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Abstract: Chemotherapy has been widely used in breast cancer patients to reduce tumor size. 

However, most anticancer agents cannot differentiate between cancerous and normal cells, 

resulting in severe systemic toxicity. In addition, acquired drug resistance during the 

chemotherapy treatment further decreases treatment efficacy. With the proper treatment strategy, 

nanodrug carriers, such as liposomes/immunoliposomes, may be able to reduce undesired 

side effects of chemotherapy, to overcome the acquired multidrug resistance, and to further 

improve the treatment efficacy. In this study, a novel combinational targeted drug delivery 

system was developed by encapsulating antiangiogenesis drug bevacizumab into liposomes 

and encapsulating chemotherapy drug doxorubicin (DOX) into immunoliposomes where the 

human epidermal growth factor receptor 2 (HER2) antibody was used as a targeting ligand. This 

novel combinational system was tested in vitro using a HER2 positive and multidrug resistant 

breast cancer cell line (BT-474/MDR), and in vivo using a xenograft mouse tumor model. 

In vitro cell culture experiments show that immunoliposome delivery led to a high cell nucleus 

accumulation of DOX, whereas free DOX was observed mostly near the cell membrane and in 

cytoplasm due to the action of P-gp. Combining liposomal bevacizumab with immunoliposomal 

DOX achieved the best tumor growth inhibition and the lowest toxicity. Tumor size decreased 

steadily within a 60-day observation period indicating a potential synergistic effect between 

DOX and bevacizumab through the targeted delivery. Our findings clearly indicate that tumor 

growth was significantly delayed in the combinational liposomal drug delivery group. This 

novel combinational therapy has great potential for the treatment of patients with HER2/MDR 

double positive breast cancer.

Keywords: immunoliposome, targeted drug delivery, xenograft mouse tumor model, combina-

tion therapy, multidrug resistance

Introduction
Breast cancer is the most common invasive cancer in women worldwide, and in 

2012 .1.7 million new cases were diagnosed in the US alone.1 In the US, it was 

estimated that ~12.3% of women will experience breast cancer at some point during 

their lifetime.2 According to different hormone receptor status, breast cancer can be 

classified into 3 categories: endocrine receptor (estrogen or progesterone receptor) 

positive, human epidermal growth factor receptor 2 (HER2) positive, and triple negative 

(negative for estrogen, progesterone, and HER2 receptor).3 Among them, the HER2 

positive tumors tend to grow and spread faster than HER2 negative ones due to the 

fact that HER2 is a growth hormone receptor. Meanwhile, HER2 positive tumors also 

tend to recur more often than others.

Approximately 30% of the early-stage breast cancers progress to metastatic breast 

cancers (MBCs).4 To date, there are very few treatment options available for MBC 
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management, and the response rates range from 30% to 

70% after anthracycline or taxane-based chemotherapy.5 

However, these responses are often not durable due to the 

fact that the breast cancer may develop multidrug resistance 

(MDR). MDR has become a major obstacle in the treatment 

of breast cancer, where prolonged exposure to one type of 

chemotherapeutic agent can lead to the resistance to not 

only that drug but also many other anticancer compounds of 

different structure and mechanism of action.6 Furthermore, 

most anticancer compounds have severe side effects to 

healthy tissues if delivered systemically.

One solution to both overcome drug resistance and 

concurrently minimize adverse side effects might be encap-

sulating anticancer compounds into drug carriers to achieve 

targeted delivery. Tumor tissue is usually characterized by the 

enhanced permeation and retention (EPR) effect, which consists 

of loose interconnections and intercellular openings ranging 

between 100 and 780 nm in size. Drug carriers at the same 

scale can easily exploit this unique feature and extravasate from 

the systemic circulation,7,8 therefore enhancing drug delivery 

to the targeted cancer. This method of localizing drugs to the 

tumor tissue is a type of passive targeting.9 However, trapping 

drugs into carriers also prevents them from being recognized 

by cellular efflux pumps, such as P-glycoprotein (P-gp), and 

hence helps overcome MDR in resistant tumors.10

With proper design, the therapeutic potential of drug 

carriers can be further enhanced to achieve active targeting 

capability. By tagging them with appropriate ligands such as 

monoclonal antibodies (mAbs), such drug carriers can spe-

cifically interact with cancer cell membrane receptors,11 thus 

allowing the drug to be released specifically inside the tumor 

by receptor-mediated endocytosis.9 Among all targeting 

moieties, mAbs are the most widely investigated for tumor 

targeting.12 Initially, mAbs were conjugated directly to anti-

cancer compounds,13,14 although direct conjugation allows 

few antibodies to be linked to the drug15 and usually adversely 

affect the drug’s pharmacological potency.16 Conjugation 

of mAbs to the drug carrier surface, however, overcomes 

these two disadvantages while providing greater selectivity 

compared with direct drug-mAb conjugation.17

The heterogeneity of the breast cancer also restricts the 

efficacy of the cancer treatment. For this reason, targeted 

delivery of drugs from different classes to multiple targets in 

the tumor may overcome drug resistance, improve efficacy, 

and reduce side effects. Angiogenesis has been shown to 

play an important role in breast cancer progression.18,19 

Highly vascularized breast cancer has a poorer prognosis 

and greater metastatic potential than other types with low 

vascularity,20–22 therefore, breast cancer has been considered 

as an angiogenesis-dependent cancer and a unique target 

for antiangiogenic therapy.23,24 Therapeutic disruption of 

angiogenesis is effective in mediating tumor regression.25–27 

Bevacizumab (rhuMAbVEGF, Avastin; Genentech, South 

San Francisco, CA, USA), a recombinant humanized anti-

body, inhibits angiogenesis by specifically binding to vascu-

lar endothelial growth factor A and preventing it from binding 

to the receptor. The combination of chemotherapeutic and 

antiangiogenic compounds has been shown to increase the 

survival rate in metastatic cancer patients.28

Liposomes are US Food and Drug Administration 

approved spherical lipid bilayer drug delivery vehicles that 

are biocompatible and biodegradable. It has been studied and 

used widely as a nanoscale drug carrier due to its versatility 

in carrying both hydrophobic and hydrophilic drugs and 

long blood circulation time after pegylation treatment on 

the surface.10,29 In this study, we tested the feasibility of 

combining bevacizumab and chemotherapy for the treatment 

of HER2/MDR double positive breast cancer cells using 

a liposomal drug delivery system. An extracellular agent 

(bevacizumab) was selectively delivered to the interstitial 

space of the breast cancer tissue by long circulating liposomes 

(liposomal bevacizumab). A commonly used anthracycline 

drug, doxorubicin (DOX), was selectively delivered into 

breast tumor cells by immunoliposomes (immunoliposomal 

DOX) to increase efficacy whereas minimizing side effects. 

The HER2 antibody was used as a targeting ligand to 

facilitate the internalization of the immunoliposomal DOX 

by ligand–receptor interaction, because the HER2 receptor 

is overexpressed on the surface of the breast tumor. The 

characteristics of the drug delivery systems, their targeting 

potential, and treatment efficacy were verified in both in vitro 

cell culture and in vivo mouse tumor xenograft models.

Materials and methods
BT474/MDR subline development and 
cell culture
To study the therapeutic efficacy of our combination therapy 

on MDR breast cancer, we have developed a breast cancer 

MDR cell line BT474/MDR, which overexpresses MDR 

transporter P-gp.30 Briefly, HER2 overexpressing human 

breast carcinoma cell line, BT474 cells (American Type 

Culture Collection, Manassas, VA, USA) were transfected 

with MDR1 gene packaged in a plasmid vector (EX-E2266-

M02, Genecopoeia, Rockville, MD, USA) using Lipofectamin 

2000 tranfection reagent (Life Technologies, Grand Island, 

NY, USA) according to manufacturer’s instructions. After 
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transfection, cells were maintained in the culture media 

containing 60 ng/mL of colchicine (Sigma-Aldrich, St Louis, 

MO, USA) to select P-gp positive cells.

Cells were cultured as monolayers in Dulbecco’s 

Modified Eagle’s Medium/F12 (Life Technologies) medium 

supplemented with 10% fetal bovine serum (Life Technolo-

gies) and 1% penicillin/streptomycin (Life Technologies) in 

a humidified atmosphere of 95% air and 5% CO
2
 at 37°C. 

Cells were subcultured twice weekly. For experiments, the 

cells were grown in tissue culture flasks and used when in 

the exponential growth phase.

Preparation of liposomal bevacizumab 
and immunoliposomal DOX
Liposomal bevacizumab preparation
Liposomes were composed of 50% hydrogenated soy l-α-

phosphatidylcholine, 45% cholesterol, 3% 1,2-distearoyl-

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

glycol)2000]11 (DSPE-PEG2000), and 2% DSPE-PEG-

maleimide and were prepared by means of solvent evapora-

tion and film formation.31 Briefly, all four lipid components 

were dissolved in chloroform (Sigma-Aldrich), which was 

then removed by nitrogen gas purging at room temperature, 

followed by overnight evaporation in a Labconco Freezone 1 

freeze-dryer (Kansas City, MO, USA). The resulting lipid 

film was hydrated with a 250 mM ammonium sulfate (Sigma-

Aldrich) solution by gentle mixing, resulting in spontaneously 

organized multilamellar vesicles (MLVs). The MLVs were 

extruded 11 times through 200 and 100 nm pore sized 

Whatman polycarbonate membranes (GE Healthcare 

Biosciences, Pittsburgh, PA, USA) using a Lipex™ Extruder 

(Northern Lipids Inc., Burnaby, BC, Canada) to form small 

unilamellar vesicles. All lipids were obtained from Avanti 

Polar Lipids, Inc. (Alabaster, AL, USA).

Bevacizumab (Genentech) was loaded into liposomes by a 

passive loading method. Briefly, lipids dissolved in chloroform 

in appropriate amounts; the solvent was evaporated by first 

purging in nitrogen gas and then dried in a lyophilizer over-

night. Afterward, the thin dry film of lipid was rehydrated in 

a buffer containing bevacizumab (20 mM Tris–HCl, 135 mM 

NaCl, 200 mM bevacizumab, pH 7.2) preheated at 50°C and 

vortexed for 3 minutes. Then the suspension was extruded 

11 times at 50°C through a membrane of 200 nm pore size.

Immunoliposomal DOX preparation
Liposomes were prepared according to the previous section. 

DOX (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 

was loaded into liposome lipid bilayer by a remote loading 

method via ammonium sulfate gradient, which was created 

by replacing ammonium sulfate outside the liposome by 

phosphate-buffered saline (PBS; HyClone, South Logan, 

UT, USA) using a MicroKros hollow fiber diafiltration 

unit (Spectrum Labs, Rancho Dominguez, CA, USA). The 

molar ratio of DOX/lipid was 1:5. Unencapsulated DOX 

was removed by passing the solution through a Sepharose 

4B gravity column (GE Healthcare Biosciences). After DOX 

encapsulation, the DOX-loaded liposomes were conjugated 

with anti-HER2 antibodies. Briefly, mouse monoclonal 

anti-human HER2 antibody (Santa Cruz Biotechnology) 

was first thiolated with 2-iminothiolane (Sigma-Aldrich) at 

pH 8.0. Then the introduced thiol groups on the antibody 

were coupled with maleimide groups on DSPE-PEG2000 

component of the liposomes at pH 6.5 to form immunolipo-

somes. Unconjugated antibodies were removed by Sepharose 

4B gravity column.

Characterization of liposomal 
bevacizumab and immunoliposomal DOX
Liposome size distribution and surface potential
Liposome hydrodynamic diameter was determined by 

dynamic light scattering technique using a Nano ZS Zetasizer 

(Malvern Instruments, Westborough, MA, USA), operating 

at a wavelength of 633 nm employing a nominal 5 mW 

He–Ne laser. Liposome surface potential was also measured 

by the Zetasizer.

DOX loading efficiency and release kinetics
The detection of DOX was based on its light absorption 

property (maximum absorption at 480 nm).32 Following the 

separation of free drug, immunoliposome solution was flash 

frozen and freeze-dried overnight. The resulting powder was 

reconstituted in PBS containing 1% Trition X-100 (Sigma-

Aldrich) in order to break down the liposomes. DOX con-

centration was calculated based on its absorption measured 

in a spectrofluorometer (PerkinElmer, Waltham, MA, USA) 

against a precreated calibration curve.

In vitro release kinetics of DOX from the immunoliposomes 

was carried out at pH 7.4 using a spectrofluorometric 

method. Briefly, immunoliposomal DOX solution was 

equally distributed into microcentrifuge vials at a volume of 

1 mL/vial and incubated at 37°C in the cell culture incubator. 

At specific time points, those vials were taken out and passed 

through Sepharose 4B column to separate out free DOX; 

the fractions where immunoliposomes were located, col-

lected, and homogenized in 1% Trition X-100 and measured 

in spectrofluometer.
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Bevacizumab loading efficiency and release kinetics
In order to determine the bevacizumab concentration, an 

enzyme-linked immunosorbent assay (ELISA) method was 

developed. First, a serial dilution of bevacizumab solution 

with known concentration was made using 50 mM carbonate 

buffer, containing 15 mM Na
2
CO

3
 and 35 mM NaHCO

3
 

(Sigma-Aldrich) at pH 9.6. Second, 100 µL of bevacizumab 

at each concentration was added to an ELISA plate 

(FisherSci, Pittsburg, PA, USA). The plate was placed in a 

4°C refrigerator overnight to allow for bevacizumab attach-

ment. Unbound bevacizumab was then removed with 100 mM 

NaHCO
3
 wash at pH 9.2 (5 minutes each, on shaker, repeat 

3 times). Remaining uncovered plate area was occupied with 

blocking buffer (3% bovine serum albumin [BSA] +0.1% 

Tween 20 in PBS) for 2 hours. Excessive blocking buffer 

was then removed by washing 3 times with a washing buf-

fer (1% BSA +0.05% Tween 20 in PBS). After applying 

antihuman IgG (Fc specific)-peroxidase detection antibody 

(1.5 µg/mL, 100 µL/well, Thermo Scientific, Rockford, IL, 

USA) for 1.5 hours at room temperature, the plate was ready 

for color development. After 3 times wash, color develop 

was archived by adding peroxidase substrate 3,3,5,5′-
tetramethylethylenediamine (Thermo Scientific) to each 

well and let it develop at room temperature for 30 minutes. 

Finally, color development was stopped by adding 50 µL of 

1 N sulfuric acid (Sigma-Aldrich) to each well. The resulting 

yellow color was read at 450 nm in a plate reader.

Bevacizumab was detected with the ELISA described 

above. Following the separation of free bevacizumab, lipo-

some solution was flash frozen and freeze-dried overnight. 

The resulting powder was reconstituted in PBS containing 

1% Trition X-100 in order to break down the liposomes. 

In vitro release kinetics of bevacizumab from the liposomes 

was carried out at pH 7.4. Briefly, liposomal bevacizumab 

solution was equally distributed into microcentrifuge vials 

at a volume of 1 mL/vial and incubated at 37°C in the cell 

culture incubator. At specific time points, those vials were 

taken out and passed through Sepharose 4B column to sepa-

rate out free bevacizumab; the fractions where liposomes 

were located, collected, and homogenized in PBS containing 

1% Trition X-100 and measured by the ELISA.

Immunoliposome antibody conjugation efficiency
As lipids interfered strongly with common protein assays,33–35 

an indirect ELISA method was employed in this study in 

order to quantify antibody conjugation efficiency. After 

conjugation, the immunoliposomes/antibody mixture was 

passed through a Sepharose CL-4B column, and fractions 

were collected and analyzed for the lipid content with a phos-

phate assay kit to first locate and then quantify the amount 

of liposomes. The fractions that were lipids free were first 

collected and then measured for unbound antibody using an 

HER2 ELISA kit. The amount of conjugated antibody was 

determined by subtracting the amount of unbound antibody 

from the initial amount of antibody that was added to the 

liposomes at the beginning of conjugation process.

In vitro immunoliposomal DOX cellular 
uptake
DOX cellular uptake studies were carried out for both free 

DOX and immunoliposomal DOX in BT474/MDR cells. 

On the first day, the cells were seeded into 24-well plates 

at cell density of 100,000–200,000 cells per well. On the 

second day, the cell medium was removed, and the growth 

medium with free DOX, or immunoliposomal DOX was 

added to the plates at a normalized DOX concentration of 

10 μM (5.8 μg/mL) and placed in a cell incubator at 37°C for 

24 hours. The control group added the growth medium with-

out drug. After 24 hours, the cell medium was removed, and 

the cells were washed with ice-cold PBS (pH 7.0) 4 times and 

then lysed with 1 mL of 1% Triton X-100. After centrifuga-

tion, the supernatants were collected and DOX fluorescence 

signal was measured in a spectrofluorometer at λ
ex

=480 nm, 

λ
em

=580 nm to determine DOX concentration.

Human breast cancer xenograft mouse 
model
As BT-474/MDR is a human cell line, BALB/c nude 

mice (CAnN.Cg-Foxn1nu/Crl, Charls River Laboratories, 

Malvern, PA, USA) were used for tumor xenograft. Six-

week-old female mice were transplanted with 17-β-Estradiol 

hormone pellet (0.72 mg, 60-day release, Innovative 

Research of America, Sarasota, FL, USA) 24 hours before 

tumor inoculation to ensure proper tumor growth rate.36,37 

Ten million cells in 200 µL of 50:50 serum free medium/

Matrigel (Corning Life Sciences, Tewksbury, MA, USA) 

were injected under the skin in the right flank region. All the 

treatments were preformed once the tumor reaches 100 cm3 

(measured by a caliper and tumor volume calculated by 

equation: V = π/6*Length*Height*Width). All experiments 

involving animals were carried out in strict accordance with 

the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health. 

All efforts were made to minimize suffering. The protocol 

was approved by the Institutional Animal Care and Use 

Committee of Temple University (Permit Number: 3390).
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Immunoliposomal DOX in vivo organ 
distribution
After the xenograft tumor reached 100 cm3, 200 µL of 

immunoliposomal DOX (8 mg/kg concentration) was infused 

into the mouse blood stream via tail vein injection. In order to 

test the immunoliposome distribution, fluorescein isothiocya-

nate fluorophore-labeled lipid was used as a component when 

forming liposomes. After 24 hours of blood circulation, the 

blood was flushed from the animal by injecting saline with a 

syringe into the left ventricle of the heart and making a small 

opening with microscissors in the right ventricle. The tumor 

along with major organs (heart, liver, kidney, brain, spleen, 

and lung) and a sample of blood (taken with a heparinized 

syringe from the heart immediately before flushing the blood) 

were collected for further analysis. In order to identify the 

immunoliposome and DOX organ distributions, collected 

organs were sliced, weighed, and dissolved in a 1% Triton 

X-100 to extract either the lipid or DOX content.

In vivo treatment efficacy in human 
breast cancer xenograft mouse model
To test the therapeutic efficacy of our combination therapy 

in vivo, 200 µL mixture of liposomal bevacizumab (10 mg/kg) 

and immunoliposomal DOX (8 mg/kg) was infused into the 

mouse blood stream via tail vein injection after the xenograft 

tumor reached 100 cm3. The mice were treated in 4 differ-

ent groups: liposomal bevacizumab (10 mg/kg), free DOX 

(8 mg/kg), liposomal DOX (8 mg/kg), and immunoliposomal 

DOX (8 mg/kg). Tumor bearing mice injected with 200 µL of 

saline or empty liposomes (10 mM lipid concentration) were 

used as the control. Tumor measurements were performed 

with calipers every day until the tumor reached 10% of the 

body mass, after which the animals were anesthetized with a 

87/13 mg/kg Ketamine/Xylazine solution. The animals were 

then be euthanized (an intracardiac injection of KCl) and the 

tumor surgically excised.

Results
Liposome and immunoliposome size and 
charge
Liposomes exhibited a mean particle size ranging between 

140 and 160 nm as determined using a Zetasizer. Drug-loaded 

liposomes exhibited diameters that were not significantly 

different from empty liposomes indicating that the drug 

loading process did not impact the particle size. The immu-

noliposomes showed increased diameter probably due to the 

added antibody layer on the surface (Table 1).

DOX loading, release, and antibody  
conjugation efficiency in immunoliposomal  
DOX
DOX concentrations encapsulated in immunoliposomes 

were measured by a spectrophotometer after disruption 

of immunoliposomes with the detergent. Encapsulation 

efficiencies of DOX were ~80%. Figure 1 shows the DOX 

release profile in vitro for up to 96 hours. During the first 

24 hours, the DOX was released with a relatively high rate. 

Then, DOX was released steadily over the last 48 hours. Since 

the immunoliposomes have a plasma half-life of ~12 hours,38 

such release profile can ensure high drug retention when the 

drug carrier reaches the tumor site. To quantify the amount of 

covalently attached antibodies, we constructed a calibration 

curve for the HER2 antibody, and then analyzed the different 

fractions collected during the separation of free antibody 

procedure. The amount of antibody that was covalently linked 

to the maleimide group on liposome surface was quantified 

by subtracting the amount of free antibody from the initial 

added amount. A 10%–15% anti-HER2 coupling efficiency 

was observed during various liposome preparing processes. 

Although conjugated antibody could not be quantified 

directly due to the interference from the lipids, the ELISA 

with a HER2 protein standard confirmed the presence of 

anti-HER2 in these fractions was also confirmed by ELISA 

with HER2 protein standard.

Table 1 Liposome and immunoliposome size and charge 
(mean ± standard deviation; n=3)

Size and charge of different 
liposome formulations

Size (nm) Charge (mV)

Empty liposomes 150.9±11.6 -20.1±2.2
Drug-loaded liposomes 152.3±9.3 -22.6±3.1
Drug-loaded immunoliposomes 168.5±17.5 2.3±1.7

Figure 1 Cumulative DOX release from immunoliposomal DOX in 96 hours 
(mean ± standard deviation; n=3).
Abbreviation: DOX, doxorubicin.
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Bevacizumab loading and release in 
liposomal bevacizumab
The bevacizumab release profile was obtained by calculating 

the amount of bevacizumab remaining in the liposome 1, 2, 3, 

4, 5, 6, 24, and 48 hours after the ultracentrifuge. The results 

were shown in Figure 2. According to the calibration curve 

(Figure S1), ~37% of the added bevacizumab was entrapped 

into the liposomes. Bevacizumab presented two phases of 

release from the liposomes. The first phase was the initial 

burst release; a burst release of 21.1% was estimated from 

the curve fitting. This fast phase was possibly due to the 

release of bevacizumab that was adsorbed onto the surface 

during the liposome formulation process. Following the burst 

release, further release was mediated by diffusion from the 

liposome core and degradation of the liposomes, which 

had much slower release rate compared to that of the burst 

release. The total bevacizumab released in 48 hours was 

55.1% (Figure 2).

In vitro uptake of immunoliposomal DOX
To test the ability of HER2 conjugated immunoliposomes 

internalizing into tumor cells in vitro, BT474/MDR cells 

were cultured with either free DOX or immunoliposomal 

DOX. As shown in Figure 3, fluorescence images were 

taken to visualize DOX uptake and localization. DOX 

was accumulated in the nucleus by the immunoliposome 

delivery, whereas free DOX was observed mostly near 

cell membrane and in cytoplasm due to the action of P-gp. 

As P-gp could recognize DOX and actively transport them 

out the cell, free DOX can no longer reach its target site of 

cell nucleus. Immunoliposome delivery, however, led to a 

high cell nucleus accumulation of DOX, probably because of 

the receptor-mediated endocytosis between HER2 antibody 

and HER2 receptor. A quantitative study (Figure 4) using 

lysed cells showed the highest DOX internalization by 

immunoliposome delivery of DOX, which confirmed our 

fluorescence imaging results.

Immunoliposomal DOX organ 
distribution
In the in vivo distribution studies, the disposition of immu-

noliposomal DOX or free DOX after intravenous admin-

istration into tumor xenograft was investigated (Figure 5). 

HER2 receptor targeting immunoliposomes had the highest 

concentration in tumors compared to other organs, showing 

its great potential as a drug delivery vehicle (Figure 5A). 

When comparing DOX concentration delivered by immu-

noliposome versus its delivery in free form, we observed 

significantly higher tumor DOX localization and significantly 

Figure 3 Fluorescence images of DOX localization in BT-474/multidrug resistance 
cells using fluorescence microscopy.
Notes: Cells were incubated for 24 hours with either 10 µM of free DOX (A), 
where DOX signal was detected mainly on the cell membrane or cytoplasm 
due to the action of P-glycoprotein drug efflux pump, or HER2-conjugated 
immunoliposomes containing 10 µM of DOX for 24 hours (B), where DOX signals 
were mainly detected in cell nucleus indicating the successful internalization of DOX 
by immunoliposomes. The images were taken at 10× magnification.
Abbreviation: DOX, doxorubicin.

Figure 4 DOX fluorescence intensity measured in lysed cells delivered in its 
free form, by plain unconjugated liposomes or by human epidermal growth factor 
receptor 2-conjugated immunoliposomes (mean ± standard deviation; n=3).
Notes: *P,0.05 compared to free DOX; ‡P,0.05 compared to both free DOX 
and liposomal DOX. Comparisons were performed by analysis of variance with 
SNK post hoc.
Abbreviations: DOX, doxorubicin; SNK, Student–Newman–Keuls.

Figure 2 Cumulative bevacizumab release from liposomal bevacizumab over 
48 hours (mean ± standard deviation; n=3).
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lower liver localization of immunoliposomal DOX compared 

to free DOX (Figure 5B). Taken together, these data demon-

strated the “stealth” property of this drug delivery system.

In vivo tumor growth
The effect of saline, empty liposome, liposomal bevaci-

zumab, free DOX, liposomal DOX, immunoliposomal 

DOX, and the combination of liposomal bevacizumab and 

immunoliposomal DOX on tumor growth were plotted 

in Figure 6. Treatments started when tumor size reached 

100 mm3. Tumors developed very quickly in saline and empty 

liposome treatment groups where animals were sacrificed 

when tumor volumes reached ~300 mm3. Treatment with 

liposomal bevacizumab delayed tumor growth significantly 

where the tumor size approached 300 mm3 at 60 days 

after transplantation.

After applying free DOX at 8 mg/kg concentration when 

the tumor size reached 100 mm3, tumor growth was delayed 

as shown in Figure 6. However, due to its high toxicity, 

animals suffered significant weight loss (data not shown). 

Comparing to free DOX, liposomal DOX significantly 

decreased its toxicity. All 5 mice in this group survived 

Figure 5 Organ disposition of immunoliposomes (A), and DOX (B) delivered either in its free form or by immunoliposomes (mean ± SD; n=5).
Notes: Measurements were taken 24 hours after tail vein injection. Liposomes were represented as fluorescence count in each sample per milligram of tissue weight. DOX 
content was represented as microgram of DOX per milligram of tissue weight. Data shown as mean ± SD. *P,0.05 by two sample t-test.
Abbreviations: DOX, doxorubicin; SD, standard deviation.

Figure 6 Tumor volume measured in BT474/multidrug resistance bearing nude mice treated by saline, empty liposome, liposomal bevacizumab, free DOX, liposomal DOX, 
immunoliposomal DOX, and immunoliposomal DOX + liposomal bevacizumab (mean ± standard error of the mean; n=5).
Note: The combinational treatment resulted in a tumor size regression whereas all other treatments delayed tumor growth at best.
Abbreviation: DOX, doxorubicin.
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beyond 60 days. However, tumor still reoccurred after an 

initial growth inhibition. HER2 receptor targeting immuno-

liposomal DOX treatment showed some improvement over 

liposomal DOX in treatment efficacy. Tumor size maintained 

at a relatively low level but still growing. Combining lipo-

somal bevacizumab with immunoliposomal DOX achieved 

the best tumor growth inhibition effect. In the latter group, 

tumor size decreased steadily within the 60-day observation 

period indicating a potential synergistic effect between DOX 

and bevacizumab through targeted delivery.

Discussion
Breast cancer is the second leading cause of cancer deaths 

in women.39 Breast cancer is, generally, considered a highly 

heterogenic cancer type, which restricts the efficacy of 

the cancer treatment. DOX is one of the most widely used 

chemotherapeutic agent in the treatment of cancer includ-

ing managing both primary and metastatic recurrent breast 

cancers.40 However, nonselective biodistribution and dose-

limiting toxicities associated with systemic DOX chemo-

therapy restricted its use and therapeutic potential. Hence, 

approaches aiming at improving its therapeutic index while 

minimizing its side effects have long been sought. To tackle 

these challenges, in this study, we implemented a combina-

tional therapy with targeted delivery of multiple agents from 

different classes to multiple targets in the tumor that enabled 

to overcome drug resistance, improve therapeutic efficacy, 

and reduce side effects. As shown in Figure 6, targeted 

delivery of an antiangiogenesis drug and a chemotherapy 

drug together greatly improved animal survival and inhibited 

tumor growth compared to either treatment alone, exhibiting 

a synergistic treatment effect between these two classes of 

antitumor drugs.

Clinically, HER2 positive breast cancers are treated 

with HER2 receptor antagonist, such as trastuzumab 

(Herceptin). Trastuzumab is a mAb that triggers G1 arrest 

in cells upon binding to the receptor. Meanwhile, trastu-

zumab is capable of inducing immune response to destroy 

the cancer cell.41 However, de novo resistance is common, 

occurring in ~65% of patients, furthermore, ~70% of 

patients will ultimately develop acquired resistance after 

initial response.42 To date, despite numerous preclinical 

studies, continued administration of HER2 targeting drug 

with chemotherapy is still a standard treatment method 

clinically for patients with recurrent HER2 positive breast 

cancer.43–45 In this study, we utilized an antiangiogenesis 

recombinant mAb bevacizumab (Avastin), to inhibit blood 

vessel formation in animals. Clinical trials have shown 

modest beneficial results in breast cancer patients treated 

with bevacizumab,46–48 which is in accordance with our 

animal experiments (Figure 6).

Conventional systemic administration of chemothera-

peutic agents lacks targeting effect and can have severe 

side effects, resulting in suboptimal therapeutic effect. More 

importantly, MDR can occur after repeated exposure to 

chemotherapeutic agents. In the drug-resistant cells, ATP-

binding cassette proteins can actively translocate a variety 

of structurally different substrates outside the cell membrane 

utilizing the energy from ATP hydrolysis,6 leading to accel-

erated drug efflux and decreased net drug accumulation in 

tumor.32 It is, generally, believed that upregulation of the drug 

transporter proteins in the cell membrane is responsible for 

the increased efflux.

Over the past decades, nanosized drug carriers have been 

extensively studied to achieve targeted drug delivery for 

cancer therapy. Nanocarriers have the properties of controlled 

drug release, prolonged blood circulation, and superior bio-

compatibility. When the surface of nanocarrier was modified 

with targeting moieties, such as mAbs, they can be selectively 

delivered to the tumor region. In this study, we utilized an 

immunoliposomal drug delivery system to overcome drug 

efflux pump. As a result, the encapsulated DOX was found 

to be much more concentrated in the tumor than systemic 

delivery of DOX (Figure 4).

We optimized the liposome preparation process to 

specifically accommodate the different delivery require-

ments of bevacizumab and DOX. In order to facilitate the 

internalization of DOX, the targeted drug delivery system 

immunoliposomes were used. Immunoliposomes were 

prepared by conjugating liposomes with HER2 antibodies 

producing a positive charge on the liposome. The positive 

charge could promote binding of the immunoliposomes 

with negatively charged cell membrane via electrostatic 

interactions. Besides, the immunoliposomes can gradually 

release DOX to ensure a continuous effect in the tumor. 

Active targeting has been also used to enhance drug delivery 

into the tumor, and biodistribution results tell us that DOX 

delivered by immunoliposomes mainly distribute in trans-

planted tumors much more than DOX in its free form, 

although they still have some concentration in kidney, liver, 

and spleen, but much less than free DOX.

The idea of combining bevacizumab and liposomal DOX 

is not new. Clinical trials involving systemic delivery of 

bevacizumab and liposomal DOX have achieved positive 
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response in the treatment of recurrent or refractory ovar-

ian cancers.49 In a phase II study, where bevacizumab was 

combined with liposomal DOX for patients with platinum 

and taxane resistant ovarian cancers, researchers found an 

increased patient response but also increased toxicity, mainly 

because of the nonspecificity of bevacizumab due to systemic 

delivery.50 However, in the treatment of locally recurrent or 

MBCs, the combination of systemic bevacizumab and lipo-

somal DOX only achieved moderate activity while higher 

than anticipated toxicity.51 One possible strategy to solve this 

problem is to add a new chemotherapy drug which belongs 

to a different class to minimize the dose of either DOX or 

bevacizumab. For example, one currently ongoing clinical 

trial (NCT02456857) is looking at the combinational effect 

of liposomal DOX, bevacizumab, and Temsirolimus in 

the treatment of triple-negative breast cancer.52 However, 

the addition of a new drug inevitably increases the system 

complexity. In this study, we utilized a different approach 

by encapsulating bevacizumab into liposomes therefore 

maximizing its distribution in tumor tissue through EPR 

effect and minimizing its distribution in healthy tissues. 

We also conjugated targeting antibodies to the liposome 

surface to maximize internalization of the DOX. The findings 

from this study indicate that this combination therapy is 

promising for treating breast cancer.

Conclusion
In the present study, we examined the treatment efficacy of 

a combinational therapy involving antiangiogenesis therapy 

and DOX chemotherapy on the treatment of HER2/MDR 

double positive breast cancer cells using a novel liposome 

drug delivery system. Both bevacizumab and DOX were 

successfully encapsulated into liposomes and subsequently 

released in a controlled fashion. Our animal studies indicate 

that in this targeted treatment both liposomes and DOX pref-

erentially accumulated at the tumor site. Our findings clearly 

indicate that tumor growth has been significantly delayed in 

the combinational liposomal drug delivery group. This novel 

combinational therapy has great potential for treatment of 

patients with HER2/MDR double positive breast cancer.
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Supplementary material

Figure S1 Bevacizumab enzyme-linked immunosorbent assay calibration curve.
Note: Mean ± standard deviation; n=3.
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