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a b s t r a c t

Site-specific delivery of drugs and therapeutics can significantly reduce drug toxicity and increase the
therapeutic effect. Transferrin (Tf) is one suitable ligand to be conjugated to drug delivery systems to
achieve site-specific targeting, due to its specific binding to transferrin receptors (TfR), highly expressed
on the surfaces of tumor cells. Stealth liposomes are effective vehicles for drugs, genes and vaccines and
can be easily modified with proteins, antibodies, and other appropriate ligands, resulting in attractive
formulations for targeted drug delivery. In this study, we prepared doxorubicin-loaded stealth liposomes
(Tf-SL-DOX) by film dispersion followed by ammonium sulphate gradient method, then conjugated Tf
to the liposome surface by an amide bound between DSPE–PEG2000–COOH and Tf. The results of the
intracellular uptake study indicated that Tf-modified SL was able to enhance the intracellular uptake of
the entrapped DOX by HepG2 cells compared to SL-DOX. We studied tissue distribution and therapeutic
ntitumor efficiency

iodistribution
argeting

effects of Free DOX, SL-DOX and Tf-SL-DOX in tumor-bearing mice and pharmacokinetics in rats. The
pharmacokinetic behavior of Tf-SL-DOX in the plasma was closed to SL-DOX. Administration of Tf-SL-DOX
to tumor-bearing mice could be used to deliver DOX effectively to the targeted site, significantly increasing
DOX concentration in tumor and decreasing DOX concentration in heart and kidney. In summary, our
study indicated that the Tf-coupled PEG liposomes (Tf-SL) could be as the targeted carriers to facilitate

sulate
the delivery of the encap

. Introduction

In the last two decades, many studies focused on developing
rug delivery systems to achieve controlled release or enable drug
argeting to specific tumor sites. Stealth liposomes (SL) have shed
ight on their use as potent drug carriers, since these have the ability
o escape from the reticuloendothelial system (RES) and circulate
n the blood for a long period (Ceh et al., 1997). It has been demon-
trated that SL can accumulate in tumor tissue due to the effect
f enhanced permeability and retention (EPR) (Maeda et al., 2000;
arrington et al., 2001).

However, anticancer drugs accumulation in tumor tissue via SL
eems to be prerequisite but far from sufficient to guarantee a thera-
eutic improvement. For a variety of chemotherapeutic agents with
n intracellular site of action, efficient intracellular uptake by the

umor cells should be the determinant step for their antitumor
ctivity. While introducing PEG enables liposomes accumulate in
umor tissue, it creates a steric barrier that could cause a reduction
n liposomes interaction with the target cells (Harvie et al., 2000;

∗ Corresponding author. Tel.: +86 25 83271098.
E-mail addresses: xuemingli@njut.edu.cn (X. Li), pingqn@cpu.edu.cn (Q. Ping).
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oi:10.1016/j.ijpharm.2009.01.023
d anticancer drugs into tumor cells by receptor-mediated way.
© 2009 Elsevier B.V. All rights reserved.

Vertut-Doi et al., 1996), leading to low uptake of the entrapped
drugs via cell endocytosis or membrane fusion. In addition, various
ligands or antibodies can be further attached to the surface-granted
PEG chains, thus permitting them to be actively taken up by the
target cells via receptor-mediated endocytosis.

The high specificity of endocytic uptake of transferrin (Tf) by
the transferrin receptor (TfR) has made it a subject of interest for
targeted drug delivery (Qian et al., 2002). The TfR is expressed in
many tissue types in the body, particularly, in areas that feature
a high turnover rate of cells. Elevated expression levels of TfR in
neoplastic carcinomas show a good correlation between the num-
ber of TfR expressed and the proliferative ability of the tumor (Joo
and Kim, 2002). The knowledge of TfR-over-expression in tumor
tissues had led to a focused targeting of TfR in anticancer therapy
(Anabousi et al., 2006), and subsequently to a number of small drugs
and colloidal carrier systems linked to Tf (Singh et al., 1998).

Ishida et al. (2001) demonstrated the utility of Tf-coupled PEG
liposomes (Tf-SL) for the intracellular targeting of the liposomes

to tumor cells via receptor-mediated endocytosis. They also indi-
cated that small liposomes with a diameter of 60 nm were taken up
by tumor cells by receptor-mediated endocytosis, but not those of
120 nm. Hatakeyama et al. (2004) concluded that a small size, less
than 80 nm is an important factor for the tissue targeting of Tf-SL

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:xuemingli@njut.edu.cn
mailto:pingqn@cpu.edu.cn
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ased on receptor-mediated endocytosis, especially in the liver and
rain. On the other hand, the heart is able to take up both small and

arge liposomes in a Tf dependent manner. These results suggest
hat Tf can be the ligand for the active targeting of SL in vivo, and
egulation of size confer the tissue selectivity of Tf-SL. Such prote-
liposomes may serve as efficient carriers for the transfer of drugs,
nzymes, and nucleic acids into cells (Singh, 1999).

Previous studies have demonstrated that doxorubicin-loaded
tealth liposomes prolong circulation in the blood (Takeuchi et al.,
999), but create a steric barrier that could cause a reduction in lipo-
omes interaction with the target cells. We hypothesized that Tf-SL
ight lead to even greater specificity in drug delivery and intracel-

ular retention of cytotoxic drug in the tumor, thereby enhancing
herapeutic index. In this study, doxorubicin-loaded stealth lipo-
omes (SL-DOX) were prepared and Tf was conjugated to the surface
f SL-DOX to formulate Tf-SL-DOX. During the preparation, the size
f liposomes were controlled to less than 100 nm, then studied
harmacokinetics of Free DOX, SL-DOX and Tf-SL-DOX in rats and
issue distribution in tumor-bearing mice.

. Materials and methods

.1. Materials

Reagents were obtained from the following sources: 1,2-di-
tearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-
n-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene
lycol)2000] (DSPE–PEG2000–COOH) were purchased from Avanti
olar Lipids Inc. N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
ydrochloride (EDC), human holo-transferrin, cholesterol (chol)
ere from Sigma. Sepharose CL-4B (Pharmacia, USA), and the
icinchoninic acid (BCA) kit for protein determination were from
igma (Seelze, Germany).

Sulpho-N-hydroxysuccinimide (S-NHS) was from Yanchang
io-science Co. (Shanghai, China). Doxorubicin (DOX) hydrochlo-
ide was purchased from Haizheng Pharmaceutical Co. (Zhejiang
rovince, China). Ammonium sulphate, methanol, and all other
hemicals were commercial products of analytical reagent grade.

.2. Liposome preparation

Liposomes were prepared using a slightly modified proto-
ol according to previously published method (Anabousi et al.,
005; Maruyama et al., 2004). Briefly, the liposome were prepared
rom cholesterol, DSPC and DSPE–PEG2000–COOH at the following

olecular ratios: DSPC:chol:DSPE–PEG2000–COOH (6:3:0.6, mol%).
riefly, a mixture of phospholipid (PL) and cholesterol in chloro-

orm:methanol (2:1, v/v) was dried to a thin lipid film in a rotary
vaporator (BUCHI, R-210, Germany) at 53 ◦C. Ammonium sulphate
250 mM final concentration) to be encapsulated was then added
o result in a final lipid concentration of 10 mg lipid/ml correspond-
ng buffer. After vortexing, the sample was incubated for 10 min at
temperature above the transition temperature of the used lipids

53 ◦C for DSPC) in a cabinet drier. Unilamellar liposomes were pre-
ared by ultrasonic cell smash instrument (SCIENTZ-IID, China) for
0 min. The liposomes were then extruded five times through each
olycarbonate membrane (Nucleopore, USA) of pore sizes 0.4, 0.2,
nd 0.1 �m consecutively to make smaller size of liposomes.

Doxorubicin was encapsulated into the liposomes using the
mmonium sulphate gradient method (Haran et al., 1993; Fritze
t al., 2006). Unilamellar liposomes were initially formed in buffer

ontaining ammonium sulphate (250 mM final concentration) as
escribed above. Nonentrapped ammonium sulphate was removed
y dialysis. The liposome suspension was then dialyzed in the solu-
ion of phosphate-buffered saline (PBS; 129 mM NaCl, 2.5 mM KCl,
.4 mM Na2HPO4·7H2O, 1.3 mM KH2PO4; pH 7.4) for four times.
rmaceutics 373 (2009) 116–123 117

After dialysis, liposome suspension was placed in another pear-
shaped flask in water bath at 60 ◦C. Subsequently, doxorubicin was
added to liposomal dispersion to achieve a drug to PL ratio of 1/9
(w/w). The flask was intermittently shaken in the water bath at
60 ◦C for 1 h and the doxorubicin stealth liposomes (SL-DOX) were
produced.

Conjugation of transferrin to the liposomal surfaces (Grabarek
and Gergely, 1990) was achieved by adding 360 �l of both EDC
(0.5 M in H2O) and S-NHS (0.5 M in H2O) per 10 �mol of lipid,
before adjusting to pH 5.2 with citric acid. Excess EDC and S-NHS
were removed by dialysis. After adjusting to pH 7.5 with 1 M NaOH,
125 �g Tf/�mol PL were added and gently stirred for 8 h at 4 ◦C.
Unbound protein was removed by passing the liposome suspension
through a Sepharose CL-4B gel column.

DOX formulation was administered with sterile saline via intra-
venous injection. SL-DOX and Tf-SL-DOX were diluted with sterile
saline to appropriate concentrations as necessary prior to intra-
venous injection.

2.3. Methodology of Tf assay

Serum transferrin is a globular glycoprotein (80 kDa) which has
often been used as a model protein because of its high aqueous
solubility, low affinity for lipids and the ability to bind to specific
receptors on cell membranes. Unbound protein was removed by
passing the liposome suspension through a Sepharose CL-4B gel
column.

The average amount of transferrin conjugated to the liposome
was quantified as described by Anabousi et al. (2005). 0.1 ml of
liposome suspension was added to 0.4 ml of methanol. The mix-
ture was vortexed and centrifuged (10 s at 1.0 × 104 rpm). Then,
0.2 ml of chloroform was added and the sample was vortexed
and centrifuged again (10 s at 1.0 × 104 rpm). For phase separation,
0.3 ml of water was added and the sample was vortexed again and
centrifuged for 1 min at 1.0 × 104 rpm. The upper phase was care-
fully removed and discarded. 0.3 ml of methanol was added to the
interphase between chloroform and the precipitated protein. The
sample was mixed and centrifuged to pellet the protein (2 min
at 1.0 × 104 rpm). The supernatant was removed and the protein
pellet was dried under a stream of nitrogen gas. The pellet was
then dissolved in 0.1 ml of PBS (pH 7.4) and the concentration was
determined with a bicinchonic acid (BCA) protein assay using pure
bovine serum albumin as standard. The coupling efficiency was
calculated as �g Tf/�mol PL.

2.4. Cell experiments

2.4.1. Cell lines and cell culture
The human hepatoma cell line HepG2, obtained from Cell Insti-

tute of Academia Sinica (Shanghai, China), were cultured in RPMI
1640 media supplemented with 10% fetal calf serum (FCS), 100 U/ml
penicillin, 100 �g/ml streptomycin at 37 ◦C in a humidified atmo-
sphere containing 5% CO2. Cells were plated in 25 ml culture flasks
at a density of 105 cells/cm3. The medium was changed every other
day.

2.4.2. Flow cytometry analysis
For binding experiments, HepG2 cells were washed twice in PBS

and 1 × 106 cells were resuspended in 1 ml of RPMI 1640 medium.
The mixture was incubated for 2 h at 37 ◦C with Tf-SL-DOX, SL-DOX
and Free DOX (these DOX preparations have the same concentra-

tion of 20 �g/ml), respectively. The cells were then washed three
times with ice cold phosphate-buffered saline (PBS, pH 7.4) and ana-
lyzed by a FAC Sort flow cytometry (Becton Dickinson, San Jose, CA,
USA). Cell-associated DOX was excited with an argon laser (488 nm)
and fluorescence was detected at 560 nm. The experiments were
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erformed in triplicates and 10,000 cells were count in each
xperiment. The data were analyzed using FAC Station software
rogram.

.4.3. Intracellular uptake of DOX by confocal microscopy analysis
HepG2 cells (5 × 104 cells/ml) were incubated with Tf-SL-DOX,

L-DOX and Free DOX for 1 h at 37 ◦C (all the DOX formulations
aving DOX concentrations of 6.0 �g/ml), washed three times with
BS, fixed in 95% ethanol, and analyzed by a TCS SP2 confocal
icroscope (Leica, Heidelberg, Germany) at excitation and emis-

ion wavelengths of 480 and 540 nm, respectively.

.4.4. Cytotoxicity assay
The in vitro anticancer effects of drug-loaded liposomes (cyto-

oxicity) were evaluated using the MTT method. Briefly, the cells
ere transferred in 100 �l/well of media to 96-well microplates

nd incubated for 2 days to allow the cells to attach. The cells were
xposed to serial concentrations of Free DOX, SL-DOX, Tf-SL-DOX at
7 ◦C for 8 h in a humidified atmosphere containing 5% CO2 (n = 5)
ollowed by washing with ice cold PBS for three times and replacing
ith 100 �l of fresh medium. Next, the HepG2 cells were incu-

ated for an additional 40 h. At the end of incubation time, 20 �l
f MTT solution (5 mg/ml in PBS (pH 7.4)) was added to each well
nd the cells were incubated at 37 ◦C for another 4 h. 200 �l of
he supernatant was assayed by measuring the absorbance at dual
avelengths of 570 and 630 nm on an automated plate reader (BIO-

EK). HepG2 cells inhibition ratio (as a percentage of control cells)
as calculated according to the formula (A570-A630) of treated

ells × 100/(A630) of control cells. IC50 was defined as the DOX con-
entration, which was encapsulated in the liposomes or free form
hat inhibits cell growth by 50% as compared to the control wells
ithout any drug.

.5. HPLC analysis for DOX

The HPLC system consisted of a Shimadzu pump (LC-10ATvp),
Shimadzu fluorescence detector (RF-10AXL, EX: 480 nm; EM:

50 nm) and a DIKMA Diamonsil C18 column. The mobile phase
as 30% (v/v) acetonitrile and 70% 5 mM ammonium acetate, pH
.5 (Arnold et al., 2004). Flow rate of 1.0 ml/min was used. Mea-
urements were made using the ratio of the peak area of DOX to
hat of an internal standard (daunomycin).

Standards and quality control stock solutions of DOX (100 �g/ml
n methanol) and daunomycin (DNM, 100 �g/ml in methanol)

ere prepared from individually weighed samples. Calibration
amples were prepared fresh by serial dilution of drug standard
olutions in mobile phase, plasma, or tissue homogenates. The
nal DOX concentration ranges in blank rat plasma and in blank
umor-bearing mice tissue were 0.02–4.0 �g/ml and 0.6–12 �g/g,
espectively. DNM concentration in blank plasma and blank tissue
ere 1.0 �g/ml and 3.0 �g/g, respectively.

.6. Extraction procedures and sample preparation

.6.1. Plasma extraction
Before the samples were injected into the chromatograph, pro-

ein denaturing and precipitation procedures were carried out.
riefly, 750 �l acetonitrile was added to each 200 �l sample to pre-
ipitate proteins and extract DOX. 50 �l (4.0 �g/ml) of DNM, the

nternal standard, was transferred into each sample immediately
fter the addition of the extraction solvent to plasma, thus achieving
final concentration of 1.0 �g/ml. Samples were mixed, cooled in an

ce water bath for 10 min, and centrifuged for 10 min at 14,000 rpm
t 4 ◦C. The deproteinized supernatant was recovered and analyzed
mmediately.
rmaceutics 373 (2009) 116–123

2.6.2. Tissue extraction
Before homogenizer, 60 �l (5.0 �g/ml) of DNM standard was

added to each sample, producing a final concentration of 3.0 �g/g.
The tissues were homogenized using a Fluko mechanical homoge-
nizer (F10) in 1.44 ml mobile phase. Samples were cooled in an ice
water bath for 10 min, and centrifuged for 10 min at 14,000 rpm at
4 ◦C. The deproteinized supernatant was recovered and analyzed
immediately.

2.7. Animal experiments

2.7.1. Pharmacokinetics of DOX in rats
The animals were randomly divided into experimental groups

(eight rats per group) for treatment with formulations of DOX, SL-
DOX, and Tf-SL-DOX. Formulations at doses of DOX (5 mg/kg) were
administered via the tail vein (administration rate 0.4 ml/min).
After injection, blood was serially sampled from retro-orbital sinus
at 5, 10, 15, 30, and 45 min, 1, 2, 4, 8, 12, 24, 36, 48, 72, and 96 h.
Blood samples (600 ml) were collected in heparinized tubes, and
then centrifuged at 3000 rpm for 10 min at 4 ◦C to separate the
plasma and stored at −20 ◦C until assayed for DOX.

2.7.2. Tissue distribution of DOX in tumor-bearing mice
HepG2 cells (1 × 106 cells/0.2 ml) were injected subcutaneously

into in the right flank of the male ICR mice (China Pharmaceutical
University, Nanjing, China) and tumors were allowed to develop. At
day 10 after tumor implantation, animals bearing tumors of about
400 mm3 were used in the study.

The mice in groups of five to six animals were given DOX, SL-DOX
and Tf-SL-DOX at a single injection of 5 mg DOX/kg via tail vein. At
indicated times after injection, the mice were then sacrificed by
cervical dislocation, and the heart, liver, spleen, lung, kidney and
tumor were immediately excised. These tissues were then lightly
blotted to remove any excess blood, weighed and stored at −20 ◦C
until assayed for DOX.

2.7.3. Antitumor activity in vivo
Tf-SL-DOX, SL-DOX and Free DOX were injected into the tumor-

bearing mice (described in 2.7.2, 10 per group) via the tail vein at
1.5 or 3 mg DOX/kg according to the mean weight of each treatment
group. The size of the tumor and body weight of each mouse was
monitored thereafter. The antitumor effect of DOX preparations was
evaluated on the basis of the changes in tumor volume and weight
at selected time intervals (1 day) after administration. At day 9,
the mice were sacrificed and the tumor was harvested. For deter-
mining the tumor volume, two bisecting diameters of each tumor
were measured with slide calipers to determine the tumor volume;
and calculation was performed using the formula 0.5(ab2), where
a is the largest, and b, the smallest diameter (mm) of the tumor,
respectively. All animal experiments were performed in accordance
with China Pharmaceutical University institutional guidelines for
the care and use of animals.

2.8. Data analysis

The plasma concentration data were fitted using 3P97 pharma-
cokinetic software, to calculate the area under the curve (AUC),
terminal elimination half-life (T1/2�), plasma clearance (CL) and
elimination rate constant. Appropriate models fitting the plasma
concentrations data were evaluated by criteria according to the
goodness of fit for each model. These included the objective func-

tion, visual assessment of distribution of residuals, and Akaike’s
Information Criterion (AIC). Data were presented as mean ± S.D.
Statistical analyses were performed using one-way ANOVA fol-
lowed by post hoc Tukey HSD test, and statistical significance was
set at P < 0.05.
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Table 1
Size, polydispersity index (PI) and �-potential of liposomes before and after coupling
of transferrin at pH 7.4. Data are shown as means and standard deviation (n = 3).

Physical properties Before addition of
transferrin

After addition of
transferrin

Size (nm) 62 ± 17 70 ± 19
PI 0.231 ± 0.02 0.253 ± 0.03
�-potential (mV) −19.65 ± 1.15 −30.33 ± 2.08

Fig. 1. Flow cytometric measurement of doxorubicin uptake by HepG2 cells after
incubated with SL-DOX, Tf-SL-DOX and Free DOX. HepG2 cells were washed twice
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. Results

.1. Physical properties of the liposomes

The physical properties of the liposomes before and after cou-
ling of Tf are given in Tables 1 and 2. The size of the liposomes
efore conjugation of Tf was in the range of 62 nm. After the addi-
ion of Tf, the average size increased between 5 and 10 nm for all
amples under investigation. The PI did not show any significant
lteration, indicating that the stability of the liposomes has not
een negatively affected. Values for the z-potential were between
20 and −40 mV for the liposomes.

Entrapment efficiency of liposomes, concentration of doxoru-
icin, the amount of Tf (assessed by BCA assay) in correlation to the
mount of total phospholipid (assessed according to Derycke and
e Witte, 2002) are given in Table 2.

.2. Extraction efficiency

A simple and rapid extraction procedure was developed which
rovides a consistent matrix composition between samples and
inimizes the potential for concentration dependent variation in

rotein binding. Total extraction time was approximately 20 min
or batches of 15–20 samples. The efficiency of DOX extraction was
etermined by comparison of DOX standards extracted from plasma
nd tissue homogenates to DOX standards prepared in mobile
hase. For the plasma of interest, the efficiency of DOX extraction
as 71–87% over the concentration range of 0.02–4.0 �g/ml DOX,
hich is relevant to in vivo samples. For the tissues of interest, the

fficiency of DOX extraction was 16–93% over the concentration
ange of 0.6–12.0 �g/g DOX, which is relevant to in vivo samples.

.3. Cellular uptake of DOX by flow cytometry

Flow cytometry was used to quantify the total DOX uptake by
epG2 cells for different DOX formulations. As shown in Fig. 1, the
ellular DOX level for Tf-SL-DOX in HepG2 cells was higher than
hat of SL-DOX.

.4. Confocal microscopy of interactions of DOX formulations
ith the cells

The extent of cell association of the different DOX formulations
ith HepG2 cells was further evaluated by confocal microscopy

Fig. 2), after exposure for 1 h, Tf-SL-DOX were efficiently internal-
zed by the cells and the level of cellular uptake was significantly
igher than that of non-targeted control liposomes based on Fig. 2.

Flow cytometry studies and confocal microscopy analysis
emonstrated that association of targeted liposomes (Tf-SL-DOX) to
epG2 cells occurs at a significantly larger extent than non-targeted

ormulations (SL-DOX).
.5. Cytotoxicity activity

The cytotoxicity of Tf-SL-DOX, SL-DOX and Free DOX to HepG2
ells was compared. DOX concentrations leading to 50% cell-killing
IC50) were determined from concentration-dependent cell viabil-

able 2
ntrapment efficiency, concentration of doxorubicin, transferrin amount, phospholipids
n = 3).

ntrapment efficiency Concentration of doxorubicin (mg/ml) Tf amount (

6.4% 0.54 511.4
5.5% 0.51 482.3
6.8% 0.53 500.4
in PBS and 1 × 106 cells were resuspended in 1 ml of RPMI 1640 medium. The mixture
was incubated for 2 h at 37 ◦C with Tf-SL-DOX, SL-DOX and Free DOX, respectively.
The cells were then washed with ice cold phosphate-buffered saline (PBS, pH 7.4)
and analyzed by a FAC Sort flow cytometry.

ity curves. The IC50 of Tf-SL-DOX, SL-DOX and Free DOX against
the HepG2 cells were 5.22,20.4, and 166.2 �mol/L, respectively.
Fig. 3 shows the inhibition ratio of DOX of different concentrations
for different preparations of DOX. The IC50 of targeted Tf-SL-DOX
was significantly lower than that of SL-DOX. These results indicate
that Tf was effective in promoting the internalization of liposomes
encapsulating DOX to the target tumor cells. DOX-loaded Tf-SL pro-
vided the most efficient killing of cancer cells compared to DOX in
plain SL.

3.6. Plasma pharmacokinetics

Fig. 4 illustrates the DOX concentration in plasma–time pro-
files of Free DOX, SL-DOX and Tf-SL-DOX. DOX concentration in
plasma–time data with Free DOX, SL-DOX and Tf-SL-DOX, were all
best fitted with a three-compartment model, characterized by an
initial rapid phase of drug concentration decrease, and a slower
terminal elimination phase. The pharmacokinetic parameters are
shown in Table 3. The pharmacokinetics parameters of Free DOX
were characterized with an AUC0–12 h of 537.8 ng h/ml, a terminal
half-life (T1/2�) of 5.476 h.
When formulations containing liposomal DOX were admin-
istered, the plasma concentration–time profiles were entirely
different from DOX. It showed that liposomal DOX significantly
altered some pharmacokinetic parameters of DOX (Table 3). Lipo-
somal DOX increased significantly the AUC0–96 h and reduced CLp

amount and coupling efficiency. Data are shown as means and standard deviation

�g/ml) PL amount (�mol/ml) Coupling efficiency (�g Tf/�mol PL)

5.20 98.3
4.99 96.7
4.71 106.2
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Fig. 2. Confocal laser scanning microscopy of HepG2 cells (5 × 104 cells/ml) after incubation with SL-DOX (A), Tf-SL-DOX (B) and Free DOX (C) for 1 h at 37 ◦C, washed three
times with PBS, fixed in 95% ethanol, and analyzed by a TCS SP2 confocal microscope. All these DOX formulations having DOX concentrations of 6.0 �g/ml.

Fig. 3. 48 h cytotoxicity assay of SL-DOX, Tf-SL-DOX and Free DOX to HepG2 cells.
Data are represented as percentage of control. Each assay was done in triplicate
(mean ± S.D.). The cells were exposed to serial concentrations of Free DOX, SL-DOX,
Tf-SL-DOX at 37 ◦C for 8 h. The cytotoxicity was evaluated using the MTT method.
H
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Fig. 4. Plasma DOX concentration–time profiles of Free DOX (�), SL-DOX (�) and
Tf-SL-DOX (�). DOX in solution or within SL- or Tf-SL-liposomes (DOX: 5 mg/kg)
was injected via tail veins of rats. At various times thereafter, blood samples were
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epG2 cells inhibition ratio (as a percentage of control cells) was calculated accord-
ng to the formula (A570–A630) of treated cells × 100/(A630) of control cells.

f DOX. Compared with Free DOX treatment, an AUC0–96 h of
.22 mg h/ml obtained from the Tf-SL-DOX treatment represented a
ery significant 2400-fold increase in AUC, confirming slower DOX
emoval from the plasma compartment of DOX-encapsulated lipo-
ome. An elimination T1/2� of 22.4 h was 4-fold higher and CLp was
500-fold slower when compared to Free DOX. But VC for Free DOX
as 200-fold more than that of Tf-SL-DOX. However, with SL-DOX,
he pharmacokinetic parameters were similar to that with Tf-SL-
OX (Table 3), suggesting that liposomes modified with transferrin
ad no effects on the pharmacokinetics of liposomal DOX (SL-DOX).

able 3
ummary of pharmacokinetic parameters for Free DOX, SL-DOX and Tf-SL-DOX.

arameters Unit DOX

�g/ml 5.956 ± 1.621
i h−1 15.451 ± 3.060

�g/ml 0.120 ± 0.151
h−1 2.791 ± 3.323
�g/ml 0.012 ± 0.000
h−1 0.133 ± 0.041

C L/kg 4.000 ± 1.000
1/2(pi) h 0.046 ± 0.009
1/2(˛) h 0.853 ± 1.015
1/2(ˇ) h 5.476 ± 1.690
12 h−1 0.967 ± 0.308
21 h−1 3.086 ± 3.704
13 h−1 2.796 ± 2.040
31 h−1 0.162 ± 0.029
10 h−1 11.363 ± 0.319
UC (�g/ml) h 0.538 ± 0.145
L(s) L/(kg h) 50.000 ± 1.500
RT h 2.431 ± 0.050

he plasma concentration data were fitted using 3P97 pharmacokinetic software. Appr
ccording to the goodness of fit for each model. Data are shown as means and standard d
collected using glass capillaries from veins of fundus oculi. Plasma DOX levels were
measured by HPLC. Data are shown as means and standard deviation (n = 5–6).

3.7. Tissue distribution

The DOX levels and distribution characteristics after i.v.
injection of Free DOX, SL-DOX or Tf-SL-DOX at the dose of

5 mg/kg were shown in Fig. 5. At 1 h after administration of the
preparations of Free DOX, DOX concentration was found in kid-
ney > spleen > liver > lung > heart > tumor. Distribution of DOX at 1 h
point to the heart and kidney was significantly reduced by intra-

SL-DOX Tf-SL-DOX

63.728 ± 12.189 52.297 ± 13.450
2.542 ± 1.313 0.963 ± 0.480

49.105 ± 6.148 45.654 ± 11.470
0.201 ± 0.043 0.152 ± 0.119

33.520 ± 6.246 24.328 ± 9.636
0.034 ± 0.002 0.031 ± 0.003
0.150 ± 0.025 0.205 ± 0.015
0.339 ± 0.202 0.843 ± 0.379
3.551 ± 0.709 6.398 ± 3.627

20.584 ± 0.905 22.238 ± 2.059
0.923 ± 0.537 0.273 ± 0.063
1.523 ± 0.790 0.627 ± 0.437
0.117 ± 0.034 0.072 ± 0.080
0.099 ± 0.018 0.073 ± 0.044
0.115 ± 0.004 0.100 ± 0.004

1276.458 ± 195.444 1221.262 ± 80.795
0.020 ± 0.005 0.020 ± 0.000

23.464 ± 1.128 22.585 ± 2.594

opriate models fitting the plasma concentrations data were evaluated by criteria
eviation (n = 5–6).



X. Li et al. / International Journal of Pharmaceutics 373 (2009) 116–123 121

F nd Tf-
i were t
t wn as

v
i

t
D
f
i
f
p
o
l
t
w
F

c
A
h
a
(
i
i

demonstrated remarkably higher AUC (P < 0.01) than SL-DOX in
tumor. As anticipated, Tf-SL-DOX and SL-DOX displayed a much
greater systemic circulation time than Free DOX, which showed
rapid clearance kinetics.

Table 4
AUC values in various tissues of mice after i.v. injection of Free DOX, SL-DOX and
Tf-SL-DOX.

Formulation Tissuea AUC (h �g/g)

Heart Liver Spleen Lung Kidney Tumor

Free DOX 114.4 105.8 180.9 74.5 120.0 46.1
SL-DOX 77.6** 190.9* 269.3* 121.1* 110.4 166.1*

Tf-SL-DOX 87.2** 252.9* 253.0* 110.2* 105.1 238.7*,***

DOX in solution or within SL- or Tf-SL-liposomes (DOX: 5 mg/kg) was injected via
tail veins of tumor-bearing mice. At various times thereafter, the mice were then
sacrificed by cervical dislocation, and the heart, liver, spleen, lung, kidney and tumor
ig. 5. Tissues distribution of mice after i.v. injection of Free DOX (�), SL-DOX (�) a
njected via tail veins of tumor-bearing mice. At various times thereafter, the mice
umor were immediately excised. DOX levels were measured by HPLC. Data are sho

enously administered SL-DOX or Tf-SL-DOX, but significantly
ncreased in tumor.

It was showed that at 5 h after administration of Free DOX,
he highest DOX concentration was found in all tissues. With SL-
OX and Tf-SL-DOX treatment, the highest DOX concentration was

ound at 12 and 24 h in all tissues, respectively. At 1, 3, 5 and some
ncluding 12 h, the distribution of DOX to heart, liver, lung, kidney
or liposomal DOX (SL-DOX, Tf-SL-DOX) were reduced when com-
ared to the Free DOX. At 12, 24, 48 and 96 h, DOX concentration
f SL-DOX and Tf-SL-DOX were obviously higher than Free DOX in
iver, spleen, lung, tumor, some in heart and kidney. It is interesting
o note that significant increase of DOX contents in tumor tissue
as observed for the SL-DOX and Tf-SL-DOX compared to that of

ree DOX all the times.
The area under the DOX concentration–time curves (AUC) cal-

ulated for 1–96 h in these tissues is listed in Table 4. The calculated
UC of SL-DOX and Tf-SL-DOX in tumor were 3.6- and 5.2-fold

igher than that of Free DOX, respectively. In addition, SL-DOX
nd Tf-SL-DOX also produced significantly increased AUC in liver
P < 0.01), spleen (P < 0.01), lung (P < 0.01), tumor (P < 0.01), signif-
cantly reduced AUC in heart (P < 0.01). Similar AUC was observed
n heart, spleen, lung and kidney for SL-DOX and Tf-SL-DOX for-
SL-DOX (�). DOX in solution or within SL- or Tf-SL-liposomes (DOX: 5 mg/kg) was
hen sacrificed by cervical dislocation, and the heart, liver, spleen, lung, kidney and
means and standard deviation (n = 5–6).

mulations. It is noteworthy that the mice treated with Tf-SL-DOX
were immediately excised. DOX levels were measured by HPLC.
a AUC values are calculated for 1–96 h.
* P < 0.01, vs. Free DOX.

** P < 0.01, vs. Free DOX.
*** P < 0.01, vs. SL-DOX.
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ig. 6. Suppression of tumor growth by Free DOX, SL-DOX or Tf-SL-DOX. ICR mice
ith Heps tumor were given a single i.v. injection of Free DOX, SL-DOX or Tf-SL-
OX at a dose of 3 mg/kg at 2 weeks post-inoculation, respectively. Tumor size was
easured for each animal daily. Results are given as means ± S.D. (n = 10).

In addition, as illustrated in Fig. 5, Tf-SL-DOX show delayed peak
ime in most of tissues compared to SL-DOX, we supposed that it

ay be attributed to the delayed release effect caused by Tf on the
urface of the Tf-SL-DOX. It will be confirmed in our later study.

.8. Antitumor efficiency

Mice bearing Heps tumors were injected with DOX in solution or
ncapsulated within various liposomes at a dose of 1.5 or 3 mg/kg.
ice were given saline as a control. Tumor growth inhibition curves

n terms of mean tumor size (cm3) were presented in Fig. 6. As
hown in Fig. 6, at a dose of 3 mg/kg, all the DOX formulations were
ffective in preventing tumor growth compared to saline. Treat-
ent with Tf-SL-DOX displayed stronger tumor inhibition than

reatment with SL-DOX.
The therapeutic effects examined by measuring the suppres-

ion of tumor growth in weight have also confirmed the highest

fficiency of drug loaded Tf-SL (Fig. 7), the average weight of
xcised tumors in the group treated with DOX incorporated in Tf-
L approximated 0.33 g compared to approximate 1.38 and 1.17 g
eight in groups treated with Free drug or drug in plain PEG-SL,

espectively (the weight of untreated tumors approximated 2.00 g,

ig. 7. Tumor growth inhibition ratio by Free DOX, SL-DOX or Tf-SL-DOX. ICR mice
ith Heps tumor were given a single i.v. injection of DOX (high dose: 3 mg/kg, low
ose: 1.5 mg/kg) at day 9 post-tumor implantation, tumor growth inhibition ratio
as represented as the ratio for the tumor volume on day 10 (before DOX treatment)

fter tumor cell inoculation to that on day 9 after DOX treatment (n = 10), ((1) Free
OX group of high dose; (2) Free DOX group of low dose; (3) SL-DOX group of high
ose; (4) SL-DOX group of low dose; (5) Tf-SL-DOX group of high dose; (6) Tf-SL-DOX
roup of low dose).
rmaceutics 373 (2009) 116–123

P < 0.05 in all cases). Tumor growth was obviously suppressed by
DOX encapsulated within Tf-SL-DOX compared to DOX in solu-
tion and encapsulated within SL-DOX. As anticipated, Tf-SL-DOX
showed strong tumor growth suppression than SL-DOX and Free
DOX.

4. Discussion

DOX is one of the most widely used broad spectrum anticancer
agents and it has been in clinical use against a wide range of human
cancers for decades. Nevertheless, a number of issues critical to the
therapeutic success and safety of the drug, such as cardiotoxicity,
drug resistance, and specificity remain to be improved. In addition,
DOX exerts antitumor activity after intercalating with the double-
stranded helix DNA in nuclei (Gewirtz, 1999). Thus, intracellular
delivery of DOX into tumor cells will be essential to its antitumor
activity. It was well established that Tf-SL was an effective poten-
tial target carrier for specific drug delivery into tumor cells. Tf-SL
showed a prolonged residence time in the circulation and low RES
uptake in tumor-bearing mice, resulting in enhanced extravasa-
tion of the liposomes into the solid tumor tissue. This phenomenon
has been characterized and termed the tumor-selective enhanced
permeability and retention effect of macromolecules and lipidic
particles including liposomes. The Tf-SL-DOX that we prepared here
appear to satisfy these requirements and are very useful for cancer
chemotherapy.

It has been determined that the size of liposomes is an important
factor for the tissue targeting of Tf-SL based on receptor-mediated
endocytosis. As expected, we prepared small liposomes with a size
of 60–80 nm. Tf-SL-DOX were achieved by the use of functionalized
PEG derivatives to couple transferrin directly to the distal terminal
of PEG chains incorporated in liposomes.

The stability test of liposomes (stored in refrigerator at 4 ◦C for
60 days) demonstrated that the leakage ratio of drug from Tf-SL-
DOX was only 0.39%. Gradients of ammonium sulphate in liposomes
were used to obtain active loading of amphipathic weak bases into
the aqueous compartment of liposomes. This approach was applied
to encapsulate doxorubicin inside the liposomes at very high effi-
ciency (>90%). Most of the intraliposomal doxorubicin was present
in an aggregated state. The stability of the ammonium ion gradient
is related to the low permeability of its counterion, the sulphate,
which also stabilizes doxorubicin accumulation for prolonged stor-
age periods (>6 months) due to the aggregation and gelation of
doxorubicin sulphate salt.

Tf-SL-DOX and SL-DOX can passively accumulate into the tumor
tissues by the effect of EPR. Park et al. (2000) demonstrated that fol-
lowing intravenous administration, the DOX-entrapped liposomes
predominantly accumulated in the interstitial fluid of extracellu-
lar and perivascular space of the tumor. Liposomes diffusion into
the interstitial fluid of the tumor was heavily dependent on the
liposomal AUC in the blood stream. However, as mentioned above,
SL-DOX cannot directly enter the tumor cells, so the extracellu-
lar release in the interstitial fluid becomes the determinant step
for the intracellular delivery of DOX by tumor cells. The released
DOX from SL-DOX will follow the same pathway as for free drugs
in terms of cellular drug uptake, metabolism and efflux. In vivo
environment, the accumulated SL-DOX or the released DOX in the
interstitial fluid, if not be arrested timely by the tumor cells, will
redistribute away from the tumor cells. As a result, DOX that actu-
ally delivered into the tumor cells by SL-DOX would be not different

from that by Free DOX, leading to a similar therapeutic efficiency
for them. In contrast, Tf-SL-DOX can efficiently deliver the drugs
into the tumor cells by the receptor-mediated endocytosis and lead
to a high concentration of DOX in the tumor cells. Similar observa-
tions have been found in other studies where various ligands are
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by the macrophage cell line J774: influence of PEG content and its molecular
X. Li et al. / International Journal

mployed (Gibizon et al., 2004; Xiong et al., 2005; Cheng, 1996),
o whether it means a similar targeting mechanism was involved
eeds to be further investigated.

We have demonstrated that liposomal DOX did altered some
harmacokinetic parameters and tissue distribution of DOX. Lipo-
omal DOX increased significantly the AUC0–t and reduced CLp of
OX. An elimination T1/2� of 22.4 h was 4-fold higher when com-
ared to Free DOX. However, liposomes modified by transferrin
Tf-SL-DOX) had no effects on the pharmacokinetics of SL-DOX
Table 3), suggesting that liposomes modified with transferrin had
o effects on the pharmacokinetics of liposomal DOX (SL-DOX). We
stimated the main reason for this phenomena is that the difference
n pharmaceutics characters such as particle size and encapsulation
fficiency between Tf-SL-DOX and SL-DOX is negligible.

Administration of Tf-SL-DOX to tumor-bearing mice could be
sed to deliver DOX effectively to the targeted site, significantly

ncreasing DOX content in tumor and decreasing DOX content in
eart and kidney. It resulted in more favorable pharmacodynamics

n terms of reduced acute cardiotoxicity. This would improve the
herapeutic index of DOX, and is a proof of principle in support of
dministering liposomally co-encapsulated drug.

The adverse effect is a major concern for the Tf-SL as a potential
rug delivery system, because transferrin receptor that recognize
ransferrin could also be found in some normal cells. Thus, the
ntracellular DOX uptake by normal cells and the cytotoxicity on
hese cells might be enhanced by Tf-SL. However, we found that
f-SL-DOX did not increase DOX accumulation in spleen, lungs,
ore importantly, in heart, which is most sensitive to DOX toxi-

ity. Further, the over-expression of transferrin receptor on tumor
ndothelium or tumor cells could strength the targeting ability of
he Tf-modified SL. Therefore, regarding cardiotoxicity, Tf-SL-DOX
hould be equivalent to SL-DOX. It is noteworthy that the high-
st DOX concentration was found at 5, 12 and 24 h in all tissues
ith DOX, SL-DOX and Tf-SL-DOX treatment, respectively. As antici-
ated, Tf-SL-DOX, SL-DOX displayed a much greater systemic circu-

ation time than Free DOX, which showed rapid clearance kinetics.
There were some reports related to Tf-SL-DOX, Anabousi

ssessed the uptake levels and cytotoxicity of Tf-conjugated
oxorubicin-loaded liposomes in vitro. The results suggested that
f-conjugated doxorubicin-loaded liposomes showed enhanced
ytotoxicity towards cancerous human pulmonary epithelial cell
ines in comparison to noncancerous human alveolar ATI/ATII cells
n primary culture. The studies concluded that Tf-modified lipo-
omes might be promising candidates for an aerosol therapy of lung
ancer (Anabousi et al., 2006).

In our study, we studied the intracellular uptake, pharmacoki-
etics and biodistribution of Tf-SL-DOX, and summarized that
f-modified SL was able to enhance the intracellular uptake of the
ntrapped DOX by HepG2 cells and improve the therapeutic efficacy
f liver cancer.

. Conclusion

Based on the results in this study, it is suggested that Tf-modified
L could be employed to enhance the intracellular delivery of anti-
ancer agents such as cytotoxic drugs, antisense nucleic acids,
ibozymes or imaging agents, etc.
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