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Abstract

Folate receptors (FRs) have been identified as cellular surface markers for cancer and leukemia. Liposomes containing lipophilic derivatives
of folate have been shown to effectively target FR-expressing cells. Here, we report the synthesis of a novel lipophilic folate derivative, folate-
polyethylene glycol-cholesterol hemisuccinate (F-PEG-CHEMS), and its evaluation as a targeting ligand for liposomal doxorubicin (L-DOX) in
FR-expressing cells. Liposomes containing F-PEG-CHEMS, with a mean diameter of 120 £ 20 nm, were synthesized by polycarbonate membrane
extrusion and were shown to have excellent colloidal stability. The liposomes were taken up selectively by KB cells, which overexpress FR-
o. Compared to folate-PEG-cholesterol (F-PEG-Chol), which contains a carbamate linkage, F-PEG-CHEMS better retained its FR-targeting
activity during prolonged storage. In addition, F-PEG-CHEMS containing liposomes loaded with DOX (F-L-DOX) showed greater cytotoxicity
(ICs0=10.0 uM) than non-targeted control L-DOX (ICsy =57.5 wM) in KB cells. In ICR mice, both targeted and non-targeted liposomes exhibited
long circulation properties, although F-L-DOX (¢, =12.34 h) showed more rapid plasma clearance than L-DOX (#;, =17.10h). These results

suggest that F-PEG-CHEMS is effective as a novel ligand for the synthesis of FR-targeted liposomes.

Published by Elsevier B.V.
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1. Introduction

Liposomes, or phospholipid bilayer vesicles, have been inves-
tigated as potential drug delivery vehicles. Compared to free
drugs, liposomal drugs typically exhibit prolonged systemic cir-
culation time and increased tumor localization as a result of
the enhanced permeability and retention (EPR) effect. Systemic
clearance of liposomes is mediated by phagocytic cells of the
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reticuloendothelial system (RES) (Banerjee, 2001; Mamot et
al., 2003; Papahadjopoulos et al., 1991) and is facilitated by
plasma protein opsonization. Incorporation of polyethylene gly-
col (PEG) coating on liposomes has been shown to reduce the
rate of RES clearance of liposomes (Allen et al., 1991; Fritze
et al., 2006; Mamot et al., 2003; Papahadjopoulos et al., 1991).
Liposomal delivery has been shown to reduce cardiac toxicity
of doxorubicin (Perez et al., 2002). Targeted liposomes can be
synthesized by incorporating a tumor cell-selective ligand, such
as antibodies, transferrin and folic acid (Gabizon et al., 2004;
Lukyanov et al., 2004; Pan et al., 2007; J. Wu et al., 2006; Xiong
et al., 2005), via a lipophilic anchor, typically consisting of a
derivative of distearoylphosphatidylethanolamine (DSPE).
Membrane folate receptors (FRs), including FR-a and FR-f3,
are glycosylphosphatidylinositol (GPI)-anchored glycoproteins.
FR-a expression is amplified in over 90% of ovarian carci-
nomas and at varying frequencies in other epithelial cancers.
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Meanwhile, FR-f3 is expressed in a non-functional form in neu-
trophils and in a functional form in activated macrophages and in
myeloid leukemias (Elwood, 1989; McHugh and Cheng, 1979).
In contrast, most normal tissues lack expression of either FR iso-
form. Folic acid (folate) is a high affinity ligand for the FRs that
retains high FR affinity upon derivatization via one of its car-
boxyl group. Due to its small size and ready availability, folate
has become one of the most investigated targeting ligands for
tumor-specific drug delivery (Curiel, 1999; Gabizon et al., 2004;
Hilgenbrink and Low, 2005; Ke et al., 2003; Kim et al., 2007;
Leamon et al., 2005; Zhang et al., 2006). Folate has been incor-
porated into liposomes via conjugation to lipophilic anchors.
Folate-conjugated liposomes have been evaluated for targeted
delivery of a broad range of therapeutic agents (Gabizon et al.,
2006; Hattori and Maitani, 2005; Pan et al., 2007; Thirumamagal
et al., 2006; G. Wu et al., 2006). Lee and Low (Lee et al., 1995)
were the first to report the synthesis of folate-conjugated lipo-
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somes. They have shown that a lengthy spacer, based on PEG,
was required between folate and the lipid anchor to enable effec-
tive FR-mediated tumor cell targeting of the liposomes. Two
lipophilic derivatives have since been synthesized for liposome
targeting: folate-PEG-DSPE (F-PEG-DSPE) and folate-PEG-
cholesterol (F-PEG-Chol) (Fig. 1) (Gabizon et al., 2003, 2004;
Goren et al., 2000; Guo et al., 2000; Lee and Low, 1995; J.
Wu et al., 2006). Although these folate conjugates have been
shown to be effective in targeting FR-expressing tumor cells,
there are concerns over the two negative charges carried by F-
PEG-DSPE and the use of a carbamate linker in F-PEG-Chol,
which has limited hydrolytic stability.

In the present study, we report the synthesis of a novel
lipophilic folate derivative, folate-PEG-cholesteryl hemisuc-
cinate (F-PEG-CHEMS), which is based on amide and
ester linkages. FR-targeted liposomes were synthesized using
this novel derivative and characterized for stability, FR-
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Fig. 1. Structures of F-PEG-DSPE, F-PEG-Chol and the synthesis route of F-PEG-CHEMS.
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dependent cellular uptake, cytotoxity and for pharmacokinetic
properties.

2. Materials and methods
2.1. Materials

Folic acid, N-hydroxysuccinimide (NHS), dicyclohexylcar-
bodiimide (DCC), triethylamine, polyoxyethylene bis-amine
(MW, 3350, NH>-PEG-NH), cholesteryl hemisuccinate
(CHEMS), cholesterol (CHOL), doxorubicin hydrochloride
(DOX-HCI), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetra-
zolium bromide (MTT), calcein, doxorubicin (DOX), and
Sepharose CL-4B chromatography media were purchased from
Sigma—Aldrich Chemical Co. (St. Louis, MO). Monomethoxy
polyethylene glycol 2000-distearoyl phosphatidylethanolamine
(mPEG-DSPE) was purchased from Genzyme Pharmaceuti-
cals (Liestal, Switzerland). PD-10 desalting columns were
purchased from Amersham Biosciences (Uppsala, Sweden).
Hydrogenated soybean phosphatidylcholine (HSPC) was pur-
chased from Avanti Polar Lipids Inc. (Alabaster, AL). All
reagents and solvents were of analytical or HPLC grade and
were used without further purification.

2.2. Cell culture

Human oral cancer KB cell line, which later has been iden-
tified as being derived from the human cervical cancer HeLa
cell line, was obtained as a gift from Dr. Philip S. Low (Pur-
due University, West Lafayette, IN). KB cells were cultured
as a monolayer in folate-free RPMI 1640 media (Life Tech-
nologies Inc., Bethesda, MD) supplemented with penicillin,
streptomycin, and 10% fetal bovine serum (FBS) and in a humid-
ified atmosphere containing 5% CO, at 37 °C.

2.3. Synthesis of F-PEG-CHEMS

The synthesis was carried out as shown in Fig. 1. First,
folate-PEG-amine and CHEMS-NHS were synthesized by
methods described previously by J. Wu et al. (2006) and
Kempen (1988), respectively. This was followed by the syn-
thesis of F-PEG-CHEMS by reacting folate-PEG-amine with
CHEMS-NHS. Briefly, for synthesis of folate-PEG-bis-amine,
folic acid (26.5 mg) and PEG-bis-amine (167.5 mg) were dis-
solved in 1 mL DMSO. Then, 8.6 mg of NHS and 15.5mg
of DCC were added to the solution, and the reaction was
allowed to proceed overnight at room temperature. The prod-
uct, folate-PEG-amine, was then purified by Sephadex G-25
gel-filtration chromatography. For synthesis of CHEMS-NHS,
CHEMS (1 g) was reacted with 475 mg NHS and 1.25 g DCC
in tetrahydrofuran overnight at room temperature. The product
CHEMS-NHS was purified by recrystalization. Finally, for syn-
thesis of F-PEG-CHEMS, folate-PEG-amine (137 mg, 40 p.mol)
and CHEMS-NHS (29.2 mg, 50 pmol) were dissolved in CHCI3
(50 mL), and reacted overnight at room temperature. The sol-
vent (CHCl3) was then removed by rotary evaporation and the
residue was hydrated in 50 mM NayCO3 (10mL) to form F-

PEG-CHEMS micelles. The micelles were then dialyzed against
deionized water using a Spectrum dialysis membrane with a
molecular weight cut-off MWCO) of 14kDa to remove low
molecular weight by-products. The product F-PEG-CHEMS
was then dried by lyophilization, which yielded a yellow pow-
der product (130 mg) with a yield of 76.5%. The identity of the
product was confirmed by thin-layer chromatography (TLC) and
by 'H NMR in d-DMSO.

2.4. Liposome preparation

Liposomes were prepared by thin film hydration followed
by polycarbonate membrane extrusion, as described previously
(Haran et al., 1993; Pan et al., 2002). DOX was remote-loaded
into the liposomes by a transmembrane pH gradient. The lipid
compositions of the non-targeted liposomes and the FR-targeted
liposomes were HSPC/CHOL/mPEG-DSPE at molar ratio of
55:40:5, and HSPC/CHOL/mPEG-DSPE/F-PEG-CHEMS at
molar ratio of 55:40:4.5:0.5, respectively. Briefly, the lipids
(85 mg total) were dissolved in CHCl3 and dried into a thin
film by rotary evaporation and then further dried under vacuum.
The lipid film was hydrated with 2 mL of 250 mM ammonium
sulfate ((NH4),SO4) for 30 min at 60 °C with occasional vortex
mixing. The suspension of lipids were then extruded five times
through a 0.1 wm pore-size polycarbonate membranes using a
Lipex Extruder (Northern Lipids Inc., Vancouver, BC, Canada)
driven by pressurized nitrogen at 60 °C to produce unilamellar
vesicles. The (NHy4)2SO4 outside of the liposomes was removed
by tangential flow diafiltration against phosphate-buffered saline
(PBS, pH7.4) using a Millipore Pellicon XL cartridge with a
MWCO of 30kDa. The mean diameter of the liposomes was
determined by dynamic light scattering using NICOMP Model
370 Submicron Particle Size (Particle Sizing Systems, Santa
Barbara, CA). DOX-HCI (4 mg) was dissolved in 0.4 mL deion-
ized H>O and added to the liposomes at a DOX-to-lipid ratio of
1:20 (w/w), followed by a 30-min incubation at 65 °C. Resid-
ual free DOX in the liposomal preparation was removed by size
exclusion chromatography on a Sepharose CL-4B column. DOX
concentration in the liposomes was determined by measuring
absorption at 480 nm on a Shimadzu UV-vis spectrophotome-
ter following liposome lysis in ethanol. Drug encapsulation
efficiency was determined by running samples through a
Sepharose CL-4B column, and calculated by the following
equation:

weight of encapsulated drug

EE% = x 100

weight of encapsulated drug + free drug
The zeta potential of the liposomes was measured by Zeta
PALS (Zeta Potential Analyzer, Brookhaven Instruments Corpo-
ration, NY). Fluorescent liposomes were prepared by the above
described procedures except that the lipid film was hydrated in
50 mM calcein instead of the (NH4),SO4 solution.

2.5. Uptake of FR-targeted liposomes by KB cells

KB cells grown in a monolayer were suspended by brief
treatment with trypsin, and then were washed three times with
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folate free RPMI 1640 medium. Aliquots of KB cell sus-
pension were incubated with non-targeted liposomal calcein
(L-calcein) or FR-targeted liposomal calcein (F-L-calcein) for
1h at 37°C. To determine the role of FR binding, 1 mM free
folate was added to the incubation media in the FR block-
ing group. After incubation, the cells were washed three times
with cold PBS to removed unbound liposomes. An aliquot of
the cells were taken to be either examined on a Nikon Eclipse
800 fluorescence microscope or analyzed by flow cytometry on
a Beckman-Coulter EPICS XL cytometer (Beckmann-Coulter,
Miami, FL), the rest of the cells were lysed in 0.5mL PBS
containing 1% Triton X-100, the fluorescence intensity of the
cellular lysate were measured at 495 nm excitation and 520 nm
emission.

2.6. Cytotoxicity analyses

Cytotoxicity of liposomes was determined by the MTT
assay, as described previously (Lee and Low, 1995). KB cells
grown in folate-free RPMI 1640 medium were seeded in 96-
well tissue culture plates at 5 x 10> cells per well, cultured
for 24h, and then incubated with 200 wL medium contain-
ing serial dilutions of drug formulations, including free DOX,
liposomal DOX (L-DOX), and liposomal DOX containing F-
PEG-CHEMS (F-L-DOX) with or without 1 mM free folate.
After 2 h incubation at 37 °C, the cells were washed twice and
cultured in fresh RPMI-1640 medium for an additional 72 h.
Then, 10 oL MTT (5 mg/mL) was added to each well and the
plates were incubated for another 4h at 37 °C. Medium was
then removed and replaced with 200 uLL DMSO to dissolve
the blue formazan crystals converted from MTT by live cells.
The plates were then read on a Biorad Model 450 microplate
reader and the cell viability was determined from absorbance at
570 nm.

2.7. Pharmacokinetic studies

Female ICR mice (20g, 6-8 weeks old) were purchased
from Charles River Laboratories (Wilmington, MA, USA).
Mice (three per group) were given intravenous injection
of different formulations of liposomes at the drug dose of
5mg/kg via the tail vein. Blood samples were collected in
heparin-treated tubes at various time points. Plasma was iso-
lated by centrifugation (5min, at 3000 x g). Two hundred
microlitres aliquots of plasma were diluted with deionized
water to 500 pL, followed by addition of 50 pL 20% sodium
dodecyl sulfate (SDS). Two millilitres of ethanol was then
added followed by 30s vortex mixing and centrifugation
to extract DOX from the liposomes. DOX extraction effi-
ciency for the assay was determined to be 91.5%. DOX
concentration in the lysate was measured by its fluorescence,
as described above. Pharmacokinetic parameters were deter-
mined using the WinNonlin software, including area under the
curve (AUC), mean residence time (MRT), total body clear-
ance (CL), and plasma half-lives for the elimination phase
(t128)-

3. Results and discussion
3.1. Synthesis of F-PEG-CHEMS

F-PEG-CHEMS was synthesized, as described in Section
2 and illustrated in Fig. 1. The product F-PEG-CHEMS was
suspended as micelles in 50 mM Na;CO3, and then the low
molecular weight by-products and unreacted materials were
removed by dialysis against deionized water. The forma-
tion of the product was confirmed by TLC (mobile phase:
CH;Cly/methanol at 70:30 plus trace amount of acetic acid). F-
PEG-CHEMS had an Ry value of 0.5. "H NMR analysis showed
principal peaks (in ppm) related to the folate moiety [8.14 (d),
7.64 (d), 6.94 (1), 6.63 (d), 4.48 (d), 4.32 (m)], the PEG moi-
ety [3.65 (m)], and the CHEMS moiety [5.37 (bd), 4.65 (m),
2.31-0.68 (m)].

3.2. Synthesis and characterization of liposomes

Liposomes were prepared by thin film hydration followed by
high-pressure extrusion, as described in Section 2. In a typical
preparation, the liposomes had a mean diameter of ~120nm
and relatively narrow distribution (standard deviation <30% of
the mean). Efficiency for remote loading of DOX into lipo-
somes was >95% at the drug/lipid ratio of 1:20 (w/w). The zeta
potentials of L-DOX and F-L-DOX were —21.87 +1.94mV
and —11.82 + 11.72 mV, respectively. The negative zeta poten-
tials might be due to the presence of the negatively charged
lipid mPEG-DSPE in the formulation, as reported previously
(Hinrichs et al., 2006). The liposomes showed good stability
when stored at 4 °C. After 6 months in storage, the mean parti-
cle size increased from 117 to 134 nm and DOX release from the
liposomes was less than 10%. Importantly, liposomes containing
F-PEG-CHEMS retained efficiency in targeting FR-positive KB
cells after prolonged storage at 4 °C as shown in Figs. 2 and 3. In
contrast, liposomes containing F-PEG-Chol, which contains a
carbamate bond between the PEG and cholesterol moieties, lost
their FR-targeting activity after 3-month storage (Figs. 2 and 3).
These data suggest F-PEG-CHEMS has greater stability than
F-PEG-Chol.

3.3. Cellular uptake and cytotoxicity of liposomes

Uptake of liposomes containing F-PEG-CHEMS by KB cells
was analyzed by fluorescence microscopy and by flow cytom-
etry. As shown in Fig. 2, FR-targeted liposomal calcein was
more efficiently taken up by the cells compared to non-targeted
liposomal calcein, and the uptake could be blocked by 1 mM
free folic acid. Similarly, flow cytometry results showed that the
cellular uptake of FR-targeted liposomal calcein was about 200
times that of non-targeted liposomal calcein and can be blocked
by free folate (Fig. 4). These data showed that liposomes tar-
geted with F-PEG-CHEMS could effectively target the KB cells
through the FR.

Cytotoxicity of F-PEG-CHEMS-containing liposomes
loaded with DOX was evaluated in KB cells using an MTT
assay. As shown in Table 1, FR-targeted liposomal DOX had
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Fig. 2. Uptake of F-L-calcein and L-calcein by KB cells. KB cells were treated with F-L-calcein, F-L-calcein plus 1 mM of free folic acid or L-calcein. Right panels
indicate cells visualized in the fluorescence mode; left panels indicate the same fields in the phase-contrast mode. Panels A and B, cells treated with F-L-calcein
containing F-PEG-CHEMS; panels C and D, cells treated with F-L-calcein containing F-PEG-CHEMS after storage at 4 °C for 3 months; panels E and F, cells treated
with F-L-calcein containing F-PEG-Chol after storage at 4 °C for 3 months; panels G and H, cells treated with F-L-calcein containing F-PEG-CHEMS plus 1 mM
free folate; panels I and J, cells treated with L-calcein.
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Fig. 3. Uptake of L-calcein by KB cells measured by fluorometry. The cells were
incubated with liposomes containing 20 uM calcein for 1 hat 37 °C, washed with
PBS and lysed in 1% Triton X-100 and measured for calcein fluorescence, as
described in Section 2.
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Fig. 4. Uptake of liposomal calcein by cultured KB cells measured by flow
cytometry. KB cells were treated with L-calcein; F-L-calcein; or F-L-calcein
plus 1 mM free folate for 1 h at 37 °C. The cells were then washed with PBS and
then analyzed by flow cytometry.

about six times lower ICsy value compared to non-targeted
liposomal DOX. The presence of 1 mM folic acid diminished
the difference in ICsy values. Both liposomal formulations
showed much higher ICsy values compared to free DOX,
which can be directly taken up by cells. These data correlated
well with the results from the above described cellular uptake
studies and showed that F-PEG-CHEMS is potentially useful in
the synthesis of FR-targeted liposomes carrying a therapeutic
agent.

Table 1

Cytotoxicities of various DOX to KB cells

Treatment group ICs0 (MM)?

F-L-DOX 10£ 1.2

F-L-DOX + 1 mM folic acid 19 £ 1.6

L-DOX 57 £43

Free DOX 0.43 £ 0.05

4 Values shown are means and standard deviations (n = 3).
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Fig. 5. Pharmacokinetic profiles of various DOX formulations. ICR mice were
given i.v. injections of the various formulations at a dose of 5 mg/kg in DOX.
Data represent the mean £ 1 standard deviation (n=3). (A) Free DOX; (H)
F-L-DOX; (¢#) L-DOX.

Table 2
Pharmacokinetic parameters of DOX formulations in ICR mice following i.v.
administration

AUC (pgh/mL) ti2g (h) CL (mL/h) MRT (h)
Free DOX 76.7 2.85 1.30 2.83
F-L-DOX 398 12.3 0.25 16.3
L-DOX 764 17.1 0.13 24.0

3.4. Pharmacokinetic properties of DOX-loaded liposomes

Plasma clearance kinetics of liposomal DOX was studied
in ICR mice, as shown in Fig. 5. Pharmacokinetic parameters,
obtained using the WinNonlin software and a two-compartment
model, are summarized in Table 2. As expected, free DOX
showed rapid clearance from the plasma. Meanwhile, liposo-
mal DOX formulations showed much longer circulation time.
FR-targeted liposomal DOX containing F-PEG-CHEMS was
cleared more rapidly compared to non-targeted liposomal DOX.
This is consistently with findings on F-PEG-DSPE and F-PEG-
Chol-containing liposomes reported previously (Gabizon et al.,
2003; Zhao et al., 2007).

4. Conclusions

FR-targeted liposomes, synthesized using F-PEG-DSPE or
F-PEG-Chol, have been shown previously to effectively tar-
get FR-expressing tumor cells. In this study, F-PEG-CHEMS
is shown to also exhibit excellent FR-targeting properties. F-
PEG-DSPE carries two negative charges. This may lead to
reduced systemic circulation time for liposomes containing F-
PEG-DSPE in vivo. F-PEG-Chol contains a carbamate bond
between the PEG linker and the cholesterol anchor. F-PEG-Chol
targeted liposomes gradually lose their FR targeting activity
upon storage in 4 °C. This might be due to hydrolysis of the
carbamate linkage. F-PEG-CHEMS is structurally similar to F-
PEG-Chol but contains amide and ester linkages, both of which
are much more stable compared to a carbamate linkage. FR-
targeted liposomes containing F-PEG-CHEMS retained high
uptake efficiency by KB cells even after 3-month storage at 4 °C.
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It was further shown that FR-targeted liposomal DOX
containing F-PEG-CHEMS had much greater cytotoxicity com-
pared to non-targeted liposomal DOX. This indicates that
F-PEG-CHEMS is potentially useful for FR-targeted liposomal
delivery of therapeutic agents.

In pharmacokinetic studies, FR-targeted liposomal DOX was
shown to be cleared from circulation more rapidly than non-
targeted liposomal DOX, this result is consistent with previous
reports on liposomes containing F-PEG-DSPE or F-PEG-Chol
(Gabizon et al., 2006). This might be due to increased uptake
of the liposomes by macrophages, which express low level of
FR-3. This was supported by the finding that free folate blocked
the accelerated clearance of FR-targeted liposomes (Gabizon et
al., 2000).

In summary, a novel ligand, F-PEG-CHEMS, has been syn-
thesized for preparation of FR-targeted liposomes. Liposomes
containing this new ligand had good physical chemical and FR-
targeting properties. In addition, FR-targeted liposomal DOX
can be specifically taken up by FR over-expressing KB cells, and
showed greater cytotoxicity than non-targeted liposomal DOX.
Pharmacokinetic studies showed that these liposomes exhibited
prolonged circulation time. Since F-PEG-CHEMS has greater
hydrolytic stability than F-PEG-Chol reported previously, it
might constitute a better candidate for future clinical develop-
ment of FR-targeted liposomes for which a lengthy shelf-life is
essential.
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