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Abstract

Purpose: Tumor cell targeting is a promising strategy for enhancing the therapeutic potential of
chemotherapy agents. Polyethylene glycol (PEG)-coated (sterically stabilized) liposomes show
enhanced accumulation on the surface of tumors, but steric hindrance by PEGylation reduces the
association of the liposome-bound ligand with its receptor. To increase folate receptor (FR)
targeting, we optimized the concentration and PEG spacer length of folate-PEG-lipid in liposomes.
Experimental Design: Three types of folate-linked liposomal doxorubicin were designed and
prepared by optimizing the concentration and PEG spacer length of folate-PEG-lipid in PEGylated
or non-PEGylated liposomes and by masking folate-linked liposomes where the folate ligand is
“masked” by adjacent PEG spacers. The liposome targeting efficacy was evaluated /in vitro and
in vivo.

Results: In human oral carcinoma KB cells, which overexpress FR, modification with sufficiently
long PEG spacer and a high concentration of folate ligand to non-PEGylated liposomes increased
the FR-mediated association and cytotoxicity more than with PEGylated and masked
folate-linked liposomes. On the contrary, in mice bearing murine lung carcinoma M109, modifica-
tion with the folate ligand in PEGylated and masked folate-linked liposomes showed significantly
higher antitumor effect than with non-PEGylated liposomes irrespective of the length of time in
the circulation after intravenous injection.

Conclusions: The results of this study will be beneficial for the design and preparation of

ligand-targeting carriers for cancer treatment.

A variety of targeting ligands have been examined in tumor-
targeted drug carriers. Folate receptor (FR)-a is a glycosyl
phosphatidylinositol-anchored membrane protein that is
selectively overexpressed in >90% of ovarian carcinomas
(1-3), and to various extents in other epithelial cancers, but
is only minimally distributed in normal tissues (2, 4-6). FR
can serve as an excellent tumor marker as well as a functional
tumor-specific receptor. Folic acid, a high-affinity ligand for FR,
retains its receptor-binding and endocytosis properties even if it
is covalently linked to a wide variety of molecules. Therefore,
liposomes conjugated to the folate ligand via a polyethylene
glycol (PEG) spacer have been used to deliver chemotherapeu-
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tic agents, oligonucleotides, and markers to FR-bearing tumor
cells (7-16). The targeting efficiency of folate-linked vesicles
was affected by the amount of folate-PEG-lipid. It was reported
that a higher molar fraction of folate-PEG-lipid in folate-linked
liposomes reduced liposome uptake into cells (17). Folate
molecules can form dimers, trimers, and even self-assembling
tubular quartets at higher concentrations (18). Because FR can
only bind one molecule of folic acid (19), such self-assembled
multimers of folic acid are incapable of binding to FR.

PEGylated liposomes, called sterically stabilized liposomes,
evade uptake by the reticuloendothelial system and show
enhanced accumulation in tumors as a result of an enhanced
permeability and retention effect. Liposomes were modified
with folate to further increase targeting to FR and drug uptake
by tumors. However, when targeting moieties are employed,
circulation times are often decreased in vivo due to recognition
by the reticuloendothelial system (9). As a result, the advantage
of increased drug retention on the tumor surface by PEGylation
is obscured by accelerated clearance of folate-linked formula-
tions. Furthermore, steric hindrance by PEGylation reduces the
association of the liposome-bound ligand with its receptor (8).
Therefore, the density and PEG spacer length of the targeting
ligand and PEGylation of liposomes are known to be critical
characteristics for ligand-receptor interaction. However, there
have been few studies concerned with the optimization of these
factors.

In our previous studies, we have reported on the optimal
folate concentration and PEG spacer length with nanoemul-
sions and polymer micelles (20, 21). However, in these cases,
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Translational Relevance

PEGylated liposomes show enhanced accumulation on
the surface of tumors by long circulation. FR is selectively
overexpressed to various extents in epithelial cancers. Folic
acid is a high-affinity ligand for FR. The targeting efficiency
of folate-linked vesicles was affected by the amount of
both folate-PEG-lipid and PEG-lipid. To increase FR target-
ing, we optimized the concentration and PEG spacer length
of folate-PEG-lipid in liposomes. In mice bearing murine
lung carcinoma M109, modification with the folate ligand
in PEGylated and masked folate-linked liposomes where
the folate ligand is “masked” by adjacent PEG spacers
showed significantly higher antitumor effect than with
non-PEGylated liposomes after intravenous injection. This
finding suggested that tumor targeting was achieved by
less PEGylated carriers with ligand. Three anthracycline li-
posomal preparations including PEGylated liposomal
doxorubicin (Doxil) are currently on the market, and many
other liposomal formulations of antineoplastic drugs are in
preclinical or clinical trials. Therefore, this strategy will be
applied to such drug formulations for future practice of
cancer medicine. The results of this study will be beneficial
for the design and preparation of ligand-targeting carriers
to deliver chemotherapeutic agents and gene for cancer
treatment and contrast agents for the detection of solid
tumors.

PEG-lipid and PEG polymer are the main components that
form the nanoemulsions and polymer micelles, respectively,
so we could not evaluate effect of folate-PEG-lipid alone on
targeting to tumors. Because liposomes can be prepared
without PEG-lipid, we can estimate the optimal density and
PEG spacer length of folate-PEG-lipid for FR targeting to
produce a balance between longer circulation time and FR
targeting.

Here, we designed and prepared various folate-linked
liposomes to increase the level of FR-targeting. In this study,
we evaluated folate-mediated association of liposomal doxoru-
bicin with human oral carcinoma KB cells and murine lung
carcinoma M109 cells, which both overexpresses FR, in terms of
the effect of PEG spacer length and the ratio of modification of
the folate ligand of liposomes with or without PEG-coating and
of the degree of masking of folate ligands on liposomes by
adjacent PEG. Furthermore, the antitumor effect of these
liposome preparations was investigated in vitro and in vivo.

Materials and Methods

Materials. Hydrogenated soybean phosphatidylcholine (HSPC)
was obtained and amino-PEG-distearylphosphatidylethanolamine
(amino-PEG-DSPE; PEG mean molecular weights, 2,000, 3,400, and
5,000) and methoxy-PEG-distearylphosphatidylethanolamine (mPEG-
DSPE; PEG mean molecular weights, 2,000 and 5,000) were kind gifts
from the NOF. Cholesterol, doxorubicin hydrochloride, and high-
performance liquid chromatography-grade acetonitrile were purchased
from Wako Pure Chemical Industries. Folate-PEG-DSPEs (F-PEG,000-
DSPE, F-PEG3400-DSPE, and F-PEGs0o-DSPE), which are conjugates of
folic acid and amino-PEG-DSPE, were synthesized as reported
previously (8, 20). Folate-deficient RPMI 1640 and fetal bovine serum
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were obtained from Invitrogen. Other reagents used in this study were
of reagent grade.

Preparation of folate-linked liposomal doxorubicin. Liposomes were
prepared from hydrogenated soybean phosphatidylcholine/cholesterol
= 55/45 (mol/mol) by a dry-film method. Briefly, all lipids were
dissolved in chloroform, which was removed by evaporation. The thin
film was hydrated with citrate buffer (300 mmol/L, adjusted to pH 4.0
with NaOH) at 60°C by vortex mixing and sonication. Targeted
formulations were prepared by mixing nontargeted liposomes with
micelles of mPEG-DSPE and/or F-PEG-DSPE to allow incorporation of
targeting ligands at 60°C for 1 h by the postinsertion technique (22).
The number of targeting ligands was controlled by altering the
concentration of micelles added to the liposomes before loading with
doxorubicin.

Schematic diagrams (Fig. 1) show three kinds of folate-PEG-
liposomes: overhanging folate outside non-PEGylated liposomes
(NL), PEGylated liposomes with a mPEG;q¢, layer (SL), and masked
folate inside a mPEGsggo layer of liposomes (ML). NLs with folate
ligands were prepared by incubation of NL with an aqueous dispersion
of F-PEG-DSPE (from 0.01 to 0.5 mol% total lipids; Fig. 1A). SLs
modified with folate were prepared by incubation of NLs with a total of
2.5 mol% PEG-lipids of mPEG,00-DSPE and varying percentages of
F-PEGs000-DSPE (F5; Fig. 1B). MLs were prepared by incubation of NLs
with an aqueous dispersion of 0.25 mol% F-PEG,0o-DSPE and
0.75 mol% mPEGs00-DSPE (Fig. 1C). NLs linked with F-PEGs000-
DSPE, F-PEG3409-DSPE, or F-PEG5(00-DSPE are henceforth abbreviated
as F2-NL, F3-NL, and F5-NL, respectively, and SL linked with
F-PEGs5000-DSPE is abbreviated as F5-SL. The number before the
abbreviated term of F5-NL in some descriptions indicates the mol%
F-PEG-DSPE of total lipids. For instance, 0.25F5-NL indicates liposomes
with 0.25 mol% F-PEGs0o-DSPE of total lipids, and 0.25F5-SL
indicates liposomes with total 2.5 mol% PEG-lipids composed of
2.25 mol% mPEG,00-DSPE for steric stabilization and 0.25 mol%
F-PEGs5000-DSPE. The resulting mean diameter and ¢ potential of
liposomes were determined by dynamic light scattering and electro-
phoresis methods, respectively (ELS-800; Otsuka Electronics) at 25°C
after diluting the liposome suspension with water.

Next, these liposomes were actively loaded with doxorubicin by a pH
gradient method (23). After the external pH was adjusted to pH 7.4,
liposomes were incubated with doxorubicin [drug/lipid = 1:5 (w/w)] at
60°C for 25 min. Doxorubicin loading efficiency was determined by
separating unencapsulated from encapsulated drug on a Sephadex G-50
column. Doxorubicin concentration was determined by measuring
absorbance at 480 nm (UV-1700 Phamaspec; Shimadzu). The final
liposomal doxorubicin was suspended in 150 mmol/L NaCl. The final
total lipid concentration of folate-linked liposomes was 18.6 mg/mL.

In vitro drug release of liposomes. In vitro release of doxorubicin
from the liposomal formulation was analyzed by membrane dialysis
against PBS (pH 7.4) at 37°C under sink condition. Briefly, 1 mL
liposomal doxorubicin (0.2 mg/mL doxorubicin) was placed in a
dialysis tube (seamless cellulose tube membranes; Viskase Sales) with
a molecular weight cutoff of 12,000 to 14,000 and then suspended in a
temperature-controlled, jacketed flask containing 100 mL PBS. After
various time intervals, aliquots of the medium were withdrawn. The
doxorubicin concentration was analyzed using a fluorophotometer
(Wallac 1420 ARVOsx multilabel counter; Perkin-Elmer Life Science)
with excitation and emission wavelengths of 485 and 535 nm,
respectively.

Cell culture. KB cells were obtained from the Cell Resource Center
for Biomedical Research, Tohoku University. The human lung
adenocarcinoma A549 cell line [FR(-)] was kindly provided by
OncoTherapy Science. The cells were cultured in folate-deficient RPMI
1640 with 10% heat-inactivated fetal bovine serum and 50 pg/mL
kanamycin sulfate in a humidified atmosphere containing 5% CO, at
37°C. The cells were prepared by plating 3 x 10° per well in a 12-well
culture plate for flow cytometry analysis or 1 x 10* per well in a 96-well
culture plate for cytotoxicity analysis for 1 day before the assay.

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on October 26, 2020. © 2008 American Association for
Cancer Research.


http://clincancerres.aacrjournals.org/

Design of Folate-Linked Liposomal Doxorubicin

A Folate-PEG,y,,
O
. H
0
NL F2-NL

Nor-targeted liposome

‘ I | - MPEG,9p9

SL

Folate-PEG,q, liposome

o

F5-SL

Non-targeted PEGylated liposome

Folate-PEG,

Folate- PEGpqe-PEGylated lipo some

Folate-PEG, 4, Folate-PEGgg,

{2

F3-NL
Folate-PEG, 4, lipasome

F5-NL
Folate-PEG;yq, liposome

Cc
mMPEG;,,

MPEC 2000 Folate-PEG,pg,

Folate-PEG;gpq- PEGsggp liposome

Fig. 1. Schematic diagrams of folate-linked liposomal doxorubicin (DXR).

Murine lung carcinoma M109 cells (high FR-expressing cell line)
were obtained from Division Chemotherapy (Translational Research
Center), Chiba Cancer Center. M109 cells were used to evaluate the
accumulation of folate-linked liposomes in tumor tissue and therapeu-
tic effect. The cells were subcultured by employing the biogenic system
of BALB/c mice.

Cellular uptake of liposomal doxorubicin assessed by flow cytometry.
KB and A549 cells were incubated with liposomal doxorubicin
containing 20 pg/mL doxorubicin diluted in 1 mL medium for 1 h at
37°C. In free folate competition studies, 1 mmol/L folic acid was added
to the medium. After incubation, the cells were washed with cold
PBS (pH 7.4) three times, detached with 0.02% EDTA-PBS for KB cells
and with 0.05% trypsin for A549 cells, and then suspended in PBS
containing 0.1% bovine serum albumin and 1 mmol/L EDTA. The
suspended cells were directly introduced into a FACSCalibur flow
cytometer (Becton Dickinson) equipped with a 488 nm argon ion laser.
Data for 10,000 fluorescent events were obtained by recording forward
scatter, side scatter, and 585/42 nm fluorescence. The autofluorescence of
cells incubated with medium without drugs for 1 h was taken as a control.

Confocal laser scanning microscopy. After incubation with liposomes
containing 20 pg/mL doxorubicin for 1 h, the medium was removed,
and the cells were washed three times with PBS and fixed with 10%
formaldehyde PBS at 37°C for 20 min. Then, the cells were coated with
Aqua Poly/Mount (Polyscience) to prevent fading and covered with
coverslips. The fixed cells were observed with a Radiance 2100 confocal
laser scanning microscope (Bio-Rad).

In vitro cytotoxicity study. KB cells were incubated with liposomal
doxorubicin containing 0.02 to 100 pg/mL doxorubicin diluted in
100 pL medium for 2 h at 37°C. After incubation, the cells were washed
with cold PBS (pH 7.4) and cultured in fresh medium for 48 h. Then,
10 nL WST-8 (Dojindo Laboratories) stock solution (5 mmol/L) was
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added to each well, and the plate was incubated for 1 h at 37°C. Cell
viability was assessed by measuring the absorbance at 450 nm.

Pharmacokinetic analysis. Male ddY mice (body weight, ~28 g)
were obtained from Tokyo Laboratory Animal Science. Liposomes were
injected as a single intravenous bolus via the lateral tail vein at a dose of
5 mg/kg doxorubicin. At 3, 6, and 24 h after the injection, blood was
collected and centrifuged to obtain serum. Serum doxorubicin levels
were determined by a high-performance liquid chromatography
method (24). The high-performance liquid chromatography system
was composed of a LC-10AS pump (Shimadzu), a SIL-10A autoinjector
(Shimadzu), a RF-10Ax; fluorescence detector (excision, 482 nm;
emission, 550 nm; Shimadzu), and a YMC-Pack ODS-A, 150 X
4.6 mm id. column (YMC). The mobile phase was 0.1 mol/L
ammonium formate (pH 4.0)/acetonitrile [7:3 (v/v)] with a flow rate
of 1.0 mL/min. The concentration of doxorubicin in each sample was
determined using a calibration curve, with daunomycin as the internal
standard. Pharmacokinetic variables were calculated using a bootstrap
method, including area under the concentration curve (from 3 to 24 h;
AUC) and clearance (25).

Microscopic imaging of tumor section. M109 cells were inoculated
subcutaneously into female CDF; mice (5 weeks old; Sankyo Lab
Service). When the tumor volume reached ~100 mm?, each
preparation of liposomes, SL, 0.25F5-SL, ML, and free doxorubicin,
was injected intravenously at 5 mg/kg doxorubicin body weight.
Twenty-four hours after liposome injection, the mice were sacrificed,
and tumor tissues were collected and immediately frozen in dry ice.
The tumors were embedded in OCT compound (Tissue-Tek; Sakura
Finetechnical) and processed by frozen sectioning at 10 um. Each
frozen section was mounted on a MAS-coated slide glass (SUPER-
FROST; Matsunami). The specimens were fixed in 4% paraformalde-
hyde for 15 min at room temperature and washed three times with
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PBS-0.02% Tween 20. Protein blocking was done for 30 min at room
temperature using PBS-0.02% Tween 20 containing 0.3% skimmed
milk, and the specimens were then washed three times with PBS-0.02%
Tween 20. The specimens were incubated with biotin-conjugated rat
anti-mouse CD31 (PECAM-1) monoclonal antibody (BD Biosciences
Pharmingen), diluted 1:200, for 1 h at room temperature and
subsequently washed three times with PBS-0.02% Tween 20. Immu-
nofluorescent staining was done by using streptavidin-FITC (Invitro-
gen), diluted to 1:200, for 1 h at room temperature. The specimens were
washed for a final time with PBS-0.02% Tween 20, and coverslips were
mounted on the glass slides with prolong Antifade (Aqua Poly/Mount;
Polysciences). The specimens were examined microscopically using an
ECLIPSE TS100 microscope (Nikon).

Therapeutic studies. M109 cells were inoculated subcutaneously into
female CDF; mice (5 weeks old; Sankyo Lab Service). When the tumor
volume reached ~ 100 to 200 mm?, each preparation of liposomes was
injected intravenously at 8 or 10 mg/kg doxorubicin body weight.
Liposomal doxorubicin or free doxorubicin solution was injected via a
lateral tail vein. The control group was injected with saline (0.1 mL/10 g
body weight). Tumor volumes and body weight were measured at
regular intervals. The tumor size was measured with vernier calipers.
Tumor volume was calculated using the following equation: volume =
7/ 6 X LW?, where L is the long diameter and W is the short diameter.
The animal experiments were done with ethical approval from the
Institutional Animal Care and Use Committee at Hoshi University.

Statistical analysis. The statistical significance of the data was
evaluated by analysis of Student’s ¢ test. P < 0.05 was considered
significant.

Results and Discussion

We supposed that active targeting by folate modification
could be achieved based on success in passive targeting of drug
carriers by PEGylation. To optimize folate presentation, the
design of folate-linked liposomes used in this study is presented
in Fig. 1. We prepared three kinds of folate-linked liposomes:
overhanging folate-linked NL and SL and masking folate-linked
ML. For overhanging folate-linked liposomes, we used various
concentrations and PEG spacer lengths of F-PEG-DSPE to attain
high-affinity binding. Accordingly, liposomal formulations
were characterized for their in vitro efficacy of drug delivery
and for their in vivo pharmacokinetics and tumor therapeutic
efficacy. Optimal formulation of folate-linked liposomes was
achieved by optimizing the folate ligand density and PEG
spacer length on the surface of the liposomes.

Preparation of folate-linked liposomal doxorubicin. For effi-
cient drug delivery to the target site, drugs should be stably

entrapped in liposomes. In this study, the sequence of processes
of folate modification on the liposome and doxorubicin
loading was examined to efficiently encapsulate doxorubicin
in liposomes. We used three kinds of procedures: (A), (a) folate
modification on liposomes, (b) pH gradient by changing the
outside pH, and (c¢) doxorubicin loading; (B), (a) pH gradient
by changing the outside pH, (b) doxorubicin loading, and (c)
folate modification on liposomes; (C), (a) pH gradient
by changing the outside pH, (b) folate modification on
liposomes, and (c¢) doxorubicin loading. The liposomes
prepared using procedures (A) to (C) exhibited 95%, 15.6%,
and 7.3% entrapment efficiencies of doxorubicin, respectively.
This finding suggested that folate modification on liposomes
affected the liposomal membrane, resulting in a decrease in the
pH gradient and then a decrease in the entrapment of
doxorubicin. Doxorubicin loading after folate modification
gave a high entrapment efficiency of >95% at a drug-to-total
lipid ratio of 1:5 (w/w), corresponding with the previous report
(26). Hereafter, we used procedure (A) for doxorubicin
entrapment. In all cases, the average particle diameter of each
liposome was ~100 nm with a narrow, monodisperse
distribution and ¢ potential of -9 to -14 mV.

Effect of F-PEG-DSPE in folate-linked liposomal doxorubicin on
cellular uptake and drug release. First of all, the time
dependency of the amount of folate-linked liposomes associ-
ated with the cells was evaluated by fluorescence of doxorubicin
in cells (Supplementary Fig. S1). Flow cytometry analysis
showed a shift in the curve, indicating a clear increase in
cellular association of folate-linked liposomes after incubation.
Until the second hour of incubation, the cellular association of
folate in F5-NL increased with the increasing amount of folate
more than NL. The associated amount of doxorubicin in F5-NL
reached a plateau after 2 to 3 h. Because folate-linked
liposomes rapidly associate with FR overexpressed KB cells, it
was clarified that typical saturation was achieved within the
second hour of incubation (27). Thereafter, incubation for
1 h was used in the following experiments.

Next, we examined the optimal concentration and PEG
spacer length of F-PEG-DSPE in liposomes for cellular
uptake. For the influence of the PEG spacer length to uptake,
a larger PEG spacer, F-PEGs000-DSPE, showed higher associ-
ation after a 1 h incubation (Fig. 2A). With regard to the
density of F-PEG-DSPE, the highest level of folate modifica-
tion (0.5 mol%) showed the highest uptake regardless of
PEG spacer length except for F5-NL. F5-NL with 0.25 mol%

Fig. 2. Dependency of cellular association of
non-PEGylated (A) and PEGylated (B) liposomal
doxorubicin on folate-PEG concentration. Cell-
associated doxorubicin was determined by flow
cytometry analysis after KB cells were incubated
with 20 pg/mL doxorubicin for 1 h at 37°C. Each
analysis was generated by counting 10% cells.
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Table 1. 1Cs5o of folate-linked
doxorubicin with KB cells

liposomal

Formulation ICso (ng/mL)

Free doxorubicin 0.65
NL 2.39
0.25F5-NL 1.15
SL 3.37
0.03F5-SL 2.70
0.25F5-SL 1.27
ML 1.62

NOTE: Mean (n = 5).

F-PEG-DSPE had the highest association rate, showing ~ 3-
fold greater association than nontargeted liposomes (NL).
Furthermore, we compared the uptake of NL and SL
modified with F-PEGs00-DSPE, with the NL form showing
the highest uptake (Fig. 2B). The association of 0.25F5-SL
was reduced in comparison with 0.25F5-NL. Therefore, we
selected 0.25F5-SL and 0.25F5-NL and compared with ML.

To compare cellular uptake of three types of liposomes,
stability was evaluated by drug release. 0.25F5-SL, 0.25F5-NL,
and ML were not leaky because <2% drug release was
observed over a 8 h incubation period at 37°C (Supplemen-
tary Fig. S2). This result indicates that the quantity of folate
modification did not affect the stability of liposomal
doxorubicin.

Cellular uptake of 0.25F5-SL, 0.25F5-NL, and ML was
examined in FR(+) KB and FR(-) A549 cells by flow cytometry.
Cellular association of doxorubicin to KB cells was higher
ML < 0.25F5-SL < 0.25F5-NL irrespective of the same
0.25 mol% folate modification (Supplementary Fig. S3).
Additionally, these increased associations of 0.25F5-SL and
0.25F5-NL to KB cells could be completely blocked by adding 1
mmol/L free folic acid to the medium, but those of ML was not
changed. Lower association of 0.25F5-SL and 0.25F5-NL to
A549 cells was observed compared with that to KB cells, but
similar association of ML was observed to both cells. PEG layer
may disturb interaction of folate with FR; therefore, ML may be
effectively masked by folate ligand because of less uptake
nevertheless low concentration of PEG coating than 0.25F5-SL.

To investigate difference of cellular uptake among 0.25F5-SL,
0.25F5-NL, and ML, the intracellular localization of the
liposomes was observed by confocal laser scanning microscopy.
Fluorescence images of KB and A549 cells after incubation with
liposomes for 1 h are shown in Supplementary Fig. S4.
Doxorubicin fluorescence was detected as red color within
cells. Higher cellular uptake of 0.25F5-SL and 0.25F5-NL to KB
cells was observed than that to A549 cells, whereas ML was not
taken up to both cells. This indicated that, similar to result from
cellular uptake by flow cytometry, ML was masked efficiently to
KB cells.

Effect of F-PEG-DSPE in folate-linked liposomal doxorubicin on
cytotoxicity. To confirm the optimal density and PEG spacer
length of F-PEG-DSPE in liposomes, the cytotoxicity with KB
cells was measured using a WST-8 assay. Doxorubicin concen-
trations leading to 50% cell death (ICs,) were determined from
the concentration-dependent cell viability curves. As shown
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in Table 1, the ICsy value of 0.25F5-NL was the highest
at 1.15 pg/mL. PEGylated liposomal doxorubicin, SL
(ICso, 3.37 pg/mL), showed lower toxicity than NL (ICsg,
2.39 pg/mL). However, modification of PEGylated liposomes
by 0.25 mol% folate (0.25F5-SL) showed ~2.7 times higher
toxicity (ICsg, 1.27 pg/mL) than SL, giving a similar level of
cytotoxicity to folate-linked liposomes (0.25F5-NL). Free
doxorubicin (ICso, 0.65 pg/mL) showed much higher cytotox-
icity than the liposomes. However, because free doxorubicin
has a rapid systemic clearance rate, liposomes, especially with
FR targeting, are likely to exhibit a therapeutic advantage over
free doxorubicin in vivo.

The cellular uptake of folate-linked liposomes was increased
by a longer PEG spacer and a higher density of F-PEG-DSPE.
Such an increment corresponded well with enhanced cytotox-
icity. Cellular association of SL was decreased because the
mPEG layers inhibited interaction with cells, resulting in a
cytotoxicity reduction. The major benefits of the mPEG layer
exist only in vivo.

These results concerning folate-PEG spacer length in both NL
and SL corresponded well with the previous report evaluated by
cellular binding in vitro, in which the conjugation of folate to a
shorter PEG spacer reduced folate exposure by interference with
the ability of the liposome to recognize FR (8). With regard to
folate density, maximal FR-dependent uptake of both NL and
SL was obtained previously with a density of 0.2 to 0.5 mol%
F-PEG-DSPE (10, 17, 28, 29). Our data on cellular uptake and
in vitro cytotoxicity indicated that 0.25 mol% F5-PEG-DSPE in
liposomes was optimal for targeting to FR on KB cells. It is
known that the folate molecule can form dimers, trimers, and
even self-assembling tubular quartets at higher concentrations
(18). Similar to other glycosyl phosphatidylinositol-anchored
proteins, FR molecules exist as clusters in specialized micro-
domains in the plasma membrane. Because FR can only bind
one molecule of folic acid (19), such self-assembled multimers
of folic acid are incapable of binding to FR. Therefore, an
increase in the density of folate ligand on liposomes may not
increase the level of binding to FR. The targeting efficiency of
folate-linked vesicles was affected by the amount of folate-PEG
lipid.
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Fig. 3. Plasma concentration versus time curves of liposomal doxorubicin in mice.

Liposomes were administered intravenous via tail vein injection at a dose of 5 mg/kg
doxorubicin. The formulations used were SL (®), 0.25F5-SL (A), 0.25F5-NL (m),

and ML (x). Mean £+ SD (n = 3).
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Table 2. Pharmacokinetic variables of liposomal
doxorubicin in mice

Liposome AUCo.24 h (g - h/mL) Clearance (mL/h)
SL 491.2 + 33'9] 0.3 £ 0.02
0.25F5-NL 190.2 + 24.2 ] 0.7 £ 0.1
0.25F5-SL 212.1 + 33.2 0.6 £ 0.1

ML 218.0 + 18.4 0.6 + 0.1

**, P < 0.01.

Serum doxorubicin level in mice after intravenous injection of
folate-linked liposomal doxorubicin formulations. ML was
designed to achieve a longer circulation time in the blood
and also FR recognition on the tumor surface. The serum
clearance kinetics of the various liposomal formulations in
mice was compared as shown in Fig. 3 and Table 2. SL (AUC =
491.2 pg h/mL) exhibited a significantly longer circulation time

than ML (AUC = 218.0 pg h/mL; clearance = 0.6 mL/h), 0.25F5-
SL (AUC = 212.1 pg h/mlL; clearance = 0.6 mL/h), and 0.25F5-
NL (AUC = 190.2 pg h/mL; clearance = 0.7 mL/h; P < 0.01).
Masking of the folate-linked liposomes, ML, did not achieve
longer circulation times in the blood as well as 0.25F5-NL and
0.25F5-SL, as expected from the lower cellular uptake to KB
cells. Our finding that 0.25F5-SL exhibited faster clearance than
SL, corresponding with the previous study, indicated that the
increase in folate modification of SL induced faster clearance
than SL alone (9). This previous report indicated that this
result was due to the distribution of folate-linked PEGylated
liposomes over the internal organs, such as the liver, by the
modification of folic acid (9). However, folate modification
either inside or outside the mPEG-layer on the liposomes might
lead to accumulation of liposomes in the tumor by FR targeting
more significantly than the effect of longer circulation time.
Next, we examined the distribution of folate-linked liposomal
doxorubicin in tumors.

Distribution of folate-linked liposomal doxorubicin in M109
solid tumors. To evaluate the distribution of doxorubicin in
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Fig. 4. Distribution of liposomal doxorubicin in M109 solid tumors measured by fluorescence microscopy. M109 cells were inoculated subcutaneously into female CDF1
mice. Twenty-four hours after intravenous administration of liposomes at a dose of 5 mg/kg doxorubicin, the tumor was excised and processed by frozen sectioning at 10 um.
Immunofluorescent staining of tumors by CD31 antibody is shown. Magnification, X100. Green signals, location of neovessels; red signals, location of doxorubicin.
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Fig. 5. Tumor growth inhibition by folate-linked liposomal doxorubicin in mice
bearing M109 tumors. Tumor volume (A) and body weight change (B) after a
single intravenous injection of liposomes at a dose of 10 mg/kg doxorubicin or
with saline (#). The formulations used were free doxorubicin (¢), SL (@), 0.03
F5-SL (O), 0.25F5-SL (A), and 0.25F5-NL (m). ***, P < 0.00%;, *, P < 0.05.
Mean + SD (n = 6).

tumors after intravenous injection of liposome formulations,
we observed the staining of neovessels with FITC-fluorescent
CD31 antibodies using a fluorescence microscope (Fig. 4).
Most of the red fluorescence due to free doxorubicin was not
observed in tumors 24 h later, but doxorubicin was observed in
other liposome formulations. Folate-linked liposomes, ML,
tended to accumulate around blood vessels, although a big
difference was not seen in comparison with SL and 0.25F5-SL.
This finding indicated that folate-linked liposomal doxorubicin
accumulated in the tumor, whereas it did not show long
circulation as SL.

Antitumor effect of folate-linked liposomal doxorubicin
evaluated in M109 solid tumors. Because the folate-linked
liposomes of 0.25F5-NL and 0.25F5-SL showed higher cytoto-
xicity than nontargeted PEGylated liposomes (SL) in vitro, their
antitumor effect was evaluated in mice bearing M109 cells,
including 0.03F5-SL and ML. At first, each preparation of
liposomes (SL, 0.03F5-SL, 0.25F5-SL, and 0.25F5-NL) and free
doxorubicin solution were injected intravenously at doses of
10 mg/kg doxorubicin body weight.

As shown in Fig. 5A, the doxorubicin-injected group showed
a high antitumor effect in comparison with saline-treated and
free doxorubicin-treated groups. The antitumor effect of folate-
linked PEGylated liposomes, 0.25F5-SL, was significantly
higher than that of folate-linked non-PEGylated liposomes,
0.25F5-NL, on day 15 (P < 0.05).

Next as shown in Fig. 6A, the antitumor effect of free
doxorubicin, 0.25F5-SL, 0.25F5-NL, and SL was compared
with that of ML after intravenous injection at doses of
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8 mg/kg doxorubicin body weight. ML showed similar effect
with 0.25F5-SL, and both liposomes showed a significantly
higher antitumor effect compared with 0.25F5-NL and free
doxorubicin (P < 0.01) but not with SL (P > 0.05) on day 16.
SL showed a significantly higher effect with 0.25F5-NL
(P < 0.05).

Moreover, as a result of observation of side effects by
administering doxorubicin, a tendency of weight loss was seen
shortly after administering free doxorubicin but not for
liposomal doxorubicin (Figs. 5 and 6B). In addition, conspic-
uous side effects such as diarrhea were not observed with
liposomal doxorubicin.

The antitumor effect of folate-linked liposomal doxorubicin,
ML, and 0.25F5-SL was not significantly higher than that of SL,
which was not related to the accumulation of doxorubicin in
blood vessels in the tumor region (as shown in Fig. 4). This
phenomenon might be ascribed to the difference in drug
release rate, which is regarded as an important factor
influencing the biological activity of liposomal drugs
(30, 31). In order for folate-linked liposomes to bind FR in a
solid tumor via intravenous injection, they require extravasa-
tion from blood vessels in the tumor region, passage through
the intercellular space, and finally reach FR on the tumor cell
surface. Although folate-linked liposomal doxorubicin was
retained in the tumor, release of the drug into the local
environment might vary. After accumulation in the tumor, SL
could effectively release the encapsulated drug and free
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Fig. 6. Tumor growth inhibition by folate-linked and masked folate-linked liposomal
doxorubicin in mice bearing M109 tumors. Tumor volume (4) and body weight
change (B) after a single intravenous injection of liposomes at a dose of 8 mg/kg
doxorubicin or with saline (#). The formulations used were free doxorubicin (<), SL
(@), 0.25F5-SL (A), 0.25F5-NL (m), and ML (x). Tumor volumes are plotted as
ratios to their volume before the first drug injection. Mean = SD (n =6) **, P €0.07;
*, P <0.05.
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doxorubicin rapidly reached a therapeutic concentration that
can inhibit tumor growth. In contrast, ML and 0.25F5-SL could
accumulate relatively highly in the tumor but could not release
the required amount of drug at an appropriate rate. In a
nonsolid tumor, the high therapeutic efficacy of folate-linked
liposomal doxorubicin was reported in mouse ascites leukemia
models, in which the treatment route was intraperitoneal
injection (14). In addition, the therapeutic efficacy of intrave-
nous treatment with folate-linked liposomal doxorubicin was
improved in mice inoculated intraperitoneally with lymphoma
cells (32, 33). Therefore, further study is needed for FR targeting
of solid tumors by intravenous injection of folate-linked
liposomes. These findings suggested that, for active targeting
using folate following intravenous injection, the sterically
stabilized property of liposomes was needed as well as targeting
to retard tumor growth, in contrast to the in vitro results. Folate-
linked SLs and MLs with less circulation times showed
comparative antitumor effect to traditional SL. Longer linker

of folate and less PEG modification will allow the design of FR
targeting liposome in the clinical setting.

Conclusion

In this study, the effects of PEG spacer length and ligand
density on FR-targeted liposomes were evaluated. Folate ligands
with 0.25 mol% and sufficiently long PEG spacers (F-PEGsgp0-
DSPE) of NLs increased the FR association and cytotoxicity
compared with those of SLs and MLs in vitro. On the contrary,
folate-linked SLs and MLs showed a higher tumor-killing effect
than folate-linked NLs in vivo. Further study to optimize PEG
coating for FR-targeting particles will improve the antitumor
effect.
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