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Purpose: Safe and effective lipid nanoemulsion (LNE) formulations for the antitumor delivery 

of doxorubicin is designed.

Methods: LNEs composed of medium-chain triglyceride, soybean oil, lecithin, and doxorubicin 

are prepared by a solvent-diffusion method in an aqueous system. The effects of lipid material 

composition and polyethylene glycol (PEG)ylation on the size, drug encapsulation efficiency, 

and stability of LNEs are investigated. Based on in-vitro cytotoxicity and cellular uptake tests 

of A549 (human lung carcinoma) cells, in-vivo biodistribution, antitumor activity, and cardiac 

toxicity are further examined using nude mouse bearing A549 tumor.

Results: The LNE size decreases from 126.4 ± 8.7 nm to 44.5 ± 9.3 nm with increased weight 

ratio of medium-chain triglyceride to soybean oil from 1:4 to 3:2, whereas the encapsulation 

efficiency of doxorubicin is slightly reduced from 79.2% ± 2.1% to 71.2% ± 2.9%. The PEGy-

lation of LNE by 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(PEG)2000] 

(DSPE-PEG 2000) does not significantly change the size and drug encapsulation efficiency. 

Three-month storage at room temperature and lyophilization process does not affect the drug 

encapsulation efficiency, whereas the size slightly increases to almost 100 nm. The in-vitro 

drug-release profiles of LNEs suggest that the present formulation can prolong drug release 

for 48 hours. LNEs can be internalized into tumor cells in vitro and efficiently accumulate in 

tumor tissues in vivo by passive targeting. Analysis results of in-vitro and in-vivo antitumor 

activities reveal that doxorubicin-loaded LNE exerts a therapeutic effect similar to that of the 

commercial Adriamycin. Moreover, the toxicity of doxorubicin, particularly its cardiac toxic-

ity, is reduced.

Conclusion: The present LNE formulation of doxorubicin can effectively suppress tumor 

growth and improve the safety of Adriamycin.

Keywords: PEGylation, stability, antitumor activity

Introduction
Drug delivery systems (DDSs) have been extensively studied in recent years. Compared 

with traditional drug preparations, DDSs can directly deliver the drug to its designated 

location, improve therapeutic efficacy, and subsequently reduce side effects. Lipid nano-

emulsions (LNEs) as a new kind of DDS have been prepared from soybean oil, triglyceride, 

and egg yolk lecithin. These LNEs were initially used to supply energy to patients.1 LNEs 

are also promising vehicles for drug administration because of their features of sustained 

release, targeted delivery, as well as reduced irritation and drug toxicity.2–4 LNEs with 

an oil-like lipid matrix are commonly prepared by incorporating drugs into the interior 

oil phase or into the oil–water interface.5 Therefore, unstable drugs with poor aqueous 

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S47708
mailto:yuanhong70@zju.edu.cn


International Journal of Nanomedicine 2013:8submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3142

Jiang et al

solubility can be loaded into the interior oil phase of an LNE, 

thereby minimizing hydrolysis of these drugs.6

A specific type of lipid nanoparticles known as long-

circulating lipid nanoparticles has been developed. These nano-

particles can circulate in the blood for long periods without 

being trapped by the mononuclear phagocytic system.7,8 These 

nanoparticles, which contain a certain amount of hydrophilic 

chains on the surface, are usually prepared using polyethylene 

glycol (PEG)-derivatized phospholipids and are thus lowly 

susceptible to uptake by the reticuloendothelial system.9,10 

The ability of PEG derivatives to prolong the circulation 

time of nanoparticles depends on the PEG chain length (PEG 

2000 . PEG 5000 . PEG 1000) and on the PEG density on 

nanoparticle surface.11,12 Nanoparticle PEGylation can alter the 

pharmacokinetic properties of a drug, reduce the drug volume 

distribution, prolong the exposure of antitumor drugs to tumor 

cells, and increase the effect of enhanced permeability and 

retention (EPR).13,14 The characteristics of a loaded drug can 

also markedly influence the capacity of PEG-coated nanopar-

ticles in increasing the plasma residence of a drug.15

In the present study, an LNE formulation was designed 

using doxorubicin (DOX) as a model antitumor drug. The 

LNE, which was composed of medium-chain triglyceride 

(MCT), soybean oil, lecithin, and DOX, was prepared by a 

solvent diffusion method in an aqueous system. 1,2-distearoyl-

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

Glycol)2000] (DSPE-PEG 2000) was incorporated into LNE 

to obtain PEGylated LNE. The physicochemical characteristics 

of the LNE, such as size, zeta potential, drug encapsulation 

efficiency, drug-release profiles, and stabilities of LNE and 

PEGylated LNE were evaluated. Thereafter, the in-vitro cellular 

uptake, cytotoxicity, and in-vivo biodistribution and antitumor 

activities of LNE and PEGylated LNE were also evaluated.

Materials and methods
Materials
DOX hydrochlorate (DOX ⋅ HCl) was provided by Hisun 

Pharm Co, Ltd (Zhejiang, People’s Republic of China). Fluo-

rescein isothiocyanate (FITC) and 3-(4,5-dimethylthiazol-2-

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

from Sigma-Aldrich (St Louis, MO, USA). Octadecylamine 

(ODA) was purchased from Fluka Co, Ltd (Fluka/Sigma-

Aldrich, St Louis, MO, USA). MCT, lecithin (E
80

), and 

DSPE-PEG 2000 were purchased from Lipoid Co, Ltd 

(Ludwigshafen, Germany). Soybean oil was acquired from 

KeXing Laboratory Equipment Co, Ltd (Shanghai, People’s 

Republic of China). Cremophor EL was purchased from 

Aladdin Chemistry Co, Ltd (Shanghai, People’s Republic 

of China). DiR (1,1′-dioctadecyl-3,3,3′,3′-tetramethyl indo-

tricarbocyanine iodide) was purchased from Invitrogen/Life 

Technologies (Carlsbad, CA, USA). Poloxamer 188 was 

purchased from Jiqi Pharmaceutical Industry of Shen Yang 

Pharmaceutical University Co, Ltd (Shen Yang, People’s 

Republic of China). Mannitol was provided by Dongsheng 

Chemical Industry Reagent Co, Ltd (Zhejiang Wenzhou, 

People’s Republic of China). Anhydrous dimethyl sulfoxide 

(DMSO), diethyl ether, and ethanol were obtained from 

Haishuo Biochemistry Co, Ltd (Wuxi, People’s Republic of 

China). Other chemicals were analytical reagent grade.

synthesis of ODa–FITc conjugate
ODA was dissolved in ethanol, and the same molar amount 

of FITC was added under stirring. After 24 hours of reaction 

in darkness, ODA–FITC was mixed with a tenfold volume of 

distilled water and passed through a 0.45 µm Millipore (Merck 

Millipore, Billerica, MA, USA) filter. Distilled water was used 

to wash the product five times. The obtained conjugate (ODA–

FITC) on the membrane was dried at room temperature under 

sealed conditions and stored in the dark for further use.

Preparation of DOX-loaded lNes
DOX was obtained by the reaction of DOX ⋅ HCl with twice 

the molar amount of triethylamine in DMSO. In a typical 

procedure, DOX ⋅ HCl was dissolved in 10 mL of deionized 

water, and then triethylamine was added. The reaction was 

conducted in a dark place for 2 hours. The mixed solution 

was subjected to overnight dialysis (molecular weight cutoff 

[MWCO], 3500 Da; Spectrum Laboratories, Laguna Hills, 

CA, USA) against deionized water. Finally, the solution was 

centrifuged at 4000 rpm for 10 minutes. The precipitate was 

then washed and lyophilized to obtain DOX.

DOX-loaded LNEs (DOX/LNE) and PEG-modified 

LNEs (DOX/PEG/LNE) were prepared by a solvent-diffusion 

method in an aqueous system as reported in our previous 

study.16,17 In a typical procedure, MCT, soybean oil, lecithin, 

DSPE-PEG, and DOX were dissolved in a mixed solvent of 

DMSO and ethanol (1/1, v/v). The resultant organic solution 

was heated to 70°C and then quickly dispersed in distilled 

water under mechanical agitation at 400 rpm for 5 minutes 

in a 70°C water bath. After adjusting the pH of the dispersion 

to 1.2 by adding hydrochloric acid, the precipitate of LNE 

was centrifuged (3K30, Sigma, Germany) at 24,000 rpm for 

20 minutes under 4°C. The LNE precipitate was redispersed 

in distilled water after washing twice with deionized water.

To lyophilize LNE, an aqueous solution for dissolving the 

cryoprotectant mannitol and poloxamer 188 was added to the 
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resultant redispersion, and the mixture was placed in a deep 

freezer (Sanyo Ultra-Low Temperature Freezer  MDF-192, 

Japan) at −75°C for 5 hours and then rapidly moved to a 

freeze drier (Freezone 2.5 L; LABCONCO, Kansas City, 

MO, USA). The obtained powder was collected, weighed, 

and stored at room temperature. The residual organic solvent 

during LNE lyophilization was determined by gas chroma-

tography (Agilent 6890N).

characterization of lNes
The size and zeta potential of LNE were measured with 

Zetasizer (3,000 HS; Malvern Instruments, Malvern, UK). 

The sample was prepared by diluting the LNE resuspension 

to 100 µg/mL lipid concentration. Morphological examina-

tions were performed using a transmission electron micro-

scopy (TEM) system (JEM-1230; JEOL, Tokyo, Japan). 

The samples were diluted to 0.2 mg ⋅ mL−1, dropped onto 

a carbon-coated copper grid, and stained with 2% (w/v) 

phosphotungstic acid for viewing under TEM.

The DOX content was determined with a fluorescence 

spectrophotometer (F-2500; Hitachi Ltd, Tokyo, Japan). 

The drug encapsulation efficiency (EE%) and drug-load 

content (DL%) of the LNE were then indirectly  determined. 

The  prepared LNE dispersion was passed through an 

 ultrafiltration tube (MWCO, 10,000 Da; Merck  Millipore, 

Billerica, MA, USA) at 15,000 rpm for 30 minutes. 

The amount of DOX in the filtrate was measured with a 

 fluorescence spectrophotometer. The excitation wavelength, 

emission wavelength, and slit openings were set at 505, 565, 

and 5 nm, respectively. The EE% and DL% were calculated 

using Equations 1 and 2, respectively.

EE % 

(Total weight of DOX Weight of DOX in supernatants)

T
=

−
ootal weight of DOX 

100%×
 [1]

DL %

(Total weight of DOX Weight of DOX in supernatants)

(W
=

−
eeight of lipid Total weight of DOX

Weight of DOX in super

+
− nnatants) 

100%×
 [2]

Drug-release test from lNe
In-vitro cumulative drug release of DOX from LNE was 

investigated using phosphate-buffered saline (PBS) (pH 7.4) 

as a release medium. DOX, DOX/LNE, and DOX/PEG/

LNE containing 50 µg of DOX were suspended in 1 mL of 

deionized water and poured into a dialysis membrane bag 

(MWCO, 7000 Da; Spectrum Laboratories) in plastic tubes. 

Then, 15 mL of PBS (the saturated solubility of DOX in PBS 

was determined to be about 20 µg/mL, which reached the 

sink condition) was added. The plastic tubes were then placed 

in an incubator shaker and shaken horizontally at 60 rpm at 

37°C. The solution in the tube was periodically withdrawn 

and completely replaced with an equal volume of fresh PBS 

at predefined time intervals. The concentration of DOX was 

determined with a fluorescence spectrophotometer (F-2500; 

Hitachi Ltd).

stability test of lNe
The storage stabilities of DOX/LNE and DOX/PEG/LNE 

were also determined. A certain volume of LNE  dispersion 

solution was stored at room temperature under sealed 

 conditions; the mean size, zeta potential, and EE% were 

investigated once a month for 3 months. For  comparison, 

 lyophilized samples were also stored under the same 

 conditions. Before measurements, the powders of the 

samples were redispersed in distilled water with 1 mg ⋅ mL−1 

 concentration by vortexing (XW-80A; Instruments factory of 

Shanghai Medical University) for 20 seconds.

cell culture
A549 (human lung carcinoma) cells were obtained from the 

Cell Resource Center of China Science Academy. Cells were 

maintained in RPMI (Roswell Park Memorial Institute) 1640 

(Gibco®; Life Technologies) supplemented with 10% (v/v) 

newborn calf serum (Sijiqing Biologic, Hangzhou, People’s 

Republic of China) and penicillin/streptomycin (100 U mL−1 

each) at 37°C in a humidified incubator with an atmosphere 

of 5% CO
2
. Cells were regularly subcultured using trypsin/

EDTA.

In-vitro cytotoxicity assay
The in-vitro cytotoxicity of DOX (the positive control), 

DOX/LNE, and DOX/PEG/LNE against A549 cells were 

evaluated by MTT assay. Cells were seeded at a density 

of 10,000 cells per well in a 96-well plate (Nalge Nunc 

 International, Naperville, IL, USA) and incubated for 

24 hours. After pre-incubation, cells were exposed to DOX, 

DOX/LNE, and DOX/PEG/LNE solution with serial concen-

trations for another 48 hours. At predetermined time points, 

20 µL of MTT solution (5 mg ⋅ mL−1) was added followed 

by incubation for 4 hours. Then, the metabolized product 
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MTT formazan was dissolved by adding 200 µL of DMSO 

to each well. Finally, the plate was shaken for 20 minutes, 

and the absorbance of the formazan product was measured at 

570 nm in a microplate reader (Bio-Rad, Model 680;  Bio-Rad 

Laboratories, Hercules, CA, USA).

cellular uptake tests
For the cellular uptake experiment, 5% (w/w) of lipid in 

the preparation of LNE was replaced with ODA-FITC 

to prepare FITC-labeled DOX/LNE or DOX/PEG/LNE. 

A549 cells were seeded at a density of 1.0 × 105 cells/mL 

onto a 24-well culture plate and incubated for 24 hours. 

The medium containing FITC-labeled DOX/LNE or DOX/

PEG/LNE was added to the well before fluorescence images 

observation at 1, 6, and 12 hours respectively, and then 

incubated for 1, 6, and 12 hours. After the incubation, the 

cells were washed twice with PBS (pH 7.4), and the cellular 

uptake of FITC-labeled LNE was viewed by fluorescence 

microscopy (Olympus America, Melville, NY, USA).

establishment of a tumor-bearing  
animal model
All animal procedures were approved by the Zhejiang 

 University Institutional Animal Care and Use  Committee. 

BALB/C+nu/F1 nude mice (6–8 weeks old) were transplanted 

with A549 cells by subcutaneous injection of 5.0 × 105 

cells, and then raised for a period of time until needed for 

further use.

In-vivo imaging
For in-vivo fluorescence imaging, DiR was used as a 

molecular probe.18 About 100 µg of DiR was loaded into 

50 mg of lipid material to obtain the DiR/lipid materials 

and DiR/PEG/LNE. The final concentration of LNE was 

6 mg ⋅ mL−1. A549 tumor- bearing nude mice were injected 

intravenously through the tail veil at a dose of 0.2 mL DiR/

LNE. At multiple time points, the mice were anesthetized, 

and images were collected using the Maestro In Vivo Imag-

ing System (CRI Inc, Woburn, MA, USA). The tunable filter 

was automatically stepped in 10 nm increments from 580 

to 700 nm, whereas the camera captured images at each 

wavelength with constant exposure. Overall, the acquisi-

tion time was about 0.5 seconds. For ex-vivo imaging, after 

tumors and hearts were harvested, tissues were immediately 

subjected to fluorescence imaging using the Spectral Imag-

ing System. Moreover, 1% (v/v) of the injected amount 

of DiR/LNE was used as standard point to semi-quantify. 

The semi-quantitative content in each organ or tumor was 

calculated using Equation 3.

 

DiR/LNE in tissue (%)

(The intensity of different tissues)
=

((The intensity of the standard point) 100 
100%

×
×

 [3]

In-vivo antitumor activity  
of DOX-loaded lNes
Different formulations were injected through the tail vein 

when the tumor volume reached approximately 100 mm3. 

Mice were randomly divided into four groups, with six 

mice per group. The first group, which served as the nega-

tive control, was injected with 0.2 mL of 0.9% saline for 

7 days consecutively. The second group, which served as the 

positive control, was injected with 2 mg ⋅ kg−1 body weight 

of Adriamycin (commercial DOX hydrochloride injection) 

for 7 days consecutively. The third and fourth groups were 

injected with DOX-loaded LNE (2 mg ⋅ kg−1 equivalent DOX 

and 4 mg ⋅ kg−1 equivalent DOX, respectively) for 7 days 

consecutively.

The size of the tumor and bodyweight of each mouse were 

monitored every 3 days thereafter. After 27 days, mice were 

sacrificed and tumor weight was measured. Tumor volume 

and inhibition of tumor growth (%) were calculated using 

Equations 4 and 5.

 

Tumor volume

(The smallest diameter) The smallest diamete

=

× ( rr)

The largest diameter

2

× ( )

 [4]

Inhibition of tumor growth (%) 

1
(The average tumor weigh

= −
tt of treated  group)

(The average tumor weight of negative  control group)

100%×
 [5]

evaluation of the cardiac toxicity  
of DOX-loaded lNes
The cardiac toxicity of DOX-loaded LNEs was studied by 

comparing with free DOX. BALB/c mice were randomized 

into four groups (n = 5). One group was untreated, and the 

other three were injected intravenously with a single dose 

of 0.9% saline, free DOX (10 mg/kg), and DOX/LNE 
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Table 1 Preparation recipes and characteristics of lNe with different weight ratio of soybean oil to McT

Materials (mg) Physicochemical properties

Soybean oil MCT Lecithin dn (nm) Zeta potential (mV) EE (%) DL (%)

a 80 20 12 126.4 ± 8.7* −22.4 ± 4.6 79.2 ± 2.1 4.0 ± 0.1
B 60 40 12 97.2 ± 7.6* −27.4 ± 5.2 78.5 ± 3.3 4.0 ± 0.2
c 50 50 12 56.2 ± 7.6* −26.3 ± 3.5 75.2 ± 1.4 3.8 ± 0.1
D 40 60 12 44.5 ± 9.3* −25.6 ± 7.3 71.2 ± 2.9 3.6 ± 0.1
e 20 80 12 64.8 ± 8.7* −27.8 ± 6.1 66.2 ± 3.8 3.3 ± 0.2

Notes: Data are expressed as the mean ± standard deviation (n = 3); *indicates significant difference (P , 0.05).
Abbreviations: lNe, lipid nanoemulsion; McT, medium-chain triglyceride; dn, hydrodynamic diameter of LNE; EE (%), drug encapsulation efficiency; DL (%), drug loading 
content.

Table 2 Physical stability of DOX/lNe and DOX/Peg/lNe and their freeze-dried samples

dn (nm) Zeta potential (mV) EE (%) DL (%)

0 day 3 months 0 day 3 months 0 day 3 months 0 day 3 months

DOX/lNe 56.2 ± 7.6 83.5 ± 12.2 −26.3 ± 3.5 −22.0 ± 4.2 75.2 ± 1.4 73.2 ± 2.5 3.8 ± 0.1 3.7 ± 0.1
DOX/Peg/lNe 64.8 ± 8.7 117 ± 18.3 −21.2 ± 4.4 −16.8 ± 3.4 72.3 ± 3.2 71.3 ± 2.5 3.6 ± 0.2 3.6 ± 0.1
l-DOX/lNe 76.3 ± 12.3 94.3 ± 21.1 −28.4 ± 4.2 −28.4 ± 5.1 74.8 ± 2.3 74.3 ± 1.3 3.7 ± 0.1 3.7 ± 0.1
l-DOX/Peg/lNe 87.5 ± 8.7 116 ± 12.1 −23.8 ± 6.7 −28.9 ± 3.2 71.8 ± 2.4 70.2 ± 2.6 3.6 ± 0.1 3.5 ± 0.1

Notes: Data are expressed as the mean ± standard deviation (n = 3); l-DOX/lNe and l-DOX/Peg/lNe were the lyophilized samples of DOX/lNe and DOX/Peg/lNe.
Abbreviations: DOX, doxorubicin; lNe, lipid nanoemulsion; Peg, polyethylene glycol; dn, hydrodynamic diameter; EE (%), drug-encapsulation efficiency; DL (%),  
drug-loading content.

(10 mg/kg) on day 0. On day 27, the mice were euthanized 

and then their hearts were immediately harvested and fixed 

in 4% formalin. Thereafter, the hearts were incrementally 

dehydrated by increasing concentrations of alcohol and then 

stained with hematoxylin and eosin, followed by microscopic 

examination of cardiomyopathy.

statistical analysis
Data were expressed as the mean of three separate 

 experiments. The signif icances of differences were 

 determined using  Student’s t-test two-tailed for each paired 

 experiment. P , 0.05 was considered statistically significant 

in all cases.

Results and discussion
Preparation and characteristics of lNe
Ethanol and DMSO were used to prepare LNE. DMSO 

was used because of the poor solubility of DOX in ethanol. 

Moreover, mixed organic solvent of DMSO and ethanol was 

used to completely dissolve DOX and lipid materials. When 

the mixed solution dissolving with DOX and lipid materials 

was added to the water phase, the mixed solvent quickly dif-

fused into the aqueous phase, and DOX and lipid materials 

consequently separated from the aqueous phase and formed 

DOX-loaded LNE.

Table 1 lists the preparation steps and characteristics of 

LNE with different weight ratios of soybean oil to MCT. 

The nanoemulsion size signif icantly decreased from 

126.4 ± 8.7 nm to 44.5 ± 9.3 nm after the weight ratio of MCT 

to soybean oil increased from 1:4 to 3:2. However, the nano-

emulsion size increased again when the weight ratio of MCT 

to soybean oil was further increased to 4:1.  Furthermore, the 

drug encapsulation efficiency decreased from 79.2% ± 2.1% 

to 71.2% ± 2.9% with increased weight ratio of MCT to soy-

bean oil from 1:4 to 3:2 and then decreased to 66.2% ± 3.8% 

when the weight ratio of MCT to soybean oil was increased 

to 4:1. The reduced drug encapsulation efficiency can be 

attributed to the decreased amount of soybean oil, which had 

better solubility for DOX than MCT. Considering the char-

acteristics of particle size and drug encapsulation efficiency, 

formula C was chosen for further research because of its 

relatively smaller particle size and higher drug encapsulation 

efficiency. The drug-loading content of formula C (Table 1) 

was 3.8% ± 0.1%.

To obtain PEG-modified LNE, 50 weight (wt)% of leci-

thin in formula C was replaced by DSPE-PEG. The size of 

LNE increased from 56.2 ± 7.6 nm to 64.8 ± 8.7 nm after 

PEGylation, whereas the drug encapsulation efficiency 

and zeta potential had no significant change (Table 2). The 

increased size can be attributed to the hydrophilic PEG chain 

on the emulsion surface in the water phase. Figure 1 shows 

the size distribution as determined by dynamic light scattering 

and TEM images of DOX/LNE and DOX/PEG/LNE. Spheri-

cal morphology can be observed from Figure 1C and D.
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Table 2 shows the physicochemical properties of lyo-

philized samples of DOX/LNE and DOX/PEG/LNE before 

and after storing samples at room temperature for 3 months. 

The lyophilization process using mannitol and poloxamer 

188 as the cryoprotectant did not significantly influence 

the drug encapsulation efficiency of DOX-loaded LNE and 

PEGylated LNE. However, the size of DOX/PEG/LNE and 

DOX/LNE increased from 64.8 ± 8.7 nm to 87.5 ± 8.7 nm 

and 56.2 ± 7.6 nm to 76.3 ± 12.3 nm, respectively after 

lyophilization. The increased size may be attributed to the 

effect of the lyophilization process that led to the coagulation 

of small LNEs; however, all sizes of LNEs were ,90 nm. 

The stability test of LNE dispersion solution also indicated 

that drug encapsulation efficiency had no apparent changes 

at room temperature for 3 months; however, the particle size 

especially of DOX/PEG/LNE increased from 64.8 ± 8.7 nm 

to 117 ± 18.3 nm after 3 months. This increase can be associ-

ated with the decreased zeta potential (from −21.2 ± 4.4 mV 

to −16.8 ± 3.4 mV) during the stability test and caused the 

aggregation of LNEs. The residual organic solvent in the 

lyophilization of LNE was determined by gas chromatogra-

phy (Agilent 6890N). No ethanol was determined, and the 

residual DMSO concentration was 12.3 ± 1.2 ppm, which 

was much lower than the 0.5% restricted value of DMSO in 

injection preparation.

In-vitro drug-release profiles of DOX/LNE and DOX/

PEG/LNE are shown in Figure 2. The saturation solubility of 

DOX in PBS (pH 7.4) was determined to be about 20 µg/mL, 

the applied concentration of DOX was 2.5 µg/mL; thus, 

a good sink condition was maintained during drug-release 

tests. Figure 2 shows that both samples released about 80% 

of the drug after 48 hours, and no significant difference was 

found between the release profiles of DOX/LNE and DOX/

PEG/LNE. Drugs released from LNE were probably related 

to the mechanism of diffusion.

In-vitro cellular uptake
Figure 3 shows the fluorescence images of A549 cells 

incubated with FITC/LNE or FITC/PEG/LNE for 2, 6, and 
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Figure 3 Fluorescence images after the a549 cells were exposed to FITc-labeled lNe for 1, 6, and 12 hours, respectively.
Notes: The lipid concentration of lNe was 50 µg ⋅ ml−1. Co-cultured with PEG-modified LNE (A); and nonmodified LNE (B).
Abbreviations: FITC, fluorescein isothiocyanate; LNE, lipid nanoemulsion; PEG, polyethylene glycol.
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Figure 4 cell viability after the cells were treated with free DOX, DOX/lNe, and 
DOX/Peg/lNe with different DOX concentration.
Abbreviations: DOX, doxorubicin; lNe, lipid nanoemulsion; Peg, polyethylene 
glycol.

12 hours, respectively. The fluorescence intensity increased 

with increased incubation time, which indicated that the 

cellular uptake of LNE was time dependent.

Over the past decades, several efforts have been devoted to 

the surface modification of various drug carriers with PEG to 

improve the internalization efficiency. PEG modification can 

enhance the cell membrane crossing ability of nanoparticles. 

In a previously reported mechanism, PEG can be dissolved in 

both polar and nonpolar solvents and has a high solubility 

in cell membranes.19 Other researchers have also reported a 

hydration shell that exists around the cell membrane, and this 

shell prevents particles whose surface is excessively lipophilic, 

from approaching the cell membrane. This excessive hydro-

philicity can prevent the internalization of nanoparticles into 

cells, and PEG modification can balance the hydrophilicity and 

lipophilicity of the particle surface and enhance uptake.8,20–22 

Figure 3 shows that the cellular uptakes of LNE were highly 

enhanced by the incorporation of DSPE-PEG into LNE.

In-vitro cytotoxicity
The variations in cell viability against the drug concentration 

of free DOX, DOX/LNE, and DOX/PEG/LNE solution are 

presented in Figure 4. The IC
50

 values of DOX/LNE and 

DOX/PEG/LNE against A549 calculated from Figure 4 were 

2.36 ± 0.21 and 1.88 ± 0.16 µg ⋅ mL−1, respectively. As a 

 control, the IC
50

 value of free DOX was 3.69 ± 0.25 µg ⋅ mL−1. 

The antitumor activities increased 1.6-fold (P , 0.01) after 

DOX was encapsulated into LNEs. The enhanced cytotox-

icity of DOX-loaded LNE can be attributed to the faster 

internalization of DOX into cells mediated by nanoemulsion. 

Compared with DOX-loaded LNE, PEG-modified DOX-

loaded LNE also displayed higher cytotoxicity (1.9-fold; 

P , 0.01), which was probably related to PEG modification 

promoting the internalization of LNE into cells.23

In-vivo biodistribution
Figure 5 presents the in-vivo fluorescent images of tumor-

bearing mice after injecting with DiR-labeled LNE through 

the tail vein. PEGylated LNE can more efficiently accumu-

late in the tumor area than nonmodified LNE. Regarding 

DiR/PEG/LNE, most nanoemulsions accumulated in the 

liver in the first 2 hours. At 8 hours, PEGylated LNE in 

the liver sharply decreased but significantly increased in 
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the tumor region. However, in the DiR/LNE group, most 

nanoemulsions were distributed in the liver throughout the 

observation time. The mice were sacrificed 36 hours after 

injection. Figure 6 shows the in-vivo semi-quantitative 

2 h
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b
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Figure 5 Bio-distribution of Dir-labeled lNe in tumor-bearing mice. group (A) Dir/Peg/lNe, group (B) Dir/lNe. site (a) tumor area, site (b) liver area.
Abbreviations: Dir, 1,1′-dioctadecyl-3,3,3′,3′-tetramethyl indotricarbocyanine iodide; lNe, lipid nanoemulsion; Peg, polyethylene glycol; h, hours.
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Figure 6 In vivo biodistribution of tumor-bearing mice after Dir-labeled lNe 
was administrated for 36 hours. Fluorescence images (A) and semi-quantitative 
biodistribution rate (B).
Abbreviations: Dir, 1,1′-dioctadecyl-3,3,3′,3′-tetramethyl indotricarbocyanine 
iodide; lNe, lipid nanoemulsion; Peg, polyethylene glycol.
Note: *Indicates significant difference (P , 0.05).

biodistribution on tumor-bearing mice after administration 

of DiR-labeled LNE for 36 hours. The accumulation of 

LNE in the tumor area increased 6.7-fold (P , 0.05) after 

PEGylation.

Blood vessels in solid tumor tissue are generally abnormal 

in form and architecture. They are poorly aligned defective 

endothelial cells with wide fenestration, ie, lacking a smooth 

muscle layer or enervated with wider lumen, and impaired 

functional receptors for angiotensin II. These cells also usu-

ally lack effective lymphatic drainage.24,25 All these factors 

lead to the high selectivity and permeability retention of 

macromolecules and lipid nanoparticles known as high per-

meability and retention effect of the solid tumor or EPR.26,27 

However, only particles ,200 nm in size can passively target 

the tumor by the EPR effect. More importantly, PEGylation 

of LNE can exist longer in blood circulation, which can also 

enhance the EPR effect.

In-vivo antitumor activity
Adriamycin (a commercial DOX hydrochloride injection), 

saline, and DOX-loaded LNE were injected through the 

tail vein into A549 human lung adenocarcinoma-bearing 

nude mice. Changes in tumor volume and mice weight 

are shown in Figure 7. Tumor growth can be effectively 

inhibited by both Adriamycin and drug-loaded LNE. 

 Figure 7B shows a continuous increase in the bodyweight 

in all groups, which indicated that all doses were within 
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Figure 7 In-vivo antitumor activities of adriamycin and DOX-loaded lNe in tumor-bearing nude mice: mice tumor volume (A) and mice body weight (B) changed within 
27 days (n = 6). 
Abbreviations: DOX, doxorubicin; lNe, lipid nanoemulsion; Peg, polyethylene glycol.

Figure 8 cardiac tissue obtained from mice which received a single intravenous 
dose of (A) untreated (as control), (B) normal saline, (C) DOX-loaded lNe, and 
(D) adriamycin. hearts were harvested at day 27 after intravenous injection.
Abbreviations: DOX, doxorubicin; lNe, lipid nanoemulsion.

the safety range.  However, the bodyweight of mice sharply 

decreased in the first 6 days after treatment with Adriamy-

cin (2 mg ⋅ kg−1).

The tumor inhibition rate was 85.4% for Adriamycin 

(2 mg ⋅ kg−1), 73.3% for DOX/LNE (2 mg ⋅ kg−1), 85.0% for 

DOX/LNE, 79.2% for DOX/PEG/LNE (2 mg ⋅ kg−1), and 

84.6% for DOX/PEG/LNE (4 mg ⋅ kg−1). The tumor inhibi-

tion values of all groups were .60%, which was considered 

to be effective for tumor therapy. PEGylation enhanced the 

tumor inhibition of DOX/LNE at a lower dose. The high dose 

of Adriamycin (2 mg ⋅ kg−1) caused mice death, whereas the 

LNE-based DDS exerted an equivalent therapeutic effect. 

This result indicated that DOX-loaded LNE maintained the 

therapeutic effects of Adriamycin while considerably mini-

mizing its toxicity.

cardiac toxicity
Doxorubicin plays an important role in cancer therapy 

because of its efficacy in treating different types of tumors. 

However, its clinical use can be limited by the risk of 

irreversible and possibly life-threatening cardiac injury. 

 Figure 8 shows histopathological changes in heart tis-

sues treated with  DOX-loaded LNE had similar results to 

normal muscle fibers and the saline group (Figure 8A–C). 

However, as shown in  Figure 8D (Adriamycin group), the 

pathological biopsy of muscle fibers showed severe damage 

ranging from cavity formation to complete fragmentation. 

This result indicated that DOX-loaded LNE can reduce the 

cardiac toxicity of DOX.

Conclusion
Stable nanosized LNE was successfully prepared by a 

solvent-diffusion method in an aqueous system. In-vitro 

drug release from DOX/LNE can be prolonged up to 

48 hours. Cellular uptake of LNE was time dependent and 

can be significantly strengthened by PEGylation. After 

DOX was encapsulated into LNE, the cytotoxicity increased 

1.6-fold and can be  further enhanced by PEGylation. 

LNE can passively  accumulate in the tumor tissue and be 
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highly enhanced after PEGylation. In-vivo antitumor activity 

indicated that DOX-loaded LNE can reduce the toxicity level 

while maintaining the therapeutic effects of commercial DOX 

hydrochloride. The results suggested that DOX-loaded LNE 

is a potential candidate for antitumor drug delivery.
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