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bstract

Folate or folic acid has been employed as a targeting moiety of various anticancer agents to increase their cellular uptake within target
ells since folate receptors are vastly overexpressed in several human tumors. In this study, a biodegradable polymer poly(d,l-lactide-co-
lycolide)–poly(ethylene glycol)–folate (PLGA–PEG–FOL) was used to form micelles for encapsulating anticancer drug doxorubicin (DOX).
he drug loading content, encapsulation efficiency and in vitro release were characterized. To evaluate the targeting ability of the folate conjugated
icelles, the cytotoxicity and cellular uptake of DOX-loaded micelles on three cancer cell lines with different amount of folate receptors (KB,
ATB III, C6) and normal fibroblast cells (CCL-110) were compared. The cytotoxicity of PLGA–PEG–FOL micelles to cancer cells was found

o be much higher than that of normal fibroblast cells, demonstrating that the folate conjugated micelles has the ability to selectively target to

ancer cells. For normal cells, the cellular uptake of PLGA–PEG–FOL micelles was similar to PLGA–PEG micelles without folate conjugation,
nd was substantially lower than that of cancer cells. In addition, the cell cycle analysis showed that the apoptotic percentage of normal fibroblasts
as substantially lower compared with the cancer cells after exposing to DOX-loaded PLGA–PEG–FOL micelles. An optimal folate amount of

pproximately 40–65% on the micelles was found to be able to kill cancer cells but, at the same time, to have very low effect to normal cells.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Many chemotherapy treatments have significant side effects
ecause non-specific delivery of anticancer drugs damage
ealthy organs. If the treatment can specifically target to can-
er cells, side effects would be drastically decreased. In recent
ecades, targeting delivery of anticancer drugs has been widely
nvestigated (Jaracz et al., 2005; Hallahan et al., 2003; Ruoslahti,
002; Garnett, 2001). A typical targeting method is to use anti-
odies to target cancer cellular markers. However, antibodies are
sually expensive and only a limited number of drug molecules
an be loaded on each antibody without diminishing the binding
ffinity of the antibody moiety.
In early 1990s, Kamen and co-workers reported that folate
r folic acid molecules can enter cells via a receptor-mediated
ndocytic process (Weitman et al., 1992.; Coney et al., 1991).

∗ Corresponding author. Tel.: +65 6516 1699; fax: +65 6779 1936.
E-mail address: cheyly@nus.edu.sg (L.Y.L. Yung).
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here are three folate receptor (FR) isoforms (FR-�, FR-� and
R-�) that have been identified in human tissues and tumors.
R-� and FR-� are known to be vastly overexpressed in many
uman tumors. Normal tissues express insignificant level of FR-
and low level of FR-� (such as liver). FR-� is only found

n hematopoietic cells (Shiokawa et al., 2005). As the result,
olate has been popularly employed as a targeting moiety of
arious anticancer agents to avoid their non-specific attacks
n normal tissues as well as to increase their cellular uptake
ithin target tumor cells (Lu et al., 1999; Lu and Low, 2002,
003). It has also been shown that folate achieves deeper pen-
tration than normal antibodies because of its small molecular
eight (Leamon et al., 2003; Leamon and Reddy, 2004; Ward

t al., 2000). Furthermore, folate displays extremely high affin-
ty for the FRs. With the proper design, folate–drug conjugates
an display this high affinity property which enables them to

apidly bind to the FRs and become internalized via an endo-
ytosis process (Leamon and Reddy, 2004). The FR-mediated
rug delivery has been referred to as a molecular Trojan horse
pproach where drugs attached to folate are shuttled inside tar-

mailto:cheyly@nus.edu.sg
dx.doi.org/10.1016/j.ijpharm.2007.07.040
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eted FR-positive cells in a stealth-like fashion (Lu et al., 2004).
everal folate–drug conjugates have been reported in the litera-

ure (Leamon and Low, 1991; Leamon et al., 2002; Zhang et al.,
002; Hofland et al., 2002), such as the folate–PEG–Pt(II) conju-
ate (Aronov et al., 2003) and folate–PEG–Taxol conjugate (Lee
t al., 2002). Folate–PEG–Taxol showed high affinity for FRs.
owever, unconjugated Taxol was found to be 50-fold more

ytotoxic to FR-positive KB cells than the folate–PEG–Taxol
onjugate. Survival studies in mice bearing FR-positive M109
ells yielded a 177% increase in lifespan with free Taxol, com-
ared to a 73% increase with folate–PEG–Taxol at an equivalent
ose.

The most recent trend of folate targeting in the literature
ocuses on attaching folic acid to polymer micelles (Jones and
eroux, 1999; Torchilin, 2001, 2002; Torchillin et al., 2003;
ee et al., 2003). Polymeric micelles are made of amphiphilic
opolymers with both a hydrophobic and a hydrophilic end. The
ore of the polymer micelles is hydrophobic while the exterior
s hydrophilic. The size of the polymer micelles is approxi-

ately less than 100 nm, which not only makes them escape
rom renal exclusion and reticulo-endothelial system elimina-
ion, but also gives them an enhanced vascular permeability. The
ttachment of folate to the polymer micelles further enhances
heir ability of recognizing tumor cells. Recently, several folate-
onjugated polymer micelles have been shown to display higher
ytotoxicity and cellular uptake on FR-positive cancer cells com-
ared with the micelles without folate (Park et al., 2005a,b;
oo and Park, 2004; Yang et al., 2006; Guo and Lee, 1999).
owever, the existing studies did not address the selectivity of

olate micelles between cancer and normal cells. The differ-
nce in selectivity of the micelles to cancer and normal cells
s well as the cytotoxicity of the micelles to normal cells has
o be evaluated before the folate conjugated micelles can be
sed for practical drug delivery applications. Furthermore, it
s still unclear that how many folate groups conjugated to the

icelles are sufficient for FR recognition to cancer cells and, at
he same time, induce minimum non-specific binding to normal
ells.

The purpose of this study was to address the abovemen-
ioned questions. In this study, poly(d,l-lactide-co-glycolide)–
oly(ethylene glycol)–folate (PLGA–PEG–FOL) was synthe-
ized to form micelles for encapsulating anticancer drug
oxorubicin (DOX). After synthesis, the properties of the
opolymer micelles were evaluated. Drug loading content,
ncapsulation efficiency and in vitro release were measured. The
ell culture experiments were performed using KB, MATB III
nd C6 cells which have different degree of FR-� expression as
ell as human normal fibroblast cells. KB and MATB III cell

ines are known to have vastly overexpressed FRs and C6 cell
ine has only limited FRs expression. The targeting ability and
he selectivity of the micelles were studied by evaluating the
ytotoxicity, cellular uptake and apoptosis perturbation to dif-
erent cell lines. Finally, the optimal amount of folate content

n the micelles for different cell lines was determined by bal-
ncing the cytotoxicity to cancer cells and normal cells. Results
btained from this study can be useful for the design of micellar
argeting system for future tumor targeting research.

2

F
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. Materials and methods

.1. Materials

For the synthesis of polymer micelles, poly(ethylene glycol)-
is-amine (PEG-bis-amine, Mw: 3400), methoxy poly(ethylene
lycol) (mPEG, Mn: 2000), d,l-lactic acid, glycolic acid,
tannous octanoate, N-hydroxy-succinimide (NHS), dicyclo-
exylcarbodiimide (DCC), folate, and doxorubicin (DOX) were
urchased from Sigma–Aldrich. Poly(d,l-lactide-co-glycolide)
50:50, Mw: 8000) was purchased from Boehringer Ingel-
eim. All other reagents including dichloromethane (DCM),
imethylsulfoxide (DMSO), triethylamine (TEA), diethylether
ere HPLC grade and were used without further purification.
For cell culture experiments, human carcinoma cell line

f the oral cavity (KB), rat breast cancer cell line (MATB
II), rat brain glioma cell line (C6), and human fibroblasts
CCL-110) were purchased from ATCC. Folate-free RPMI 1640
edium, Dulbecco’s Modified Eagle’s Medium (DMEM), fetal

ovine serum (FBS), penicillin–streptomycin (pen–strep), and
rypsin–EDTA (0.5% trypsin, 5.3 mM EDTA tetra-sodium)
ere obtained from Invitrogen. 3-(4,5-Dimethylthiaol-2-
l)-2,5-diphenyltetrazolium bromide (MTT), Triton X-100,
ropidium iodide (PI) were obtained from Sigma–Aldrich.

.2. Synthesis of the PLGA–PEG–FOL conjugate

The synthesis of folate conjugates followed a three-step
eaction: PLGA activation, folate capping to form folate–PEG
FOL–PEG) and conjugation of PLGA with FOL–PEG to form
LGA–PEG–FOL (Scheme 1).

.2.1. PLGA activation
Briefly, 1 g of PLGA was activated by DCC and NHS in

ml DCM (molar ratio of PLGA:DCC:NHS = 1:1.1:1.1) at room
emperature under nitrogen gas for 24 h (Yoo and Park, 2004).
he resultant solution was filtered to remove the by-product
icyclohexylurea (DCU). After filtration, activated PLGA was
recipitated by ice-cold diethyl ether and dried under vac-
um.

.2.2. Synthesis of FOL–PEG
In the second step, PEG-bis-amine (500 mg), folic acid and

CC were dissolved in 5 ml DMSO (molar ratio of PEG-
is-amine:folic acid:DCC = 1:1:1.1) in the presence of 10 �l
yridine. The mixture was stirred overnight in the dark at room
emperature under nitrogen gas. Afterwards the mixture was
iluted with 10 ml deionized water and centrifuged at 1000 × g
or 30 min to separate DCU. The supernatant was dialyzed
gainst deionized water over 48 h to remove free folic acid and
reeze-dried. The FOL–PEG was further purified by a DEAE-
epharose anion-exchange column. The purity of FOL–PEG was
onfirmed by HPLC analysis and thin layer ninhydrin assay.
.2.3. Synthesis of PLGA–PEG–FOL conjugate
The final conjugation of activated PLGA with 1.2 equiv.

OL–PEG was conducted in DMSO at room temperature for
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Scheme 1. Synthesis of

h under nitrogen gas. The product was precipitated in ice-cold
iethyl ether, dissolved in DMSO for dialysis against deion-
zed water over 48 h (MWCO: 10,000), and finally freeze-dried.
he final product was analyzed by thin layer ninhydrin assay to
onfirm the absence of unreacted FOL–PEG.

PLGA–PEG block copolymer without folate conjugation was
ynthesized by ring-opening polymerization as described in
any references (Lee et al., 2003; Park et al., 2005a). In brief,
eighted amount of d,l-lactic acid, glycolic acid, mPEG and
.5 wt% stannous octanoate (in distilled toluene) were added in
three-neck round bottom flask. The reaction was carried out at
50 ◦C in oil bath. After 15 h, the reaction was cooled down to
oom temperature and the product was dissolved in DCM and
recipitated in cold methanol to remove unreacted monomers
nd mPEG. The final product was dried in vacuum oven for 2
ays.

.3. Characterization of polymers

The purity analysis of FOL–PEG was carried out by HPLC
Agilent 1100, HP). Analysis was performed on a TSK GEL
4000PWXL column (4.6 mm × 300 mm, 10 �m) using a UV
etector at 365 nm. The mobile phase was 5 mM NaCl solution.
he flow rate was set at 0.5 ml/min. The sample injection volume
as 20 �l. The structures of FOL–PEG and PLGA–PEG–FOL
ere measured by 1H NMR in DMSO-d6 at 500 MHz (AMF500,

ruker). The molecular weight and polydispersity of polymers
ere determined by GPC (Agilent 1100, HP) with refrac-

ive index detector using an Agilent PLgel 5 �m mixed-C
00 mm × 7.5 mm column. The molecular weight was deter-

T
o
t
(

–PEG–FOL conjugate.

ined using standard polystyrene samples (molecular weights
f 6.95 × 105, 5.04 × 104, 2.26 × 103 and 162, respectively).

.4. Preparation and characterization of DOX-loaded
icelles

The DOX-loaded polymer micelles were prepared by dialy-
is method. Before micelle preparation, DOX was neutralized
rst. Briefly, 10 mg DOX was neutralized with 2 mol excess
EA in 2 ml DMSO. The DOX solution was then added into the
ml DMSO solution with PLGA–PEG–FOL conjugate (20 mg)
nd mixed by vortex for 10 min. The mixture was next trans-
erred for dialysis (MWCO: 10,000) against deionized water
or 48 h to produce the micelles (Yoo and Park, 2004). The
ater was replaced hourly for the first 3 h. Untrapped DOX and
EA were removed by subsequent extensive dialysis against
eionized water.

The average size of micelles was measured by the laser light
cattering (90-PLUS analyzer, Brookhaven Instruments). Zeta
otential of the micelles was measured by the laser droppler
nemometry (Zeta plus, Brookhaven Instruments). The drug
oading content (DLC) was calculated from the mass of incor-
orated drug divided by the weight of the initial drug-loaded
icelles. Encapsulation efficiency (EE) was determined as the

atio of actual amount of DOX encapsulated in the micelles and
otal amount of drug originally used in the encapsulation process.

he weighted dried micelles were dissolved in DMSO. The mass
f DOX loaded in the micelles was determined by measuring
he UV absorbance at 485 nm using UV–vis spectrophotometry
Yang et al., 2006) (Cary 50, Varian Instruments).
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.5. In vitro drug release

For drug release study, the DOX-loaded micellar solution pre-
ared above was first diluted to 1 mg/ml of DOX and transferred
o a dialysis tube. The dialysis tube was immersed in a beaker
ontaining phosphate buffer solution (PBS, pH 7.4). The beaker
as placed in a shaking water bath at 37 ◦C and shaken with a

peed of 100 rpm. To measure the release of DOX at different
ime intervals, 1 ml of solution was withdrawn from the medium
nd replaced with fresh PBS. The DOX content in the sample
as analyzed by reversed phase HPLC on a ZORBAX SB-C18

olumn (4.6 mm × 250 mm, 5 �m) using a fluorescence detector
t excitation wavelength of 475 nm and emission wavelength of
80 nm. The mobile phase consisting of acetonitrile and water
as programmed with increasing gradient of acetonitrile 5–45%

v/v) in 40 min at a flow rate of 1 ml/min.

.6. In vitro cell culture studies

.6.1. Cell culture
Three cancer cell lines (KB, MATB III and C6) and one

uman fibroblast cell line (CCL-110) were used. KB, MATB
II and C6 cell lines were cultured using the method described
reviously by other research groups (Guo and Lee, 1999; Park
t al., 2005b; Bae et al., 2005). Briefly, KB and C6 cells were
ultured in folate-free RPMI 1640 medium with 10% FBS and
% pen-strep in T-75 flasks at 37 ◦C with 95% humidity and 5%
O2. The medium was changed two to three times a week. The
ells were harvested with trypsin–EDTA after 80% confluence.
ATB III cells were cultured in McCoy’s 5a medium with 10%

BS and 1% pen-strep in T-75 flasks. The medium was changed
hree times a week. CCL-110 cells were used as normal cells
n this study. It was cultured in DMEM medium with 10% FBS
nd 1% pen-strep.

.6.2. Folate receptor expression in different cell lines
Cells were first cultured in six-well plates for 5 days. Before

he experiment, the culture medium was removed and the cells
ere washed twice with PBS. Subsequently, mouse anti-folate-

eceptor antibody (20 �g/ml) was added at 4 ◦C for 30 min. After
ashing three times with PBS, FITC-conjugated anti-mouse

gG (20 �g/ml) was then added to the plates at 4 ◦C for another
0 min. After final washing, the cells were trypsinized and sus-
ended in 1 ml PBS (1 × 106 cells/ml). The degree of receptor
xpression was evaluated by flow cytometry (EPICS Altra Flow
ytometry Systems, Beckman Coulter).

.6.3. Cytotoxicity assays
The cytotoxicity of free DOX and DOX-loaded polymer

icelles was determined by tetrazolium dye (MTT) assay. Cells
ere seeded in 96-well plate at a density of 1 × 104 cells/well

nd incubated for 24 h before the assay. After that, the cells were
ncubated with free drug or drug loaded micelles for another

4 h. The DOX concentration in various formulations was 0.01,
.1, 1.0, 10.0, 20.0 and 50.0 �M. Each DOX concentration was
epeated three times and the culture medium without any drug
ormulations was used as the control. Blank micelles without

w
w
a
l
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OX were used to test the cytotoxicity of the blank micelles.
fter 24 h incubation, the cells were washed three times with
BS and incubated in fresh culture medium for an additional
4 h. Subsequently, 20 �l of MTT solution was added to each
ell for 4 h in dark. The medium was then removed and a 100 �l
f DMSO was added to each well. After mixing at 200 rpm to dis-
olve the reacted dye, the absorbance was read with a microplate
eader (GENios, Tecan) using a test wavelength of 570 nm and
reference wavelength of 630 nm. The cell viability was calcu-

ated as the ratio of the number of surviving cells in the drug
reated samples to that of the control.

.6.4. Cellular uptake of DOX
Since DOX has a fairly strong fluorescence, it can be eas-

ly quantified. The cellular uptake experiments were performed
sing flow cytometry. Exponentially growing cells were seeded
n six-well culture plates (5 × 104 cells per well) and incubated
or 48 h. The cells were then incubated at 37 ◦C with free DOX or
OX-loaded polymer micelles in medium (as described above).
fter exposure for 2 h, the cells were washed with cold PBS

hree times and harvested using trypsin–EDTA and fixed by 1%
f paraformaldehyde PBS solution. Cell density was adjusted to
× 106 cells/ml and 1ml of this cell suspension was measured by
ow cytometry using internal fluorescence of DOX. The cellu-

ar uptake of different cell lines was compared. Furthermore, the
ntracellular distribution of cell-associated DOX was observed
sing confocal laser scanning microscopy (LSM 410, Carl Zeiss)
s the following: Cells were cultured in Lab-Tek® chambered
overglass (NUNC 155383) for 48 h (2 × 104 cells/chamber)
nd incubated with medium containing free DOX or DOX-
oaded polymer micelles (DOX concentration of 10 �M). After
0 min, the medium was removed and the cells were washed
ith PBS three times, fixed with ethanol for 20 min, and washed
ith PBS again. The cells were next observed and imaged at

xcitation wavelength of 475 nm and emission wavelength of
80 nm.

.6.5. Cell cycle analysis
Cells were collected and suspended in PBS (106 to

07 cells/ml) after incubating with various DOX formulations
DOX concentration of 10 �M) for 2 h. The cells were fixed by
0% cold ethanol for 12 h. After fixation, the cell suspension was
entrifuged twice to remove ethanol thoroughly. Subsequently,
ell pellets were suspended in 1 ml PI/Triton X-100 staining
olution with RNase A and kept at room temperature for at least
0 min. Finally PI fluorescence in cell pellets was measured by
ow cytometry.

.6.6. The effect of folate content on targeting efficiency
To investigate the effect of different folate content on the tar-

eting ability of the folate conjugated micelles to cancer cells,
series of micelles with different folate content was obtained

y mixing the copolymer PLGA–PEG–FOL with PLGA–PEG

ith different ratios. The folate content in the mixed micelles
as determined by UV–vis spectrophotometry at 365 nm using
serial dilution of folic acid in DMSO as standard. The cellu-

ar uptake experiments to evaluate the effect of different folate
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The molecular weight and polydispersity of the polymers

Samples Mn Mw Polydispersity (Mw/Mn)

PLGA 6015 7,410 1.23
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ontent were the same to that described in the previous section.
he cellular uptake of DOX in cancer cells (KB, MATB III and
6 cells) and normal cells (CCL-110) was compared. The drug
oncentration was set as 10 �M and the incubation time was 2 h.
he fluorescence intensity was measured by the same microplate

eading method. The cellular uptake efficiency was obtained by
he fluorescence intensity ratio of cell-associated DOX to DOX
n control.

.7. Statistical analysis

All data were presented as mean ± S.D. and analysed using
tudent’s t-test. Statistical significance was determined at a value
< 0.05.

. Results and discussion

.1. Characterization of PLGA–PEG–FOL block
opolymer

Reaction of activated folate with PEG-bis-amine yielded a
ixture of product including FOL–PEG–FOL, FOL–PEG and
EG-bis-amine, although FOL–PEG is the major part. The
urity of the product was analyzed by TSK-GEL G4000PWXL
olumn, which is widely used in high performance size-
xclusion chromatography (SEC). The separation was based on
iquid exclusion–adsorption chromatography (LEAC) which is
n important method for analysis of PEG derivatives. It was
eported that the PEG derivatives can be separated by TSK-
EL G4000PWXL column at low ionic strength (Liu et al.,
004; Piquet et al., 2002). It was shown that ion-exchange
nteractions are mainly involved in the retention mechanism
f PEG compounds, since retention volume decreases when
alt concentration in the mobile phase increases (or varying
he pH of the mobile phase). The major difference among the
EG compounds with similar molecular weights is the num-
er of amino groups linked to the ends of PEG. These PEG
ompounds with net positive charges at appropriate pH can
bsorb to cation exchange resin. In our study, we adopted similar
PLC conditions at which the PEG 3350, PEG3350-NH2 and
H2-PEG3350-NH2 can be well separated (Liu et al., 2004).

ecause of the ionic difference, the uncharged FOL–PEG–FOL
as washed out first and followed by FOL–PEG and NH2-
EG-NH2. As shown in Fig. 1, the HPLC retention time of
OL–PEG–FOL and FOL–PEG is 18.6 and 21.7 min, respec-

a
r
T
r

Fig. 1. The HPLC analysis of FOL–PEG (a) b
LGA–PEG 8155 10,874 1.33

ively. Purified FOL–PEG was obtained after anion-exchange
olumn separation and was confirmed by a single HPLC elution
eak and NMR. In the 1H NMR spectrum, the peak at 8.67 ppm
elongs to the proton on the C7 of folate. The peaks at 6.65 ppm
3′,5′-H, 2H) and 7.66 ppm (2′,6′-H, 2H) belong to the protons
n the benzene ring. The peaks at 1.9, 2.1–2.4 and 4.3 ppm orig-
nate from the �, � and �-CH2– protons of glutamic acid part in
he folate structure. The peak at 3.6 ppm belongs to the –CH2–
rotons of PEG.

Table 1 shows the molecular weight and weight distribu-
ion of PLGA, PLGA–PEG–FOL and PLGA–PEG. The Mw of
LGA–PEG demonstrates that the ring-opening polymerization
as successful. The increase in the Mw of PLGA–PEG–FOL

ompared with the Mw of PLGA indicates the successful con-
ugation of PLGA and FOL–PEG. The 1H NMR spectrum of
LGA–PEG–FOL conjugate (Fig. 2b) also confirmed the syn-

hesis of block copolymer. The peak at 3.6 ppm is attributed
o the –CH2– protons of PEG block. The peaks at 5.2 and
.6 ppm originate from –CH– protons and –CH3 protons of the
LA block. The peak at 4.8 ppm belongs to the –CH2– pro-

ons of PGA block. The small peaks at 6.6, 7.6 and 8.7 ppm are
he typical protons of folate. The amount of folate content in
LGA–PEG–FOL was 93% (molar content) measured by UV
bsorbance at 365 nm.

.2. Characterization of DOX-loaded micelles

As shown in Table 2, the diameters of the DOX-loaded
LGA–PEG and PLGA–PEG–FOL micelles were similar and
maller than 100 nm which is typical of those reported for other
olymeric micelles (Shuai et al., 2004), although the folate
roups were present in the latter case. Table 2 also shows the

mount of DOX introduced into micelles at various feed weight
atios of DOX to copolymers, ranging from 0.2:1.0 to 1.0:1.0.
he drug loading content (DLC) was influenced by the feed

atios of the drug and copolymer. When the initial weight ratios

efore separation and (b) after separation.
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ig. 2. The 1H NMR spectrum of (a) FOL–PEG and (b) PLGA–PEG–FOL
onjugate.

f DOX to copolymer increased from 0.2:1.0 to 0.5:1.0, the
LC increased slightly, so was the EE. When the initial ratio

xceeded 0.5:1.0, the precipitation of unloaded DOX in the aque-

us medium was observed during the preparation of micelles,
esulting in the decrease of both DLC and EE. The optimal ini-
ial weight ratio of DOX to PLGA–PEG–FOL was found to be

c
(
2

able 2
rug loading content and drug encapsulation efficiency of DOX-loaded micelles

opolymer Feed weight ratio
(drug:polymer)

DLC (%)

LGA–PEG

0.2:1.0 13.8
0.3:1.0 19.5
0.5:1.0 29.3
0.7:1.0 15.3
1.0:1.0 10.0

LGA–PEG–FOL

0.2:1.0 25.2
0.3:1.0 25.4
0.5:1.0 27.6
0.7:1.0 18.3
1.0:1.0 12.8
of Pharmaceutics 349 (2008) 256–268 261

.5:1.0, which corresponded to 28% DLC and 61% EE. Unless
pecified, this ratio was used throughout the in vitro studies.
imilar results were also obtained for the PLGA–PEG micelles.
n addition, although the feeding ratio increased from 0.2:1.0 to
.0:1.0, the size of the micelles only increased slightly (<20%).
his finding suggests that the copolymer micellar assemblies,
here the PLGA blocks associated within the particle core and

he PEG occupied as the outer shell, contain sufficient molecu-
ar space within the core itself and thus could sustain a high
egree of drug loading without a significant increase in the
icellar size. The zeta potential measurement in Table 2 shows

hat the micelles were negatively charged. The relatively steady
alues observed with increasing feeding ratio confirmed that
he colloidal stability of this micelle system was unaffected
ith increasing amount of drug content. Compared with PLGA
anoparticles, whose zeta potential was approximately −30 to
50 mV (Govender et al., 1999), the negative surface charge of
LGA–PEG micelles was much lower. Since PEG is non-ionic,

his zeta potential decrease demonstrated the presence of PEG
ayer on the surface, which shifted the shear plane of the diffu-
ive layer to a larger distance (Gref et al., 1995). The smaller
nd negative zeta potential of PLGA–PEG was also reported
n other papers (Park et al., 2005b; Dong and Feng, 2004). For
he PLGA–PEG–FOL micelles, although the carboxyl groups
f folic acid should be on the surface of the micelles and may
ffect the surface charge, no significant change was found in
ur experiments. This is consistent with other studies on folate-
onjugated micelles (Park et al., 2005b; Licciardi et al., 2006).
inally, the drug molecules may be solubilized not only within

he micelles cores but also close to the micelle periphery. This
ay shield the surface charge and lead to a reduced zeta potential

Sanjeeb et al., 2002).

.3. In vitro drug release

Fig. 3 shows the drug release profile of DOX-loaded and
LGA–PEG–FOL micelles. The DOX release rate was faster

n the first 10 h and reached a plateau in 24 h. The initial burst
orona or at the interface between the micelle core and surface
Allen et al., 1999). Nearly 40% DOX was released in the first
4 h.

EE (%) Diameter (nm) Zeta potential (mV)

50.6 87.1 −6.8
55.5 83.9 −7.8
63.3 85.3 −8.3
28.8 86.7 −7.6
22.6 92.0 −7.1

56.8 84.7 −6.5
58.2 86.5 −7.2
61.1 88.1 −7.9
23.5 89.2 −6.6
20.2 99.2 −6.4
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Fig. 3. The release profiles of DOX-loaded PLGA–PEG micelles and
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may be more pronounced. Compared with the PLGA–PEG
micelles, the overexpression of FRs on the surface of KB cells
may significantly enhance the uptake of the PLGA–PEG–FOL
micelles via FR mediated endocytosis and result in 5-fold higher
LGA–PEG–FOL micelles. Each data point is the average of three samples.

.4. Expression of folate receptors in different cell lines

The folate receptor (FR) expression on the surface of different
ell lines (KB, MATB III, C6 and human fibroblast cells CCL-
10) was evaluated by flow cytometry. Fig. 4 shows the amount
f FR expression in different cells by FITC-conjugated anti-FR
ntibody. The amount of FRs of KB cells was approximately
ourfold higher than that of MATB III cells and 30–40-fold
igher than that of C6 cells. In addition, no folate recep-
ors were detected on the surface of fibroblast cells compared
ith the control which only shows autofluorescence of the

ells.
ig. 4. Flow cytometry evaluation of the expression of folate receptors on dif-
erent cell lines. Cells were treated with mouse anti-FR antibody and followed
y FITC-conjugated anti-mouse IgG antibody.

F
w
(
M
f
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.5. Cytotoxicity test

The cytotoxicity of different DOX formulations (free DOX,
OX-loaded PLGA–PEG and PLGA–PEG–FOL micelles) to
B cells was compared in Fig. 5a. With equivalent drug load-

ng in the culture medium, the PLGA–PEG–FOL micelles
howed much higher cytotoxicity than PLGA–PEG micelles and
ree DOX when the drug concentration was between 0.1 and
0 �M. The IC50 values of free DOX, PLGA–PEG micelles,
nd PLGA–PEG–FOL micelles were 0.96, 2.26, and 0.46 �M,
espectively. The cytotoxicity of free DOX was much higher
han that of the PLGA–PEG micelles. Since free DOX is a
mall molecule, it can diffuse into the cells quickly. How-
ver, the micelles formulation can only be internalized in
he cells by the endocytosis process. In this experiment, the
ncubation time of cells with drug formulations was 24 h,
herefore free drug may release to the extracellular space and
iffuse in the cells. With short incubation time, the cytotox-
city difference between free drug and PLGA–PEG micelles
ig. 5. (a) Cytotoxicity of different DOX formulations to KB cells. Bars marked
ith * are significantly different from others at the same drug concentration

p < 0.05). (b) Cytotoxicity of DOX-loaded PLGA–PEG–FOL micelles to KB,
ATB III, C6 and fibroblast cells. Bars marked with * are significantly different

rom the fibroblasts at the same drug concentration (p < 0.05).
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ytotoxicity. Without DOX loading, no toxicity was observed
fter 24 h incubation of 100 �M of PLGA–PEG micelles and
LGA–PEG–FOL micelles (data not shown). Therefore, the
olymer micelles alone did not introduce any cytotoxic effect
n the KB cells.

To evaluate the selectivity of folate-conjugated micelles, the
ytotoxicity of DOX-loaded micelles to different cell lines (KB,
ATB III, C6 and fibroblast cells) was also compared. As
entioned above, KB and MATB III cells have vastly over-

xpression of FRs, while C6 cells show limited expression of
Rs and fibroblast cells has no or negligible FRs. As shown

n Fig. 5b, the PLGA–PEG–FOL micelles were most effec-
ive against the KB cells followed by MATB III cells. The
alculated IC50 of the PLGA–PEG–FOL micelles against KB,
ATB III, C6 and fibroblast cells was 0.46, 0.62, 1.61, and

.52 �M, respectively. The cytotoxicity of PLGA–PEG–FOL
icelles against MATB III cells was slightly less than that of
B cells. It is notable that although the C6 cells express 30-fold

ess FRs than KB cells, the IC50 of C6 cells was only 3.5-fold
ower compared with KB cells. However, for fibroblast cells,
he cytotoxicity of the PLGA–PEG–FOL micelles was nearly

0-fold lower than that of KB cells. These results demonstrate
hat the folate conjugated micelles can selectively target to can-
er cells with overexpressed FRs even the expression level is
ow.

c
P
M
P

ig. 6. Flow cytometry histogram profiles of KB, MATB III, C6, and fibroblast cell
0 �M).
of Pharmaceutics 349 (2008) 256–268 263

.6. Cellular uptake of DOX

Fluorescence markers are frequently used in cellular uptake
tudies (Panyama et al., 2003; Davda and Labhasetwar, 2002).
n our case, however, because DOX is fluorescent, it can be used
irectly to measure cell uptake without additional markers. Base
n our experience in the cytotoxicity study, the DOX concen-
ration of 10 �M or lower in each formulation was used and the
ncubation time was within 2 h.

Fig. 6 shows the histogram of cell associated DOX fluo-
escence for KB cells, MATB III cells, C6 cells and human
broblasts. The cells without any DOX formulations treatment
ere used as a control and showed only the auto-fluorescence
f the cells. The fluorescence intensity is proportional to the
mount of drug internalized by the cells. For KB cells, with
quivalent DOX concentration in each formulation and same
ncubation time, the DOX-loaded PLGA–PEG–FOL micelles
howed higher fluorescence intensity than free DOX and DOX-
oaded PLGA–PEG micelles. This result further confirms that
he cellular uptake of the micelles can be enhanced by attach-
ng folate on their surface, and may explain the different

ytotoxicity observed between the PLGA–PEG micelles and
LGA–PEG–FOL micelles shown in the last section. For
ATB III cells, similar to KB cells, the cellular uptake of

LGA–PEG–FOL micelles was much higher than that of

s that were incubated with different drug formulations (DOX concentration of
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LGA–PEG micelles. The slight decrease in PLGA–PEG–FOL
ptake was likely due to the lower expression of FRs when com-
ared with KB cells. For C6 cells, although the expression of
Rs was very limited, the cellular uptake of PLGA–PEG–FOL
icelles was still 2.6-fold higher than that of PLGA–PEG
icelles. But for normal human fibroblast cells, the fluores-

ence intensity of the DOX-loaded PLGA–PEG–FOL micelles

verlaid with that of PLGA–PEG micelles and was substan-
ially lower than that of free DOX. Since normal fibroblast cells
ave no FRs, the internalization of PLGA–PEG–FOL micelles
nly depends on endocytosis. Compare fibroblasts with the other

D
t

t

ig. 7. Confocal images of KB, MATB III, C6, and fibroblast cells treated with differ
ith DOX-loaded PLGA–PEG micelles, (c–f) are KB cells, MATB III cells, C6 ce

espectively.
of Pharmaceutics 349 (2008) 256–268

hree cancer cell lines, it is obvious that the cellular uptake
f PLGA–PEG–FOL micelles of cancer cells was substantially
igher than that of fibroblasts. This confirms that the folate con-
ugated micelles could selectively target to cancer cells with FR
xpression even the expression is limited. Finally, although the
ell membrane permeability of tumors is generally higher than
hat of normal cells, out data showed that the amount of free

OX taken by tumor and normal cells was similar, suggesting

hat membrane permeability did not affect cellular uptake much.
In order to visualize the cellular uptake of DOX, the distribu-

ion of DOX by various formulations in KB, MATB III, C6, and

ent DOX formulations. (a) KB cells treated with free DOX, (b) KB cells treated
lls, and fibroblast cells treated with DOX-loaded PLGA–PEG–FOL micelles,



rnal

fi
D
e
t
o
i
t
c
o
t
c
m
i
t
s
d
(
s
fl
w
p
m

3

c

l
fl
f
m
a
P
c
m
t
c
D
b
a
p
r
a
p
G
r
d
a
t

F
(

H. Zhao, L.Y.L. Yung / International Jou

broblasts cells was observed by confocal microscopy. Since
OX has red fluorescence, its distribution in the cells can be

asily observed. For free DOX (Fig. 7a), the drug was concen-
rated only in the nuclei of KB cells since red fluorescence was
bserved in only the nuclei but not the cytoplasm. This is a typ-
cal characteristic of DOX since it binds and disrupts DNA in
he nuclei (Fritzer et al., 1996; Schott and Robert, 1989). In the
ase of the two micelle formulations (Fig. 7b and c), red flu-
rescence was also observed in the cytoplasm, indicating that
he DOX-loaded micelles were internalized by endocytosis pro-
ess. The internalization of the PLGA–PEG–FOL micelles was
uch higher compared with the PLGA–PEG micelles, resulting

n stronger fluorescence intensity. This clearly demonstrates that
he presence of folate increased the cellular uptake of DOX sub-
tantially. Similar to KB cells, folate conjugated micelles also
istributed everywhere in the MATB III, C6 and fibroblast cells
Fig. 7d–f). The fluorescence intensity in MATB III cells was
imilar to that of KB cells while C6 cells showed slightly weak
uorescence. But the fluorescence intensity in fibroblast cells
as significantly lower than that of C6 cells. Since no overex-
ressed FRs on the surface of fibroblast cells, cellular uptake
ay not be enhanced by folate-conjugated micelles.
.7. Cell cycle analysis

To understand how various DOX formulations affect the cell
ycle progression of cancer cells and normal cells, the cellu-

t
a
f
h

ig. 8. DOX formulations induced cell cycle perturbation and apoptosis in (I) KB
untreated cells), (b) DOX-loaded PLGA–PEG micelles, (c) free DOX, (d) DOX-load
of Pharmaceutics 349 (2008) 256–268 265

ar DNA content at each stage was measured with PI using
ow cytometry (Fig. 8). When KB cells were treated with
ree DOX, DOX-loaded PLGA–PEG and PLGA–PEG–FOL
icelles, a reduction in the fraction of cells in the G1 and S phase

nd an accumulation of cells in G2/M phase were found. The
LGA–PEG–FOL micelles exhibited a higher G2/M phase per-
ent (20%) compared with free DOX (18%) and the PLGA–PEG
icelles (11%). Since FR-mediated endocytosis can increase

he cellular uptake of micelles and the drug concentration in
ells, the drug induced G2/M arrest may be more prominent.
rug induced G2/M arrest is associated with double-strand DNA
reakage and extensive chromosome damage by DOX (Potter et
l., 2002; Ahmed et al., 2006). Therefore, the increased G2/M
hase arrest indicates cell division inhibition and cell growth
estrain (Ng et al., 2000). Compared with KB cells, MATB III
nd fibroblast cells also showed G1 phase reduction and G2/M
hase arrest after treatment with DOX formulations. Although
2/M phase arrest was not observed for C6 cells, the G1 phase

eduction was found. It was reported that cell cycle perturbations
epends on the cell line studied, the drug itself, the exposure time
nd dosage, therefore different cell lines may react differently
o the same DOX formulation (Briffod et al., 1992).

Cells exhibiting less than 2n DNA content were designated

o be in sub-G1 phase, which indicates formulation-induced
poptosis. When KB cells were treated with different DOX
ormulations, the PLGA–PEG–FOL micelles showed a much
igher increase in the apoptosis percentage compared with

cells, (II) MATB III cells, (III) C6 cells and (IV) fibroblast cells. (a) Control
ed PLGA–PEG–FOL micelles.
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Fig. 8. (

LGA–PEG micelles and free DOX. For MATB III cells, the
poptosis percent under different formulations was similar to
hat of KB cells. The C6 cells also showed comparable apopto-
is percent. However, for fibroblast cells, the apoptosis percent
f PLGA–PEG micelles and PLGA–PEG–FOL micelles was
early the same, and was lower than that of free DOX. The
poptosis percent of fibroblast cells with the PLGA–PEG–FOL
icelles treatment was also significantly lower compared with

he KB, MATB III and C6 cells. This is consistent with the result
f the cytotoxicity study.

.8. The effect of folate content on micelles to targeting
fficiency

The targeting ability of folate-conjugated micelles relies on
he specific binding of folate and FRs overexpressed on can-
er cells. If few folate molecules are on the surface of the
icelles, it may not be sufficient for FR recognition. How-

ver, if too many folate ligands are present, the micellar binding
owards non-targeted cells may happen. Folic acid is essen-
ial for the biosynthesis of nucleotide bases (Zhao and Lee,
004), and physiologically cells can transport folate across the
lasma membrane using either of two membrane-associated

roteins, the reduced folate carrier or folate receptor. The for-
er is found in virtually all cells and constitutes the primary

athway responsible for uptake of folate. The latter is found
rimarily on cancer cells, and preferentially internalizes folate

r
u
m
t

inued ).

ia receptor-mediated endocytosis (Lu and Low, 2002; Antony,
992). Therefore, too many folate attached on the micelles may
ffect normal cells, and hence the optimal amount of folate lig-
nds needs to be determined in order to kill the cancer cells
ut have a low or negligible cytotoxic effect on the normal
ells.

By mixing the copolymer PLGA–PEG–FOL with
LGA–PEG at different ratios, the folate content in the
icelles was found to be 5%, 17%, 32%, 40%, 53%, 65%,

5%, 88% and 93% based on the UV–vis spectrophotometry.
ig. 9 shows the cell uptake of DOX in cancer cells and normal
broblast cells after incubation with different folate conjugated
icelles. For KB cells, the cellular uptake increased with
ore folate conjugation and peaked at 65% folate content.
fterwards, the cellular uptake decreased even at higher folate

ontent of 75%, 88% and 93%. Too many folate ligands on
he surface of the micelles may facilitate the binding of a
ingle micelle to multiple receptors. And the overbinding of
he receptors may reduce the number of micellar uptake and
esult in the decrease of cellular DOX content (Saul et al.,
003). It was also reported that the high amount of intracellular
olate, in the range of 2 × 107 to 9 × 107 folate molecules per
ell (Leamon and Low, 1991; Lee and Low, 1994), may be

esponsible for the saturation and shut-off of the folate receptor
ptake pathway. The folate ligands conjugated to the micelles
ay contribute to the intracellular folate concentration and lead

o shut-off of the pathway.
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Leamon, C.P., Cooper, S.R., Hardee, G.E., 2003. Folate-liposome-mediated anti-
ig. 9. DOX cellular uptake as a function of folate content on the micelles.

For MATB III and C6 cells, the trend of cellular uptake was
imilar to that of KB cells. The cellular uptake increased grad-
ally with more folate conjugation and decreased after a peak.
owever, the MATB III cells peaked at 60% folate content while
6 cells peaked at 40% folate content. For fibroblast cells, the
ellular uptake of DOX only increased marginally with higher
olate content, and was lower than that in the KB and MATB III
ells. The cellular uptake difference between C6 and fibroblasts
as still observable when the folate content is between 30% and
0%. Our results also showed that approximately 40% and 65%
f the folate content on the micelles was desirable for the selec-
ive targeting on cancer cells, and at the same time had minimal
ffect on fibroblast cells.

. Conclusions

DOX-loaded PLGA–PEG–FOL micelles were successfully
ynthesized as a novel drug targeting system. The micellar size
as smaller than 100 nm. The optimal initial weight ratio of
OX to PLGA–PEG–FOL was 0.5:1.0, with a drug loading

ontent of 28% and drug encapsulation efficiency of 61%. The
ifference of cytotoxicity, cellular uptake and apoptosis percent-
ge between different cancer cells and normal cells implies that
he folate conjugated micelles has the ability to selectively target
ancer cells with overexpressed FRs on their surface. The cyto-
oxicity of the folate-conjugated micelles (PLGA–PEG–FOL)
o cancer cells was also much higher than free DOX or micelles
ithout folate (PLGA–PEG). Furthermore, the amount of folate
n the micelles was optimized at 40–65% in order to kill cancer
ells but, at the same time, have minimal effect on normal cells.
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