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Transferrin (Tf)-conjugated lipid-coated poly(d,l-lactide-co-glycolide) (PLGA) nanoparticles carrying the
aromatase inhibitor, 7�-(4′-amino)phenylthio-1,4-androstadiene-3,17-dione (7�-APTADD), were syn-
thesized by a solvent injection method. Formulation parameters including PLGA-to-lipid, egg PC-to-TPGS,
and drug-to-PLGA ratios and aqueous-to-organic phase ratio at the point of synthesis were optimized to
obtain nanoparticles with desired sizes and drug loading efficiency. The optimal formulation had a drug
loading efficiency of 36.3 ± 3.4%, mean diameter of 170.3 ± 7.6 nm and zeta potential of −18.9 ± 1.5 mV.
romatase inhibitor
LGA nanoparticle
ransferrin receptor
�-APTADD
rug targeting

The aromatase inhibition activity of the nanoparticles was evaluated in SKBR-3 breast cancer cells. IC50

value of the Tf-nanoparticles was ranging from 0.77 to 1.21 nM, and IC50 value of the nanoparticles was
ranging from 1.90 to 3.41 nM (n = 3). The former is significantly lower than the latter (p < 0.05). These
results suggested that the aromatase inhibition activity of the Tf-nanoparticles was enhanced relative
to that of the non-targeted nanoparticles, which was attributable to Tf receptor (TfR) mediated uptake.
In conclusion, Tf-conjugated lipid-coated PLGA nanoparticles are potential vehicles for improving the
efficiency and specificity of therapeutic delivery of aromatase inhibitors.
. Introduction

Aromatase is a part of the cytochrome P450 enzyme complex
hat catalyzes the conversion of androgen to estradiol, and its
xpression is elevated in breast cancer tissues relative to normal
reast tissues (James et al., 1987; Reed et al., 1989; Bulun et al.,
993; Miller et al., 1997). Currently, aromatase inhibitors anas-
rozole, letrozole and exemestane are first line therapeutic agents
or estrogen responsive breast cancer (Brueggemeier et al., 2005).
�-APTADD is a potent irreversible aromatase inhibitor with high

ffinity to its target (Snider and Brueggemeier, 1987). Its activity has
een shown in many cell lines including human mammary carci-
oma MCF-7 cells and choriocarcinoma JAr cells (Brueggemeier and
atlic, 1990). In addition, therapeutic effect of this drug has been
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3210, USA. Tel.: +1 614 292 4172; fax: +1 614 292 7766.
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shown in vivo in a rat mammary carcinoma model (Brueggemeier
et al., 1997).

7�-APTADD is insoluble in water, which may adversely affect
its oral bioavailability and requires a solubilization vehicle for sys-
temic delivery. Nanoparticles, including liposomes, can facilitate
solubilization of hydrophobic drugs and increase drug accumula-
tion in the tumor through the enhanced permeability and retention
(EPR) effect (Minko, 2006). In addition, it is possible to target the
delivery of nanoparticles to tumor cells via conjugation to a target-
ing ligand. Formulation of anticancer drugs such as doxorubicin into
liposomes has been shown to enhance their therapeutic efficacy
and reduce certain toxicities (Lu et al., 2007). However, according
to our preliminary experiment, 7�-APTADD cannot be efficiently
entrapped into liposomes. Therefore, a PLGA nanoparticle based

strategy was developed in this study.

PLGA is a biodegradable and biocompatible polymer frequently
used in drug delivery (Jain, 2000). PLGA nanoparticles can read-
ily incorporate hydrophobic drugs (Budhian et al., 2007). PLGA, in
nanosize, has a relatively rapid rate of hydrolysis (Duncanson et

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:lee.1339@osu.edu
dx.doi.org/10.1016/j.ijpharm.2010.02.008
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l., 2007). It has been established in previous studies that coating
f a PLGA core with amphiphilic lipids can possibly reduce access
f the polymer to H2O (Bershteyn et al., 2008; Chan et al., 2009),
hich in turn decreases the rate of PLGA hydrolysis and the asso-

iated drug release (Chan et al., 2009). Therefore, in this study,
ipid-coated PLGA nanoparticles were investigated as drug carri-
rs. In addition, Tf was conjugated to the nanoparticles. TfR is a
imeric transmembrane glycoprotein (180 kDa) (Yang et al., 2009)
hat is over-expressed in many types of tumor tissues (Shindelman
t al., 1981; Faulk et al., 1980; Savellano et al., 2003; Rossiello et
l., 1984). Besides, neoplastic cells with high metastatic potential
ave been shown to express higher levels of the TfR than those with

ow metastatic potential (Inoue et al., 1993). These make the TfR an
ttractive marker for tumor cell targeting. Tf, an 80 kDa glycopro-
ein, is the ligand for TfR (Yang et al., 2009), which is available in
ecombinant version (Novozymes, 2007) and, as a human protein,
as low immunogenicity (Ali et al., 1999). In addition, Tf-conjugated
anoparticles have been shown to selectively deliver therapeutic
gents including doxorubicin and cisplatin to tumor cells over-
xpressing TfR through TfR-mediated endocytosis (Eavarone et al.,
000; Iinuma et al., 2002). TfR-targeted drug delivery systems are
otential candidates for clinical translation. In this study, Tf was
onjugated to 7�-APTADD loaded nanoparticles to increase the
fficiency and selectivity of delivery to breast cancer cells.

. Materials and methods

.1. Materials

7�-APTADD was synthesized as described previously (Snider
nd Brueggemeier, 1987). Egg phosphatidylcholine (egg PC)
nd 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were
urchased from Avanti Polar Lipids (Alabaster, AL). D-�-tocopherol
olyethylene glycol 1000 succinate (TPGS) was obtained as a
ift from Eastman Co. Ltd. (Gwynedd, UK). Poly(d, l-lactide-co-
lycolide), holo-human Tf, triethylamine, bovine serum albumin,
epharose CL-4B chromatography media, calcein, androst-4-ene-
,17-dione, bisbenzimide (Hoechst 33258), deoxyribonucleic acid
DNA), 3-maleimidobenzoic acid N-hydroxysuccinimide ester
MBS), phenazine methosulfate (PMS) and solvents were pur-
hased from Sigma–Aldrich (St. Louis, MO, USA). DRAQ 5 was
urchased from Biostatus Limited Inc. (Leicestershire, UK). SKBR-3
ells were obtained from American Type Culture Collection (ATCC)
Manassas, VA, USA). Fetal bovine serum was purchased from
HR Bioscience (Lenexa, KS, USA). Phenol red-free custom media
MEM, Earle’s salts, 1.5× amino acids, 2× non-essential amino
cids, L-glutamine, 1.5× vitamins), octadecyl-rhodamine B chloride
R18) and gentamicin were purchased from Invitrogen Corpo-
ation (Carlsbad, CA, USA). [1�-3H(N)]-androst-4-ene-3,17-dione
specific activity 23.5 Ci/mmol) was purchase from PerkinElmer
nc. (Waltham, MA, USA). 3-(4,5-Dimethyl-thiazol-2yl)-5-(3-
arboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
as purchased from Promega Corporation (Madison, WI, USA).

.2. Preparation of 7˛-APTADD loaded nanoparticles

PLGA, egg PC, TPGS and 7�-APTADD were co-dissolved in
n acetone–ethanol solvent mixture (1:1, v/v). The solution was
eated to 60 ◦C and rapidly injected into preheated deionized water
t 60 ◦C using a 1 ml syringe with a 28 gauge needle. In this study,

ffects of four formulation parameters on particle size and drug
oading efficiency were investigated, including: (1) PLGA-to-lipid
atio, (2) egg PC-to-TPGS ratio, (3) drug-to-PLGA ratio and (4)
queous-to-organic phase ratio at the time of synthesis. Single fac-
or test was used to optimize each parameter. The initial standard
harmaceutics 390 (2010) 234–241 235

formulation used was: 13 mg egg PC, 2 mg TPGS, 15 �g of 7�-
APTADD and 1 mg PLGA in 0.2 ml of acetone–ethanol mixture as
the organic phase, and with 1 ml deionized water as the aqueous
phase. All experiments were performed for three times.

2.3. Determination of loading efficiency

Drug loaded nanoparticles were separated from the free drug
by size-exclusion chromatography on a Sepharose CL-4B column.
To analyze drug concentration, 1.9 ml of acetonitrile was added
into 0.1 ml of the nanoparticle suspension from the column frac-
tions and vortexed for 2 min to dissolve all components of the
nanoparticles. The 7�-APTADD content was then determined on
an Agilent 1100 HPLC equipped with a Hypersil reverse phase C-18
column at 25 ◦C (250 mm × 4.6 mm, 5 �m; Thermo Scientific, MA,
USA). 7�-APTADD absorbance was measured by an UV–vis detec-
tor at 243 nm and had a retention time of 6 min when eluted with
70:30 acetonitrile/water mobile phase at a flow rate of 1 ml/min.
The loading efficiency of 7�-APTADD was calculated by dividing
drug content in the nanoparticle fractions by the amount of drug
added initially. All experiments were performed for three times.

2.4. Particle size and zeta potential

Three batches of nanoparticles were prepared using the optimal
formulation. The nanoparticle size distribution was determined
by dynamic light scattering on a model 370 Nicomp Submicron
Particle Sizer (Particle Sizing Systems, Santa Barbara, CA) at room
temperature. The zeta potential was determined on a ZetaPALS
instrument at room temperature (Brookhaven Instruments Corp.,
Worcestershire, NY).

2.5. Preparation and characterization of 7˛-APTADD loaded
Tf-nanoparticles

A post-insertion method (Yang et al., 2009; Chiu et al., 2006) was
adopted to incorporate Tf-DOPE ligand into the lipid bilayers of the
7�-APTADD loaded nanoparticles. First, maleimidobenzoyl-DOPE
(MB-DOPE) was synthesized. MBS (15 �M, 4.7 mg) was dissolved in
1 ml chloroform and added to a 2 ml chloroform solution of DOPE
(10 �M, 7.44 mg) containing 50 �l triethylamine. The solution was
stirred overnight at room temperature, and then the solvent was
evaporated and ethanol added to dissolve the product. The ethanol
solution of MB-DOPE was rapidly injected into water and the MB-
DOPE micelles were thus obtained. Meanwhile, Tf in HEPES buffer
(pH 8) was activated with 5× Traut’s reagent to yield Tf-SH. Then,
the Tf-SH was mixed with micelles of MB-DOPE at a protein-to-
lipid molar ratio of 1:10 and the mixture was incubated at 37 ◦C
for 1 h. The resulting Tf-DOPE micelles were then incubated with
7�-APTADD loaded nanoparticle for 1 h at 37 ◦C to complete the
post-insertion of Tf.

2.6. Cryogenic transmission electron microscopy (cryo-TEM)

7�-APTADD loaded nanoparticles and Tf-nanoparticles were
prepared as described in Sections 2.2 and 2.3. Tf-liposomes were
prepared as described in Sections 2.2 and 2.3 except without
addition of PLGA. The morphology of the nanoparticles and the
liposomes was examined by cryo-TEM. Samples for cryo-TEM were
prepared as described previously (Yang et al., 2009). Briefly, a drop
of the nanoparticles was applied on a perforated carbon film, sup-

ported by a copper grid and held by the controlled environment
vitrification system. Then the grid was immediately plunged into
liquid ethane at its melting point (−183 ◦C) and stored in liquid
nitrogen (−196 ◦C). The vitrified sample was examined in a Tecnai
G2 Transmission Electron Microscope (FEI Company, Oregon, USA)
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perated at 120 kV using a Gatan HC3500 Tilt heating/Nitrogen
ooling holder (Pleasanton, CA, USA). Digital images were captured
y a Gatan 791 MultiScan CCD camera and processed using the
igital Micrograph 3.1 software package.

.7. Colloidal stability of the nanoparticles

The colloidal stability of 7�-APTADD loaded nanoparticles and
�-APTADD loaded Tf-nanoparticles was studied by monitoring the
hanges in the particle size during storage at 4 ◦C. At various time
oints, aliquots of each sample were withdrawn and the particle
ize distribution was determined by dynamic light scattering on
model 370 Nicomp Submicron Particle Sizer. Experiments were
erformed for three times.

.8. Cell culture

A breast cancer cell line, SKBR-3, was maintained in phenol red-
ree custom media supplemented with glutamine (2 mM), 10% (v/v)
etal bovine serum and gentamicin (20 mg/l). Cells were cultured
s a monolayer in a humidified atmosphere containing 5% CO2 at
7 ◦C.

.9. TfR expression on cell surface

TfR expression levels in breast cancer cells were measured by a
uorescein isothiocyanate (FITC) labeled Tf (FITC-Tf) binding assay,
s described previously (Yang et al., 2009). For the study, 4 × 105

ells were incubated with 200 �g/ml FITC-Tf at 4 ◦C for 30 min. The
ells were then washed twice with cold PBS (pH 7.4) containing
.1% BSA, pelleted by centrifugation at 1500 RPM for 3 min and then
esuspended in PBS. Cells without treatment were used as a nega-
ive control. Cellular fluorescence was measured by a FACSCalibur
ow cytometer (Becton Dickinson, Franklin Lakes, NJ). Experiments
ere carried out in triplicate.

.10. Cellular uptake of calcein loaded nanoparticles by flow
ytometry

Calcein is a water soluble fluorescent dye with an excitation
nd emission wavelengths of 495 and 515 nm, respectively. Under
488 nm excitation that is used by flow cytometry, calcein emits
strong signal in the typical cytometric FL1 channel (525 nm).

alcein loaded nanoparticles were prepared using the optimal for-
ulation as described above except that the drug was not added

nto the organic phase. In addition, the organic phase was injected
nto preheated calcein aqueous solution (50 mM, pH 8). Then, free
alcein was removed by passing the sample through a Sepharose
L-4B column. Calcein loaded Tf-nanoparticles were prepared by
ost-insertion, as described in Section 2.5, at Tf-DOPE-to-total lipid
atios of 0.3:100, 0.6:100, 1.5:100 and 3:100.

For cellular uptake studies, 4 × 105 cells were incubated at 37 ◦C
n 1 ml complete culture media with or without 20 �M Tf (at a
ipid concentration 72 �g/ml) for 2 h. Then, the cells were washed
hree times with PBS and fixed in 1% para-formaldehyde solu-
ion. Nanoparticle uptake in cells was analyzed by flow cytometry.
xperiments were carried out in triplicate.

.11. Cellular uptake of R18 labeled nanoparticles by confocal
aser scanning microscopy
Octadecyl-rhodamine B chloride (R18), a lipophilic dye, was
sed to track the nanoparticles, as described previously (Chiu et
l., 2006). R18 labeled nanoparticles were prepared using the opti-
al formulation by replacing 7�-APTADD with R18. Molar ratio of
harmaceutics 390 (2010) 234–241

R18 to lipids used was 0.05:100. R18 labeled Tf-nanoparticles with
0.6 mol% of Tf-DOPE were prepared as described in Section 2.5.

For cellular uptake experiments, 4 × 105 cells were incubated
at 37 ◦C in 1 ml complete culture media with or without 20 �M
Tf (at a lipid concentration 72 �g/ml) for 2 h. Then, the cells were
washed three times with PBS and fixed in 1% para-formaldehyde
solution. The cells were stained by DRAQ 5 (a nuclear counterstain)
and examined on a Zeiss LSM 510 META laser scanning confocal
microscope (Zeiss, Oberkochen, Germany).

2.12. Cytoxicity assay for free drug and Tf-nanoparticles

The cytotoxicity of the free drug and the drug loaded
nanoparticles was evaluated by MTS assay. 7�-APTADD loaded Tf-
nanoparticles were prepared as described in Sections 2.2 and 2.3.
Empty nanoparticles were prepared similarly except without addi-
tion of the drug. The SKBR-3 cells were seeded in 96-well plates at
a density of 2 × 103 cells/well. After 24 h of incubation, the medium
was replaced with fresh medium containing varying concentra-
tions of 7�-APTADD dissolved in DMSO or 7�-APTADD loaded
Tf-nanoparticles prepared by serial dilution. Empty nanoparticles
of matching lipid concentration were diluted similarly. Cells with-
out treatment or cultured in the same media containing either
DMSO or empty nanoparticles were used as controls. Experiments
were carried out in quadruplicate. After 24 h, the medium was aspi-
rated. Twenty �l reagent composed of MTS and PMS at a volume
ratio of 20:1 was added to each well containing 100 �l fresh media.
After 1.5 h incubation at 37 ◦C, absorbance at 490 nm for formazan
product of MTS conversion was detected on a Spectra MAX 340
plate reader (Molecular Devices Corp., Sunnyvale, CA, USA). The
relative cell viability was calculated by dividing the absorbance in
the samples treated with the test agents by the absorbance in the
control samples.

2.13. Inhibition of aromatase in SKBR-3 cells

Drug loaded nanoparticles were prepared using the optimal
formulation as described in Section 2.1. For the study, 1 × 105

SKBR-3 cells were seeded in 6-well plates. After 24 h of incubation,
the medium was replaced with fresh medium containing varying
concentrations of 7�-APTADD, 7�-APTADD loaded nanoparticles
and 7�-APTADD loaded Tf-nanoparticles. Experiments were car-
ried out in triplicate. After 2 h, the media with the test agents
were removed and cells were washed with PBS. Then, 1 ml fresh
medium containing [1�-3H] androstenedione (8.2 pmol, 0.17 �Ci)
and androstenedione (193 pmol), as the substrates for aromatase,
was added to each well. Cells cultured in the same media con-
taining DMSO or empty nanoparticles were used as controls. After
3 h, the media were transferred into centrifuge tubes. The remain-
ing substrate [1�-3H] androstenedione in the media was extracted
by 3 ml diethyl ether for 2 times, and the aqueous media was
then treated by addition of 3% dextran-coated charcoal suspen-
sion (200 �l). After centrifugation, aliquot (0.6 ml) of the media was
then added to complete scintillation cocktail (5.0 ml) and the [3H]
concentration was quantitatively determined by liquid scintillation
counting. A modified Hoechst dye assay method was conducted to
analyze DNA content (Rago et al., 1990). A NaOH (8 mM) solution
(980 �l) was added to each well to lyse cells at 60 ◦C for 5 min and
then a HEPES solution (1 M, 20 �l) was added to neutralize NaOH.
Cell lysate (100 �l) was placed into each well of a 96-well plate
and the Hoechst dye (20 �g/ml) was added to each well on the

plate. The relative fluorescence units (RFU) were determined by a
Tecan GENios reader (Tecan Systems, Inc., CA, USA). The excitation
and emission wavelengths used were 360 and 465 nm, respec-
tively. DNA in each sample was quantified using a standard curve
of calfthymus DNA determined using the same method. The aro-
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ig. 1. Effects of four preparation variables on the particle size (�) and loading e
C-to-TPGS ratio (wt/wt) (B), drug-to-PLGA ratio (wt/wt) (C) and aqueous-to-organ

atase activity was calculated by dividing the amount of [3H] H2O
ormed per hour to the DNA content. The relative aromatase inhibi-
ion activity was calculated by dividing the aromatase activity of the
amples treated with the test agents by the aromatase activity of the
ontrol samples. Data was analyzed and plotted using GraphPad.
tatistical differences were analyzed using one-way ANOVA.

. Results and discussion

.1. Preparation of 7˛-APTADD loaded nanoparticles

Effects of composition and synthetic method on the size and
he loading efficiency of the 7�-APTADD nanoparticles were inves-
igated. The results are shown in Fig. 1. Particle size increased
ith the increase in PLGA-to-lipid ratio at PLGA-to-lipid ratios of

1/15 (Fig. 1A). This is possible because, as the PLGA-to-lipid ratio

ncreased, the lipids in the formulation were insufficient to fully
mulsify PLGA cores. It is important to note that the drug was not
fficiently incorporated into the nanoparticles without PLGA in the
ormulation. These results suggested that addition of PLGA in the

Fig. 2. The cryo-TEM images of the 7�-APTADD loaded Tf-n
cy ( ) of the 7�-APTADD loaded nanoparticle. PLGA-to-lipid (wt/wt) (A), egg
se ratio at the point of synthesis (v/v) (D) (n = 3).

formulation was the key to stable drug loading. Besides, the loading
efficiency increased with the PLGA-to-lipid ratio (p < 0.05), suggest-
ing a high affinity between PLGA and the hydrophobic drug. The egg
PC-to-TPGS ratio also influenced both the particle size and the load-
ing efficiency (Fig. 1B). The particle size of the nanoparticles firstly
decreased along with egg PC-to-TPGS ratio, then increased. TPGS
has a poly(ethylene glycol) chain. The presence of poly(ethylene
glycol) on the nanoparticle surface likely prevented the aggrega-
tion of the nanoparticles and decreased particle size (Chan et al.,
2009). The subsequent increase in particle size at higher TPGS levels
is relatively minor and not significant (p > 0.05). Meanwhile, drug
loading efficiency slightly increased when the egg PC-to-TPGS ratio
was at ≤ 3/2, and increased more rapidly thereafter (p < 0.05), which
was also because TPGS provided steric stabilization of nanoparticles
due to the hydrophilic PEG chain. The increase in the drug-to-PLGA

ratio led to an apparent reduction in the loading efficiency (p < 0.05)
and a significant increase in the particle size (p < 0.05) (Fig. 1C).
Increase of the particle size with increase of the drug-to-PLGA ratio
for the ethanol injection method has been reported earlier (Stano
et al., 2004). By increasing the drug-to-PLGA ratio, more drugs

anoparticles (A), liposomes (B) and nanoparticles (C).
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ould be loaded into the nanoparticles. However, the increase of
he entrapped drug was non-linear with respect to the increase
f initially added drug, resulting in a decrease in the loading effi-
iency. During synthesis of the nanoparticles, the particle size and
he loading efficiency decreased with decreasing of the aqueous-
o-organic phase ratio (p < 0.05) (Fig. 1D). Based on these findings,
n egg PC-to-TPGS ratio of 8/7, a drug-to-PLGA ratio of 0.015/1 and
PLGA-to-lipid ratio of 3.5/15 were identified as parameters for the
ptimal formulation.

The drug loading efficiency of this optimal formulation was
6.3 ± 3.4%; the particle size was 170.3 ± 7.6 nm and the zeta
otential was −18.9 ± 1.5 mV. Further, 7�-APTADD loaded Tf-
anoparticle with a Tf-DOPE content of 0.6 mol% was prepared
sing this formulation. The particle size was 187.0 ± 7.1 nm and the
eta potential was −17.3 ± 1.4 mV. Therefore, after insertion of Tf,
he particle size was slightly increased whereas the zeta potential
as not noticeably altered.

.2. Cryo-TEM

Cryo-TEM images showed that both 7�-APTADD loaded
anoparticles, Tf-nanoparticles and Tf-liposomes were spheri-
al in shape. The 7�-APTADD loaded nanoparticles and the
f-nanoparticles exhibited two coexisting nanostructures: lipo-
omes and nanoparticles with a core–shell structure (Fig. 2). The
ore–shell structure was possibly composed of a hydrophobic PLGA
ore and a shell formed by a phospholipid bilayer. No significant
ifferences were observed between images of 7�-APTADD loaded
f-nanoparticles and those of 7�-APTADD loaded nanoparticles.

.3. Colloidal stability of nanoparticles

Both 7�-APTADD loaded nanoparticles and 7�-APTADD loaded
f-nanoparticles precipitated during storage at 4 ◦C, but were easily
e-dispersed upon gently shaking. No significant changes in particle
ize were observed for 1 week (p > 0.05) (Fig. 3) indicating that the
anoparticles were stable.

.4. Expression of TfR on SKBR-3 and cellular uptake of

anoparticles

The result of the flow cytometry analysis of the TfR expression
y SKBR-3 cells is shown in Fig. 4. It indicated that SKBR-3 cells
xpressed high level of TfR. The cellular uptake of calcein loaded

ig. 4. Binding of FITC-Tf-to-TfR on SKBR-3 cells. Cells were incubated with FITC-Tf an
istogram with the X-axis indicating the cellular fluorescence intensity and the Y-axis ind
APTADD Tf-loaded nanoparticle (�) during storage at 4 ◦C. The values in the plot
were the means of three separate experiments. Error bars shown are the standard
deviations.

nanoparticles was evaluated using flow cytometry. The cellular
uptake of the Tf-nanoparticles was greatly enhanced relative to
that of the non-targeted nanoparticles, suggesting that the efficient
cellular uptake of the Tf-nanoparticles was a result of the Tf conju-
gation (Fig. 5A). Besides, the cellular uptake of the Tf-nanoparticles
was blocked by addition of excess Tf in the media, which further
demonstrated that the enhancement of Tf-nanoparticle cellular
uptake was due to TfR (Fig. 5B).

The effect of the Tf-DOPE content on the cellular uptake of the Tf-
nanoparticles was also examined. The mean fluorescence intensity
(MFI) of cells treated by the Tf-nanoparticles with different mole%
of Tf-DOPE is shown in Fig. 6. Cellular uptake of the Tf-nanoparticle
with Tf-DOPE content of 0.6 mol% was higher than that of nanopar-
ticles with Tf-DOPE content of 0.3 mol% (p < 0.05). However, further
increase of the Tf-DOPE content resulted in decrease in the cellular
uptake. Therefore, Tf-DOPE content of 0.6 mol% was used for further

experiments.

Confocal laser scanning microscopy was used to examine the
cellular uptake of the Tf-nanoparticles (Fig. 7). In the images of sin-
gle cells, endosomal vehicles were clearly visualized in cells treated

d cellular fluorescence was determined by flow cytometry. Results are shown in
icating the cell count.
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ig. 5. Uptake of the nanoparticles by SKBR-3 cells. Cells were treated with calcein
nd cellular fluorescence was measured by flow cytometry. Results are shown in
ndicating the cell count. (A) Cells were treated with the nanoparticles and the Tf-n
r without 20 �M Tf.

y Tf-nanoparticles indicating receptor-mediated endocytosis of
he nanoparticles.

.5. Cytotoxicity of the drug and the nanoparticles
Cytotoxicity of the free drug, the 7�-APTADD loaded Tf-
anoparticles and empty nanoparticles were evaluated. Following
4 h exposure, none of the agents caused significant cytotoxic-

ig. 6. MFI of cells treated by the Tf-nanoparticles with different molar percentages
f Tf-DOPE.
d nanoparticles and Tf-nanoparticles with a Tf-DOPE molar percentage of 0.6 mol%,
ram with the X-axis indicating the cellular fluorescence intensity and the Y-axis
rticles and (B) cells treated with the Tf-nanoparticles were cultured in media with

ity against SKBR-3 cells relative to DMSO, empty nanoparticles or
water (p > 0.05) (Fig. 8). In addition, cells treated with DMSO, empty
nanoparticles and water exhibited similar viability relative to cells
without any treatment (p > 0.05, data not shown). In summary, both
the drug and the nanoparticles were essentially non-toxic to SKBR-
3 cells.

3.6. Inhibition of SKBR-3 aromatase activity

Biological activities of 7�-APTADD free drug and 7�-APTADD
loaded nanoparticles were evaluated in SKBR-3. The dose–response
curves are shown in Fig. 9. Based on 3 separate experiments, the
IC50 of 7�-APTADD free drug was in the range of 0.37–0.59 nM;
the IC50 of the 7�-APTADD loaded nanoparticles was in the
range of 1.90–3.41 nM and the IC50 of the 7�-APTADD loaded Tf-
nanoparticles was in the range of 0.77–1.21 nM. The IC50 value of
the free drug was found to be lower than the IC50 values of both the
7�-APTADD loaded nanoparticles and the 7�-APTADD loaded Tf-
nanoparticles (p < 0.05). The observed increase in IC50 value due to
nanoparticle encapsulation was consistent with attenuated drug
release from the carrier (Song et al., 2009). Although this points
to reduced bioactivity in vitro, the in vivo activity of the nanopar-

ticles may nonetheless be greater due to anticipated increase in
systemic circulation time and area under the plasma concentration
versus time curve (AUC) for nanoparticles (Lu et al., 2007). In addi-
tion, we expect the nanoparticles synthesized in this study to have
higher accumulation in tumor sites than free drug after adminis-
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Fig. 7. Uptake of R18 labeled nanoparticle and Tf-nanoparticle in SKBR-3 cells. Cells we
META laser scanning confocal microscope.

Fig. 8. Relative viability of cells treated by 7�-APTADD/DMSO solution (�), 7�-
APTADD loaded Tf-nanoparticles (�) and empty nanoparticles (�). The controls of
the three samples were DMSO, empty nanoparticles and water, respectively.

Fig. 9. Inhibition of aromatase activity in SKBR-3 cells cultures. Cells were treated
with 7�-APTADD (�), the nanoparticles (�) and the Tf-nanoparticles (�) at concen-
trations from 10 pM to 1 �M. The value for 100% estradiol formation in control
cultures (no inhibitor) was 10.6 ± 3.3 pmol/ng DNA/h. Each point represents the
average of nine determinations and the error bar shown was the standard error.
re cultured in media with or without 20 �M Tf and visualized on a Zeiss LSM 510

tration in vivo because of the enhanced permeability and retention
(EPR) effect, which is known to affect nanoparticles (Bartlett et
al., 2007). IC50 value of the non-targeted nanoparticles was sig-
nificantly higher than that of the Tf-nanoparticle (p < 0.05). This
might be due to the fact that the cellular uptake level of the Tf-
nanoparticle was higher than that of the non-targeted nanoparticle
due to the TfR-mediated endocytosis, which resulted in more accu-
mulation of drug inside of cells.

4. Conclusions

TfR-targeted lipid-coated PLGA nanoparticles loaded with 7�-
APTADD was synthesized and evaluated for aromatase inhibition
efficiency. By optimizing the composition and synthesis protocol
of the nanoparticles, the loading efficiency of the drug was max-
imized. Aromatase inhibition in breast cancer cells by the drug
loaded Tf-nanoparticles was more effective than that by the non-
targeted nanoparticles and was blocked by excess Tf in the media.
The Tf-lipid-coated PLGA nanoparticles are promising vehicles for
targeted delivery 7�-APTADD to breast cancer cells and warrant
further investigation.
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