a cell culture incubator

at 37°C containing 5% CO2 humidified air.

Animals
Female BALB/c nude mice, aged 4 to 5 weeks old and

weighing 20 ± 2 g, were purchased from Beijing Vital

River Laboratory Animal Technology Co., Ltd. (animal

license number: SCXK Beijing 2009–0004 (Beijing,

China)). Female ICR mice, aged 6–8 weeks and weighing

30±2 g, were purchased from the Experimental Animal

Center of the Basic Medical College of Jilin University.

All mice were reared indoors with a 12 hr alternating light-

dark cycle. All operation procedures were in accordance

with the requirement of the ethical approval by the Ethics

Committee of the School of Pharmaceuticals Sciences,

Jilin University (Approval No. 20120010). All the animal

studies have been conducted strictly under the guidelines

of “National Animal Management Regulations of China”,

and approved by the Animal Ethics Committee of the

School of Pharmaceuticals Sciences, Jilin University.

Synthesis of Estrogen Receptor-Targeting

Fragments
The synthesis of estrogen receptor (ER)-targeting fragments

had two steps. First, estrone succinic acid monoester was

synthesized from the starting materials estrone (ES) and

succinic anhydride under the catalysis of DMAP. Next,

estrone succinic acid monoester and DSPE-PEG2000-NH2

were used to synthesize the estrogen receptor-targeting frag-

ment DSPE-PEG2000-ES in the presence of DCC (Figure 1).

Liposome Preparation
Preparation of PTX Liposomes

Four PTX liposome preparations33 were generated by the

membrane hydration method: common PTX liposomes

(L-PTX; soy lecithin phospholipid: cholesterol: PTX, molar

ratio of 9:6:1), targeted PTX liposomes (ES-L-PTX; soy

lecithin phospholipid: cholesterol: PTX: ES-PEG2000-DSPE,

molar ratio of 9:6:1:0.075); long-acting PTX liposomes (SSL-

PTX; soy lecithin phospholipid: cholesterol: PTX: mPEG2000-

DSPE, molar ratio of 9:6:1:0.75), and targeted long-acting

PTX liposomes (ES-SSL-PTX; soy lecithin phospholipid:

cholesterol: PTX: mPEG2000-DSPE: ES-PEG2000-DSPE,

molar ratio of 9:6:1:0.75:0.075). Soy lecithin, cholesterol,

PTX, mPEG2000-DSPE and ES-PEG2000-DSPEwere weighed

and added to a rotary evaporation flask according to the above

molar ratios and dissolved in chloroform. The lipid film was

formed by rotary evaporation under vacuum conditions using

a rotary evaporator at a rotational speed of 90 to 120 rpm,

ensuring that no chloroform solvent remained. Phosphate-

buffered saline (PBS) was added to fully hydrate the film at

Figure 1 The synthetic route of targeting fragment DSPE-PEG2000-ES.
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room temperature. A vortexer was used to disperse the lipid

film evenly. After the liposome suspension was sonicated in an

ice water bath, the liposomes were passed through a 220 nm

polycarbonate membrane 5 times and an 80 nm polycarbonate

membrane 5 times using a high-pressure filtration extruder. As

a result, a PTX liposome solution with a uniform particle size

was obtained.

Preparation of Rhodamine B Liposomes and DiR

Liposomes

Four rhodamine B (RhB) liposome formulations were pre-

pared by membrane hydration.34 Precision weighed phospha-

tidylcholine (PC), cholesterol (Chol), mPEG2000-DSPE, and

RhB (molar ratio of 11:9:1:0.67) were added to a rotary eva-

poration flask and dissolved in chloroform. The liposome

suspension preparation was performed as described in section

of preparation of PTX liposomes. The ES-PEG2000-DSPE

target fragment was incubated with the obtained liposome

suspension in a 37°C water bath at a ratio of 1:200 (fragment

to total lipid) to obtain RhB long-acting targeted liposomes

(ES-SSL-RhB). The RhB long-acting liposomes (SSL-RhB)

were prepared in the same manner as ES-SSL-RhB, but with-

out the addition of the targeting fragment ES-PEG2000-DSPE.

The RhB-targeted liposomes (ES-L-RhB) were prepared

using the same method used for ES-SSL-RhB, but the long-

acting fragment, mPEG2000-DSPE, was not added. The RhB

common liposome (L-RhB) was prepared using the same

method as ES-L-RhB, but the targeting fragment, ES-

PEG2000-DSPE, was not added.

DiR long-acting targeted liposomes (ES-SSL-DiR; PC,

Chol, mPEG2000-DSPE, ES-PEG2000-DSPE, and DiR at

a molar ratio of 11:9:1:0.1:0.02) and DiR long-acting lipo-

somes (SSL-DiR; PC, Chol, mPEG2000-DSPE, and DiR at

a molar ratio of 11:9:1:0.02) were prepared using the mem-

brane hydration method,34 as described in section of prepara-

tion of PTX liposomes.

Liposome Characterization
Encapsulation Efficiency (EE) and Drug-Loading

Capacity (DL) Determination

Due to PTX’s poor solubility in water, free PTX35 that was

not loaded into the liposomes could be removed by low-

speed centrifugation. To break the liposomes, methanol

was added to 50 μL of PTX liposome solution, followed

by sonication for 5 min. The total PTX content was deter-

mined by HPLC. 0.1 mL of PTX liposomes were mixed

with an appropriate amount of PBS solution and centri-

fuged at 1000 rpm for 10 min. The insoluble free PTX

precipitated and the supernatant contained homogeneous

PTX liposomes. The supernatant was collected, de-

emulsified by adding methanol solution, and sonicated

for 5 min to completely break the liposomes. The PTX

content was determined by HPLC, which allowed us to

determine the mass of PTX loaded into the liposomes.

Entrapment

efficiency %ð Þ ¼
Actual amount of PTX

loaded in liposomes
Actual amount of PTX used

for liposomal preparation

� 100%

Loading Capacity %ð Þ¼ Amount of PTX in liposomes

Total amount of liposomes
� 100%

The chromatographic conditions were based on previously

published methods36 and described below. Column:

Shimadzu ODS C-18 column (250 mm × 4.6 mm, 5 μm),

column temperature: 25°C, mobile phase: acetonitrile-water

(60:40, v/v), detection wavelength: 227 nm, flow rate: 1.0 mL/

min, injection amount: 10 μL.

Determination of Liposome Particle Size,

Polydispersity Index (PDI) and Zeta Potential

Each type of PTX liposome solution (1mL) was placed in

a sample cell, and the particle size, polydispersity coefficient

(representing the uniformity of particle size distribution) and

zeta potential were measured at 25°C using the Malvern

Nano-ZS90 dynamic light scattering particle size analyzer.

Observation of Liposome Morphology

The ES-SSL-PTX liposome solution, described above, was

diluted 3 times with PBS buffer at room temperature. The

sample was carefully dropped onto a pure carbon film

copper mesh, which gave the droplets a hemispherical

liquid surface. After drying, the solution was dyed using

phosphotungstic acid solution;37,38 the dyeing agent was

blotted around the copper mesh using filter paper.

Ultrapure water was then added dropwise to the copper

mesh, followed by blotting dry with filter paper. After air-

drying, the sample imaged using a transmission electron

microscope (TEM) (JEM-2100F).

Liposomal Stability

The four liposome preparations were stored at both 4°C

and room temperature, and the appropriate amount was

collected at 0, 1, 2, 4, 8, 24, and 48 h. Free PTX was

removed by centrifugation as described in section of

encapsulation efficiency and drug-loading capacity
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determination and characterized by HPLC. The PTX con-

centration in the supernatant liposomes was recorded as

“Cn” (where n is each time point).

Leakage rate ¼ 1-Cn=C0ð Þ�100%

Cytotoxicity Test
The toxicity of different liposome preparations on MCF-7

cells was determined using thiazolyl blue colorimetry

(MTT colorimetry). Cell suspensions were prepared by

trypsinizing MCF-7 cells in the logarithmic growth

phase. Cells were then counted and seeded into 96-well

plates at a density of 1×104 cells/well. Cells were grown to

confluency at 5% CO2, and 37°C for 24 h. Seven different

concentrations (0.1, 1, 10, 100, 500, 1000, and 5000 ng/

mL) of free PTX, L-PTX, ES-L-PTX, SSL-PTX and ES-

SSL-PTX diluted with DMEM medium were added to the

cultured cells. After continuous culture for 24, 48, and 72

h, 20 µL of MTT solution (5 mg/mL) were added to each

well. After 4 h, the incubation was terminated. The culture

medium was carefully aspirated and 150 μL of dimethyl

sulfoxide was added. The mixture was shaken at low

speed. After 10 mins, the crystals were sufficiently dis-

solved. The absorbance value (OD) of each well was

measured at a wavelength of 492 nm with a microplate

reader. The cell survival rate curve was plotted and the

IC50 value of each group was calculated by the following

equation:

Cell viability %ð Þ¼ ODexperiment - ODblank

� �

ODControl - ODblankð Þ � 100%

ODblank is the OD of the blank well containing only medium;

ODControl is the OD of the control cell well; and ODexperiment

is the OD of the experimental well.

Determination of Cell Intake and

Endocytosis Mechanisms
Fluorescence microscopy was used to observe the uptake

of rhodamine liposomes by MCF-7 cells. MCF-7 cells

were seeded 2×105 cells/well in 24-well plates and incu-

bated at 5% CO2 and 37°C for 24 h until 60–80% con-

fluence was reached. Media containing L-RhB, ES-L-RhB,

SSL-RhB, and ES-SSL-RhB was separately added to

a final concentration of 5 μg/mL RhB, and the cells were

further incubated for 1, 2, 3, or 4 h, respectively. After

incubation, the media was aspirated and the cells were

washed three times with PBS buffer. Cell nuclei were

then stained with Hoechest 33342 nuclear stain and

observed using a fluorescence microscope.34

To verify the targeting of ES-SSL-RhB, MCF-7 cells were

incubated for 0.5 hrs with excess free ES (at a final concentra-

tion of 5×10−4 M) before the addition of ES-SSL-RhB solu-

tion, blocking the surface estrogen receptors on the MCF-7

cells. After washing the cells three times to remove excess ES,

the ES-SSL-RhB solution was added. The MCF-7 cells were

then incubated at 37°C for 2 h and observed using

a fluorescence microscope.

To investigate the endocytosis of ES-SSL-RhB, MCF-7

cells were seeded 2×105 cells/well in 24-well plates and

incubated at 5% CO2 and 37°C for 24 h, at which point

100% confluence was achieved. Each well was then incu-

bated with sucrose (final concentration 0.45 M), genistein

(final concentration 0.2 M), amiloride hydrochloride (final

concentration 0.01 M), and PBS buffer for 0.5 h. Media

was then aspirated and each well was incubated for 2 hrs

with medium containing 5 μg/mL ES-SSL-RhB.

In vivo Targeting Study
Healthy female BALB/c nude mice (aged 5–6 weeks, weigh-

ing 18–22 g) were inoculated with 1×107 MCF-7 cells in

the second pair of right breast fat pads and used for in vivo

imaging experiments. The tumor volume was measured:

Tumor volume (mm3) = (a × b2)/2, where “a” is the

longest diameter of the tumor, and “b” is the shortest

diameter of the tumor.

After the average tumor volume reached 100 mm3, the

tumor-bearing mice were randomly divided into two

groups. DiR liposomes (SSL-DiR or ES-SSL-DiR), at

a dose of 100 ng/g, were injected into the tail veins of

the MCF-7 cell-bearing mice. At 1, 2, 6, 12, and 24 h after

injection of DiR liposomes, the corresponding tumor-

bearing mice were given an intraperitoneal injection of

10% chloral hydrate at a dose of 0.004 mL/g. The mice

were then imaged using a live imaging system (excitation

wavelength: 710 nm, emission wavelength: 780 nm) (IVIS

SPECTRUM, USA). The mice were sacrificed and the

hearts, livers, spleens, lungs, kidneys and tumors were

taken out, observed fluorescence imaging results. All

operation procedures were in accordance with the require-

ment of the ethical approval.

Pharmacokinetics
Eight-week-old female ICR mice were weighed and received

tail vein injections of: PTX (at a standard dose of 10 mg/kg),

L-PTX, and ES-SSL-PTX. Blood was collected from the eye
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socket of mice into tubes containing heparin sodium at 5 min,

10 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 8 h (n=3 per

group, total of 9 groups) from the PTX injected group.

Collection times for the L-PTX group were 5 min, 10 min,

15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, and 24 h (n=3 per

group, total of 11 groups), and collection times for the ES-SSL-

PTX groupwere 5min, 10min, 15min, 30min, 1 h, 2 h, 4 h, 6

h, 8 h, 12 h, 24 h, 36 h, and 48 h (n=3 per group, total of 13

groups). Blood was centrifuged at 3000 rpm for 10 min in

a low-temperature centrifuge, and stored at −20°C. A total of

200 μL of plasma was transferred into a 5 mL centrifuge tube.

10 µL of 100 μg/mL norethisterone internal standard and 2mL

of methyl tert-butyl ether were added and the mixture was

vortexed for 2min. The supernatant was taken after centrifuga-

tion and air-dried with nitrogen at 40°C. For detection, 200 μL

of mobile phase (acetonitrile: water = 60:40) was added until

dissolved and the sample was vortexed for 1 min. 20 μL was

collected for injection under the HPLC conditions described in

section of encapsulation efficiency and drug-loading capacity

determination. Normal organs (including heart, liver, spleen,

lung and kidney) were taken out, washed with cold saline,

dried over filter paper, weighed and stored at −20 °C before

analysis. The organs were homogenized in normal saline solu-

tion. The processing and detection methods were the same as

above. All operation procedures were in accordance with the

requirement of the ethical approval.

In vivo Antitumor Assessment
The in vivo antitumor effects of PTX liposomes were evalu-

ated using tumor-bearing nude mice. Female BALB/c nude

mice weighing 16–18 g were inoculated with 1×107/0.2 mL

MCF-7 cell suspension into the second pair of breast fat pads.

The mice were randomly divided into 7 groups, with 6 mice in

each group: (1) saline group (model group), (2) blank liposome

group, (3) PTX free drug group, (4) PTX liposome group, (5)

long-acting PTX liposome group, (6) targeted PTX liposome

group, and (7) long-acting targeted PTX liposome group. PTX

was administered to each group at a dose of 5 mg/kg body

weight via tail vein injection once every 2 days for 4 consecu-

tive administrations. The mice were monitored each day, and

body weight was measured. The tumor volume was measured

twice a week, and the survival timewas recorded at 34 days. In

themodel group, the tumor diameter reached 15mm.Themice

were then sacrificed, blood collection from mouse orbit. The

tumors of mice were photographed, and a tumor growth curve

was plotted. All operation procedures were in accordance with

the requirement of the ethical approval.

Acute Toxicity Test
160 ICR mice (an equal number of males and females,

weighing 24–30 g) were divided into the following 4 groups

randomly according to gender and body weight: PTX injec-

tion group (50 mice), L-PTX group (50 mice), ES-SSL-PTX

group (50 mice), and normal saline group (10 mice).

50 ICR mice were treated with PTX injection. These mice

were randomly divided into 5 groups (10 mice per group)

which received the following doses: 20 mg/kg, 25 mg/kg,

30 mg/kg, 35 mg/kg, and 40 mg/kg. The mice were weighed

and the drug was administered via tail vein injection.

There were 50 L-PTX ICR mice that were randomly

divided into 5 groups (10 mice per group) receiving the

following doses: 80 mg/kg, 100 mg/kg, 130 mg/kg,

160 mg/kg, and 200 mg/kg (the dose ratio between doses

was 1:0.6). The mice were weighed and the drug was

administered via tail vein injection. Administration of

drug to ES-SSL-PTX ICR mice was performed in the

same manner as with L-PTX ICR mice.

10 ICR mice (an equal number of males and females,

weighing 24–30 g) were treated with saline as a control

group. The mice were weighed and 0.4 mL of physiologi-

cal saline was injected into the tail vein.

The mice were monitored the day after administration, and

the time of death or symptom onset was recorded. The mice

were observed every day to carefully track lethality, and the

surviving mice were weighed. Observation continued for 14

days in order to determine if therewas any longer term toxicity.

On the 14th day after drug administration (AAD14), whole

blood was collected from the eyeball of the surviving mice for

measurement of hematological parameters using a whole

blood analyzer. The heart, liver, spleen, lung, and kidney

were dissected and weighed. All operation procedures were

in accordance with the requirement of the ethical approval.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5.0

software. Intergroup t-test comparisons were performed

using the mean ± standard deviation (x ± s), and P < 0.05

was considered statistically significant.

Results and Discussion
Liposome Characterization
Particle Size, PDI, Zeta Potential, and TEM

The particle sizes, PDIs, and zeta potentials of various PTX

liposomes were shown in Table 1, Figure 2A–D. The particle

size distribution of the four preparations was uniform and
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normalized to a single-peak distribution. The PDI ranged from

0.1 to 0.2, and the surface liposome particle size distribution

range was narrow. The average particle size of L-PTX was

119.10 nm, and the average particle size of ES-L-PTX was

125.57 nm. Introduction of the targeting fragment, ES-

PEG2000-DSPE, slightly increased the average particle size.

The average particle sizes of SSL-PTX and ES-SSL-PTX

were 137.93 nm and 135.93 nm, respectively. The increase

in particle size compared with L-PTX and ES-L-PTX is due to

the introduction of the long-acting fragment, mPEG2000-

DSPE; the PEG chain forms a protective layer on the surface

of the liposomes, which increases their particle size.

The zeta potentials of L-PTX, ES-L-PTX, SSL-PTX, and

ES-SSL-PTX were all negatively charged, thus, electrostatic

repulsion is preventing the particles from accumulating,

a beneficial feature for preserving liposomes. The L-PTX

potential was −17.97 mV, and the ES-L-PTX potential was

−16.03 mV. Introduction of the targeting fragment, ES-

PEG2000-DSPE, had no significant effect on the zeta poten-

tial. The zeta potentials of SSL-PTX and ES-SSL-PTX were

−5.20 mVand −3.81 mV, respectively; the introduction of the

long-acting fragment reduced the zeta potential.

Encapsulation Efficiency and Drug Loading

As shown in Table 1, the encapsulation efficiency of each of the

four liposome preparations (L-PTX, ES-L-PTX, SSL-PTX, and

ES-SSL-PTX) was between 86.0% and 88.0%, and there was

no difference in encapsulation efficiency among the prepara-

tions. When the targeting fragment, ES-PEG2000-DSPE, or the

long-acting fragment, mPEG2000-DSPE, were introduced by

the direct introduction method, (liposomes are formed together

with phospholipids and cholesterol), there was no change in the

encapsulation efficiency or the amount of drug loaded.

Liposomal Stability

As shown in Figure 3A, the leakage rate of the four PTX

liposomes stored at room temperature for 48 hrs was

approximately 20%, suggesting that the liposome prepara-

tions were relatively stable. After storage for 48 hrs at 4°C

(Figure 3B), the leakage rate of the four liposomal formu-

lations was less than 10%. Therefore, the liposome

Table 1 Physicochemical Characteristics of PTX Liposomes

Particle Size

(nm) (Number)

Particle Size

(nm) (Intensity)

PDI Zeta Potential

(mV)

Encapsulation

Rate (%)

Drug Loading (%)

L-PTX 79.48±2.30 119.10±0.29 0.108±0.031 −17.97±0.56 86.77±1.80 7.48±0.14

ES-L-PTX 80.61±1.67 125.57±1.65 0.181±0.004 −16.03±0.69 88.67±0.45 7.54±0.04

SSL-PTX 83.82±0.49 135.93±0.33 0.123±0.012 −5.20±0.70 87.87±1.35 7.27±0.09

ES-SSL-PTX 86.20±4.66 137.93±1.22 0.183±0.009 −3.81±0.31 88.07±1.25 6.15±0.08

Figure 2 PTX liposome particle size distribution. Liposome particle sizes (L-PTX (A), ES-L-PTX (B), SSL-PTX (C), and ES-SSL-PTX (D), n=3 per group) were measured at

25°C using a Malvern Nano-ZS90 dynamic light scattering particle size analyzer.
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preparation is best stored at 4°C, and is stable for up to

48 hrs. The leakage rates of ES-SSL-PTX and SSL-PTX

were lower than the leakage rates of ES-L-PTX and

L-PTX, suggesting that the introduction of long-acting

fragments could improve the stability of liposomes. The

introduction of targeting fragments did not affect the lipo-

some stability.

Cytotoxicity Test
As shown in Figure 4, the blank liposome group was not

cytotoxic to MCF-7 cells, and all five PTX preparations had

some concentration- and time-dependent inhibitory effects on

MCF-7 cells. The toxicity of five PTX preparations onMCF-7

cells was similar after 24 hrs (Figure 4A), and none of them

reached IC50. After prolonged incubation for 48 (Figure 4B) or

72 h (Figure 4C), the cell survival rate of each group

decreased. The IC50 values of the five different PTX prepara-

tions were significantly different (Table 2). The toxicity of the

five PTX preparations to MCF-7 cells was as follows, from

strongest to weakest: ES-SSL-PTX, SSL-PTX, ES-L-PTX,

L-PTX, and PTX. The IC50 values of the four PTX liposomal

preparations and free PTX were significantly different at

72 h (P < 0.01). This is because the liposomes had high affinity

with the cell membrane, and the PTX that was encapsulated in

the liposomes entered the cells, exerting an antitumor effect.

Over time, SSL-PTX and ES-SSL-PTX showed more cyto-

toxicity than ES-L-PTX and L-PTX. At 48 and 72 h, the IC50

values of SSL-PTX were significantly different from the IC50

values of L-PTX (P < 0.05) because the long-acting fragments

included in SSL-PTX and ES-SSL-PTX lengthened their

metabolism by the cells, which increased the accumulation

of drug in tumor cells and enhanced cell inhibition. The

inhibitory effect of ES-SSL-PTX on the cells was significantly

higher than that of other preparations. The IC50 value of ES-

SSL-PTX was the lowest, at 0.31±0.05 ng/mL. This was 36

times lower than the IC50 value of L-PTX, 19 times lower than

that of ES-L-PTX, and 12 times lower than that of SSL-PTX,

all of which were significantly different (P < 0.01). Because

ES-SSL-PTX could specifically target the estrogen receptor on

the surface of MCF-7 cells, it could be recognized and inter-

nalized more quickly. The acting time on tumor cells is pro-

longed, and the antitumor effect is significantly improved.

Cell Uptake Assay
As shown in Figure 5A and B, free RhB had the strongest

fluorescence intensity at 1 and 2 hrs, and decreased at 3h and

4h, because it entered the cells by diffusion and metabolized

quickly. The fluorescence intensity of L-RhB and ES-L-RhB

both increasedatfirst, but thendecreased,whichmaybeattributed

to the cell metabolism effect. The fluorescence intensity of SSL-

RhB andES-SSL-RhBgradually increased from1 to 4 h because

the long-acting fragment, mPEG2000-DSPE, has a steric protec-

tion effect on liposomes, which prolongs their activity in cells.

Given the same incubation time, the fluorescence inten-

sity of ES-L-RhB and ES-SSL-RhB was significantly

higher than that of free RhB. Compared with L-RhB, the

fluorescence intensity of ES-L-RhB was significantly

higher from 2 to 4 h, the result of ES-SSL-RhB compared

with SSL-RhB was the same as this. The estrone-targeting

fragment, incorporated as a liposome surface modification,

can specifically recognize and bind to estrogen receptors

on the surface of MCF-7 cells, enter the cell through

Figure 3 PTX liposome stability. Stability curves (n = 3 per group) for each of the different PTX formulations at 25°C (A) and at 4°C (B). Liposomes were collected at 0, 1,

2, 4, 8, 24, and 48 h, and free PTX was removed by centrifugation. The PTX concentration in the liposomes was determined by HPLC.
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estrogen receptor-mediated endocytosis, and increase

uptake of the liposomes.

As shown in Figure 6A–C, when free ES was added as

a competitive inhibitor of ES-SSL-RhB, the fluorescence inten-

sity in the cellswas significantly reduced.Excessive freeESbinds

to estrogen receptors on the surface ofMCF-7 cells, blocking the

recognition and binding of the ES fragments on the surface of the

liposomes (i.e., ES-SSL-RhB with estrogen receptors), thereby

inhibiting the binding of ES-SSL-RhB to the receptors. Blocking

the targeting of ES-SSL-RhB to the estrogen receptor greatly

reduced the uptake of ES-SSL-RhB by MCF-7 cells.

Mechanism of Endocytosis
Amiloride can inhibit cell macropinocytosis, as shown in

Figure 7B, the fluorescence intensity was significantly

reduced after the addition of amiloride (as compared to

cells without amiloride, Figure 7A and E). This indicates

that the uptake of ES-SSL-RhB by the cells was reduced,

which suggests that ES-SSL-RhB enters MCF-7 cells

mainly via macropinocytosis. Genistein inhibits tyrosine

kinase activation, which thereby inhibits caveolin-

mediated endocytosis. As shown in Figure 7C and E,

after adding genistein, the fluorescence intensity was

reduced after adding genistein, indicating that the uptake

of ES-SSL-RhB by MCF-7 cells was reduced. This

demonstrates that ES-SSL-RhB enters MCF-7 cells via

caveolin-dependent endocytosis. Sucrose can inhibit endo-

cytosis by capturing or agglomerating clathrin, thereby

inhibiting clathrin-dependent endocytosis. As shown in

Figure 7D and E, the fluorescence intensity was decreased

when sucrose was added, compared to samples without

sucrose. The uptake of ES-SSL-RhB by MCF-7 cells was

reduced by sucrose, but compared with amiloride, the

inhibition was weaker, indicating that ES-SSL-RhB enters

MCF-7 cells via clathrin-dependent endocytosis, but this is

not the primary pathway.

Table 2 IC50 Values of Each PTX Formulation (n=3)

24 h IC50

Value

(ng/mL)

48 h IC50 Value

(ng/mL)

72 h IC50 Value

(ng/mL)

L N N N

PTX N N 22.41±2.36

L-PTX N 2095.86 ±205.25** 11.54±1.92##*

ES-L-PTX N 643.62±46.20**△ 6.18±0.21##**

SSL-PTX N 204.62±14.16△△ 4.73±0.27##**△

ES-SSL-PTX N 170.14±14.25 0.31±0.05##

Notes: N: indicates that cell inhibition rate was less than 50%, thus there was no IC50

value. ##P<0.01 compared with PTX; *P<0. 05, **P<0.01 compared with ES-SSL-PTX;
△P<0.05, △△P < 0.01 compared with L-PTX.

Figure 4 MCF-7 cell survival. Cell survival curves after treating MCF-7 cells with

different PTX preparations for 24 h (A), 48 h (B), and 72 h (C). *P < 0.05, **P < 0.01

compared with L-PTX.
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In vivo Targeting Study
To detect the metabolic distribution of long-acting targeted

liposomes in vivo, we used the near-infrared fluorescence

imaging technique. PTX liposomes and long-acting tar-

geted liposomes mainly accumulated in the liver, spleen,

and kidneys. As shown in Figure 8, after administration of

SSL-DiR and ES-SSL-DiR, fluorescence intensity began

to increase in the liver at 1 h, suggesting aggregation in

the liver with time. ES-SSL-DiR began to accumulate in

the tumor at 6 h, and peaked at 12 h. Figure 9 showed the

fluorescence imaging results in ex vivo, which more

clearly demonstrated the distribution of liposomes in

Figure 5 (A) Fluorescent images showing uptake of different liposome preparations byMCF-7 cells after 1–4 h of incubation. (B) The integrated fluorescent intensity of Figure 5A.
ΔP<0.05, ΔΔP<0.01, ΔΔΔP<0.001, ΔΔΔΔP<0.0001 compared with RhB; *P<0.05, ***P<0.001, ****P<0.0001 compared with L-RhB; ###P<0.001 compared with SSL-RhB.
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various organs. SSL-DiR was notably concentrated in the

spleen and liver reticuloendothelial system from 1 to 24

h and accumulated at the tumor site at 24 h. ES-SSL-DiR

accumulated at the tumor site within 1 h. The accumula-

tion at the tumor site peaked at 12 h and was significantly

higher than the fluorescence intensity of SSL-DiR at the

tumor site. This confirmed that ES-SSL-DiR was

effectively targeted and could quickly and specifically

identify the tumor site. Increased drug accumulation at

the tumor site was important for improving drug efficacy.

Pharmacokinetics
As shown in Figure 10A, the free PTX was rapidly removed

from circulation, and was undetectable in plasma after ~8

Figure 6 ES-SSL-RhB uptake by MCF-7 cells after addition of ES. (A) MCF-7 cells after incubation with ES-SSL-RhB solution for 2 h at 37°C. (B) Free ES was added to the

MCF-7 cells for 0.5 h before adding ES-SSL-RhB solution (final concentration of 5×10−4 M) to block estrogen receptors on the surface of MCF-7 cells. After washing with

medium three times to remove excess ES, ES-SSL-RhB solution was added, and MCF-7 cells were incubated at 37°C for 2 h. Cells were then imaged using a fluorescence

microscope. (C) The integrated fluorescent intensity of Figure 6A and B. *P<0.05 compared with ES-SSL-RhB+ES.
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Figure 7 Inhibition of ES-SSL-RhB uptake. MCF-7 cells were treated with (A) PBS buffer, (B) amiloride hydrochloride (final concentration 0.01 M), (C) genistein (final

concentration 0.2 M), or (D) sucrose (final concentration 0.45 M), for 0.5 h. Then, media containing 5 μg/mL ES-SSL-RhB were added and cells were incubated for an

additional 2 h. (E) The integrated fluorescent intensity of Figure 7A–D. **P<0.01, ***P<0.001, ****P<0.0001 compared with control.
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h. The blood concentration of PTX in liposomal formulations

was significantly increased compared to that of free PTX.

Most importantly, the plasma concentration of ES-SSL-PTX

at each time point was significantly higher than that of the

L-PTX group. The PTX could be detected till the time of

48 hrs after the administration in ES-SSL-PTX group.

In addition, the elimination half-lives of PTX, L-PTX,

and ES-SSL-PTX were 1.79, 2.26, and 20.98 hrs, respec-

tively (Table 3). The elimination half-life of ES-SSL-PTX

was significantly prolonged; it was 11.1 and 9.3 times

higher than that of free PTX and L-PTX, respectively.

The area under the curve (AUC0-∞) of ES-SSL-PTX was

107.69 mg/L×h, indicating a 5.2-fold and 3.8-fold higher

bioavailability than free PTX and L-PTX, respectively. In

addition, the clearance rate (CL) of ES-SSL-PTX was

significantly reduced, and the mean residence time

(MRT) was significantly prolonged. This is related to the

presence of the long-acting PEG molecules in liposomes.

The PEG chain forms a barrier on the surface of the

liposomes, which reduces their adsorption by opsonin in

the blood. It can also help the liposomes escape capture by

the reticuloendothelial system, greatly improving their sta-

bility in the circulatory system. The results of our pharma-

cokinetic experiments show that ES-SSL-PTX can

significantly prolong the drug’s blood residence time,

maintaining a higher blood concentration for a long time

and improving bioavailability.

Concentration of PTX was determined in mice various

tissues including heart, liver, spleen, lung and kidney at

0.5 and 8h after a single dose intravenous administration

of PTX liposomal and injectable formulation and bio-

distribution study results are shown in Figure 10B, C and

Table 4. Notably, PTX concentration in spleen and liver of

ES-SSL-PTX group was much higher than PTX group, it

may be that the amount of drug entering the systemic

circulation of ES-SSL-PTX was significantly higher than

that of L-PTX and PTX injections. Furthermore, the PTX

concentration in mice other tissues including heart, kidney,

lung, treated mice at 8 h almost maintained at almost an

equal low level compared with that at 0.5 h, showing

reduced the distribution of drugs in normal tissues and

organs and reduced drug toxicity.

Figure 8 In vivo imaging of MCF-7 tumor-bearing mice. SSL-DiR and ES-SSL-DiR (at a dose of 100 ng/g of DiR) were administered to mice via tail vein injection. At 1, 2, 6,

12, and 24 h, one mouse per group was anesthetized by intraperitoneal injection of 10% chloral hydrate at a dose of 0.004 mL/g. Fully anesthetized mice were imaged using

the in vivo imaging system.
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Antitumor Efficacy in vivo
Each group displayed a different increase in tumor volume

after the start of drug administration (Figure 11). Tumor

volumes in the model group and the blank liposome group

increased more rapidly than other groups; they reached

1000 mm3 after 18 days of administration and 4500 mm3

after 34 days of administration. Tumor growth was slowed

in each PTX group, and effect was most significant in the

ES-SSL-PTX group. After 18 days of administration, the

tumor volume was only 160 mm3 and was maintained

thereafter at 300 mm3. After 34 days, the average tumor

volume in this group was only 420 mm3, compared to

2300 mm3 in the free PTX group and 1700 mm3 in the

L-PTX group. Thus, ES-SSL-PTX effectively inhibited

MCF-7 tumor growth in mice, and their efficacy was

significantly better than PTX alone or the common PTX

liposome preparation (Figure 12).

There was a small increase in body weight in tumor-

bearing mice after administration of different PTX pre-

parations (Figure 13). In the free PTX group, mice lost

weight 8–24 days after administration and then recovered

to pre-administration levels. In contrast, the ES-SSL-PTX

group showed a steady rise in weight. There were no

obvious side effects of the long-acting PTX liposomes at

the therapeutic dose, suggesting that they are safer than

free PTX.

In vivo Toxicity
The survival of the mice after administration of PTX,

L-PTX, and ES-SSL-PTX are shown in Tables 5–7.

The LD50 values of PTX, L-PTX, and ES-SSL-PTX

administration in ICR mice were 36.15 mg/kg,

134.46 mg/kg, and 166.39 mg/kg, respectively. The

LD50 of the targeted long-acting PTX liposomes was

Figure 9 Imaging organs from MCF-7 tumor-bearing mice. The mice described in Figure 8 were sacrificed after being imaged, and their hearts (lower left), livers (lower

right), spleens (upper right), lungs (lower middle), kidneys (upper left), and tumors (middle) were dissected out and imaged ex vivo using the in vivo imaging system.
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4.6 times and 1.24 times higher than that of PTX

alone and common PTX liposomes, respectively.

There was no significant difference between males

and females.

Mice injected with different doses of PTX formulations

had no obvious symptoms at 20 and 25 mg/kg doses. Mice

dosed at 30 and 35 mg/kg showed lethargy and death on the

first day after administration (AAD1). At a dose of 40 mg/kg,

Figure 10 Pharmacokinetics and biodistribution studies of PTX liposomes. (A) Blood concentration curves. Eight-week-old female ICR mice were weighed and received

a standard 10 mg/kg dose of PTX only (PTX), PTX liposomes (L-PTX), or long-acting PTX liposomes (ES-SSL-PTX) via tail vein injection. Blood was collected (n=3 per time

point) at 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 8 h from all groups, as well as at 12 h and 24 h from the L-PTX and ES-SSL-PTX groups, and at 36 h and 48 h for

the ES-SSL-PTX group. (B) PTX accumulation in main organs of MCF-7 tumor-bearing mice at 0.5 h and (C) 8 h after administration with different PTX formulations (dose:

10 mg/kg PTX) (TWO-WAY ANOVA). Data are presented as mean ± SD (n = 3). **P <0.01 compared with PTX.
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themice immediately developed seizures and coma, and died 1

h after administration. Some mice recovered on AAD1 or

AAD2 but were still lethargic. These mice fully returned to

normal on AAD3. Mice injected with L-PTX and ES-SSL-

PTX displayed similar symptoms: no obvious symptoms at

80 mg/kg, lethargy lasting until AAD2 or AAD3 at 100 and

120 mg/kg, and coma lasting one day followed by lethargy for

two days at 160 mg/kg. Death was also observed at doses

ranging from 80–160 mg/kg. Death occurred on AAD1.

After administration of a 200 mg/kg dose, we immediately

observed convulsions and coma; 1 h after administration, 8

mice in the L-PTX group had died, and 2more died onAAD1.

Seven mice in the ES-SSL-PTX group died 1 hr after admin-

istration, and 1 died on AAD1. Two mice in this group sur-

vived, recovering from coma on AAD1 and fully recovering

by AAD2. The result of toxicity study showed the LD50 value

Table 3 Pharmacokinetic Parameters of PTX Preparations

Parameter Unit PTX L-PTX ES-SSL-PTX

t1/2α h 0.012±0.007 0.083±0.038 0.135±0.057

t1/2β h 1.79±0.42 2.26±0.24 20.98±8.31**

CL L/h/kg 0.48±0.07 0.35±0.04 0.093±0.005**

AUC(0-∞) mg/L•h 20.57±3.92 28.41±3.42 107.69±5.66**

Cmax mg/L 22.94±1.18 23.48±3.213 70.21±4.53**

Tmax h 0.083 0.083 0.083

MRT(0-∞) h 1.36±0.06 1.72±0.04 11.27±3.11**

Note: **P < 0.01 compared with PTX and L-PTX.

Table 4 Area Under the Curve of PTX Preparations in Different Tissues (n=3)

Group AUC0-∞(Mg/Kg•h)

Cardiac Liver Spleen Lung Kidney

PTX 24.008±2.657 49.484±5.30 34.53±4.42 27.16±3.064 30.841±3.911

L-PTX 23.247±1.334 91.802±8.18 69.82±3.19 25.71±4.352 19.885±0.605

ES-SSL-PTX 31.838±0.618 472.874±9.087 698.49±11.99 51.87±5.407 33.342±2.066

Figure 11 Tumor volume changes. Nude female BALB/c mice weighing 16–18 g were

inoculated with MCF-7 cell suspension (1×107/0.2 cells/mL) into the second pair of

breast fat pads (n=6). After the average tumor volume reached approximately 50 mm3,

mice were randomly divided into 7 groups (6 mice in each group): (1) saline group

(model group), (2) blank liposome group, (3) free PTX group (PTX), (4) PTX liposome

group (L-PTX), (5) long-acting PTX liposome group (SSL-PTX), (6) targeted PTX

liposome group (ES-L-PTX), and (7) long-acting targeted PTX liposome group (ES-

SSL-PTX). Mice received tail vein injections of 5mg/kg bodyweight (dose based on PTX

content). The drug was administered once every 2 days for 4 consecutive doses, and

the tumor volume was measured twice a week. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 compared with ES-SSL-PTX.

Figure 12 Mouse tumors. After the tumors in the model group reached 15 mm,

the mice in each group were sacrificed, and the tumor tissues were collected

and imaged.
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of PTX, L-PTX and ES-SSL-PTX were 36.15, 134.46 and

166.39 mg/kg, respectively. Compared with that of PTX and

L-PTX, the acute toxicity of ES-SSL-PTX was significantly

lower which indicating that our ES-SSL-PTX had low toxicity

and high safety.

Conclusions
In this study, estrogen receptors, which are highly expressed

in breast cancer cells, were used to target long-acting

liposomes for drug delivery. We successfully prepared

a long-acting estrogen-receptor-targeting liposome formula-

tion containing estrone-targeting fragments and PEG long-

Figure 13 Changes in mouse body weight (n=6 per group).

Table 5 Acute Toxicity of PTX Injection

Group Dose

(mg/kg)

Number

of

Animals

(Single)

Number

of

Deaths

(Single)

Symptom LD50

(mg/kg)

PTX

females

20 5 0 No 37.37

25 5 0 No

30 5 1 Drowsiness

35 5 2 Drowsiness

40 5 3 Convulsion

and coma

PTX

males

20 5 0 No 35.11

25 5 1 Drowsiness

30 5 1 Drowsiness

35 5 2 Drowsiness

40 5 4 Convulsion

and coma

PTX

combined

20 10 0 No 36.15

25 10 1 No

30 10 2 Drowsiness

35 10 4 Drowsiness

40 10 7 Convulsion

and coma

Table 6 Acute Toxicity of Common PTX Liposomes

Group Dose

(mg/kg)

Number

of

Animals

(Single)

Number

of

Deaths

(Single)

Symptom LD50

(mg/kg)

PTX

liposomes

females

80 5 0 No 133.81

100 5 1 Drowsiness

130 5 2 Drowsiness

160 5 3 Coma

200 5 5 Convulsion

and coma

PTX

liposomes

males

80 5 0 No 128.51

100 5 1 Drowsiness

130 5 3 Drowsiness

160 5 4 Coma

200 5 5 Convulsion

and coma

PTX

liposomes

combined

80 10 0 No 134.46

100 10 2 Drowsiness

130 10 5 Coma and

drowsiness

160 10 7 Coma

200 10 10 Convulsion

and coma

Table 7 Acute Toxicity of Long-Acting PTX Liposomes

Group Dose

(mg/kg)

Number

of

Animals

(Single)

Number

of

Deaths

(Single)

Symptom LD50

(mg/kg)

Long-

acting

PTX

liposomes

female

80 5 0 No 168.28

100 5 0 Drowsiness

130 5 1 Drowsiness

160 5 2 Coma

200 5 4 Convulsion

and coma

Long-

acting

PTX

liposomes

male

80 5 0 No 164.58

100 5 1 Drowsiness

130 5 1 Drowsiness

160 5 2 Coma

200 5 4 Convulsion

and coma

Long-

acting

PTX

liposome

combined

80 10 0 No 166.39

100 10 1 Drowsiness

130 10 2 Drowsiness

160 10 4 Coma

200 10 8 Convulsion

and coma
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acting fragments. The formulation had good encapsulation

efficiency and stability. In vivo and in vitro targeting stu-

dies, as well as anti-tumor studies and pharmacokinetic

experiments, demonstrated that the long-acting targeted

PTX liposome formulation (ES-SSL-PTX) selectively tar-

geted breast cancer cells, prolonged drug action time,

increased drug uptake by tumor cells, and increased drug

accumulation in tumor sites. The formulation significantly

improved PTX antitumor efficacy and reduced its side

effects. Thus, ES-SSL-PTX has great potential for improv-

ing the treatment of breast cancer, thereby improving

patient prognosis and quality of life.
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