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Abstract

A novel liposomal formulation of docetaxel targeting the folate receptor (FR) was synthesized and
characterized. Liposomal formulations are less toxic and can provide longer systemic circulation
time than the Tween 80 and ethanol based clinical formulation of docetaxel. Folate receptor-a
(FR) is frequently over-expressed on epithelial cancer cells. Therefore, FR targeted liposomes can
potentially enhance tumor cell uptake and antitumor efficacy of encapsulated drugs. The
formulation studied had the compositions of egg phosphatidylcholine/cholesterol/methoxy-
polyethylene glycol (PEG); goo-distesroylphnosphatidylethanolamine/folate-PEG3 350-cholesteryl
hemisuccinate (ePC/Chol/mPEG-DSPE/folate-PEG-CHEMS) at ratios of (80:15:4.5:0.5, mol/mol)
and a drug-to-lipid ratio of 1:20, wt/wt. Sucrose was used as a lyoprotectant. The liposomes were
prepared by thin-film hydration, polycarbonate membrane extrusion, followed by lyophilization.
They remained stable for more than 5 months when stored as lyophilized powder and for 72 h at 4
°C following rehydration. The mean particle size of reconstituted liposomes ranged from 110 to
120 nm. FR-targeted liposomes of the same lipid composition entrapping calcein were shown to
be efficiently taken up by FR + KB oral carcinoma cells. FR-targeted liposomes containing
docetaxel showed 4.4-fold greater cytotoxicity compared to non-targeted liposomes in KB cells.
Plasma clearance profiles of FR-targeted and non-targeted liposomeal docetaxel were evaluated
and compared with that of docetaxel in Tween 80/ethanol formulation. The liposomal
formulations showed much longer terminal half lives (4.92 h and 6.75 h for FR-targeted and non-
targeted, respectively) than docetaxel in Tween 80/ethanol solution (1.09 h). FR-targeted
liposomes are promising tumor cell-selective nanocarriers for docetaxel with potential for
therapeutic applications.

Copyright © 2009 American Scientific Publishers
Correspondence to: Robert J. Lee.
TThese authors contributed equally to the work.
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1. Introduction

Docetaxel is a microtubule stabilizing drug and a potent chemotherapeutic agent that has
shown substantial clinical efficacy for ovarian, breast, colon, head and neck, and non-small
cell lung cancers.1=3 Due to its poor aqueous solubility, the current clinical formulation,
Taxotere™, consists of a solution of Tween 80/ethanol.*> This vehicle has been associated
with several hypersensitivity reactions and has shown incompatibility with common PVC
tubings used for intravenous administration.5 It interferes with the normal binding of
docetaxel to serum proteins in a concentration dependent-manner and can modulate the
pharmacokinetics of docetaxel in vivo.” In order to eliminate the toxicity related to Tween
80-based vehicle, alternative vehicles such as liposomes have been investigated.8-10

Tumor cell targeting is a promising strategy for enhancing the therapeutic potential of
chemotherapy agents. Folate receptor (FR) is a high affinity folate binding protein that has
two glycosylphosphatidylinositol (GPI)-anchored isoform, aand £ Normal tissues generally
lack FR expression. In contrast, FR-a is frequently over-expressed in epithelial cancers
including over 90% of ovarian carcinomas.11-14 A number of FR-targeted therapeutic and
imaging agents have been evaluated in preclinical studies, including liposomal agents, with
promising results.1>-19 Targeting of liposomes with phospholipid-anchored folate
conjugates is an attractive approach for the delivery of chemotherapeutic agents to FR
expressing tumors. The use of polyethylene glycol (PEG)-coated liposomes with folate
attached to the distal termini of a small fraction of phospholipid-anchored PEG molecules
appears to be the most appropriate way to combine long-circulating properties critical for
liposome deposition in tumors and binding of liposomes to FR on tumor cells.20

In this study, a lyophilized FR-targeted liposomal formulation of docetaxel was synthesized
and characterized in terms of its stability, FR-dependent cytotoxicity, and pharmacokinetic
properties in mice.

2. Materials and Methods

2.1. Chemicals

Docetaxel was a gift from Jiangsu Hengrui Medicine Co., Ltd (China). Monomethoxy
polyethylene glycol 2,000-distearoyl phosphatidylethanolamine (mMPEG-DSPE) was
purchased from Avanti Polar Lipids (Alabaster, AL). Polyoxyethylene bisamine (M.W.
3350, HoN-PEG-NHby), cholesteryl hemisuccinate (CHEMS), A-hydroxysuccinimide (NHS),
dicyclohexylcarbodiimide (DCC), disuccinimidyl suberate (DSS), A~hydroxysuccinimide
(NHS), folic acid (FA) and triethylamine (TEA) were all purchased from Sigma Chemical
Co. (St. Louis, MO, USA). All reagents and solvents were of analytical or HPLC grade and
were used without further purification.

2.2. Synthesis of Folate-PEG-CHEMS

The synthesis of folate-PEG-CHEMS was conducted by reacting folate-PEG-amine with
CHEMS-NHS.21 Folate-PEG-amine and CHEMS-NHS were prepared according to methods
described previously by Wu et al.22 and Kempen et al.,23 respectively. These two reacting
substances were then dissolved in CHClI3 and reacted overnight at 25 °C. The resulting
products formed micelles in the NapCOs solution, and micelles were dialyzed against
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deionized water to remove by-products. Finally, folate-PEG-CHEMS was obtained by
lyophilization.

2.3. Liposome Preparation

Liposomes were prepared by polycarbonate membrane extrusion.?2 The lipid compositions
of the FR-targeted liposomes and non-targeted liposomes were ePC/Chol/mPEG-DSPE/
folate-PEG-CHEMS at molar ratios of 80:15:4.5:0.5 and ePC/Chol/mPEG-DSPE at molar
ratios of 80:15:5, respectively. Briefly, lipid ingredients and docetaxel, at a drug-to-lipid
ratio of 1:20 (wt/wt) were dissolved in CHCl3 and dried on a rotary evaporation device in a
round-bottom flask and then under vacuum. The lipid film was then hydrated with 10% (w/
V) lyoprotectant solution to produce multilamellar vesicles (MLV). The lipid suspension was
then extruded 5 times each through 0.2 pm and then 0.1 xm pore size polycarbonate
membranes on a Lipex lipid extruder from Northern Lipids Inc. driven by high pressure
nitrogen. The particles size distribution was determined by dynamic light scattering using a
NICOMP Sub-micron Particle Sizer Model 370 (Nicomp, Santa Barbara, CA). For
lyophilization, the resulting liposome suspensions were dispensed into 10 mL vials (2 mL
each vial), then rapidly transferred to a freezer at —80 °C for at least 2 h to solidify the
solvent, and subsequently transferred to a Labconco Lyphlok 12 freeze-dryer using a
program of 48 h at —44 °C for primary drying and 12 h at 20 °C for secondary drying. Three
lyoprotectants, glucose, mannitol and surcrose, were evaluated and compared for
formulation stability.

Fluorescent liposomes were prepared by the same method except that the lipid was initially
hydrated in 50 mM calcein. The liposomes were then purified by size exclusion
chromatography on a Sepharose CL-4B column equilibrated in phosphate buffered saline
(PBS, 130 mM NacCl, 20 mM NayHPOQy, adjusted to pH 7.4).

The amount of docetaxel in liposome suspensions was determined by HPLC. Briefly, HPLC
analysis was performed with an isocratic solvent system (70% methanol, 30% water) at a
flow rate of 1 mL/min, and docetaxel was detected by absorbance at 229 nm. A Beckman
HPLC system was used, consisting of a Model 126 pump, 166 detector, 507 autosampler
and System Gold software. An AllTech RP Cyg column (4.1 x 300 mm) was used for
analysis.

Free docetaxel was separated from the liposomal docetaxel by dialysis.8 The liposome
suspensions before or after dialysis were dissolved in methanol for HPLC assay to determine
the total drug content remaining in liposome. The entrapment efficiency was calculated as
the ratio of drug content incorporated in liposome to the total drug content of the suspension.

2.4. Physical Stability of Liposomes

Stability of lyophilized liposomal formulations after storage of 1 to 5 months was analyzed
by determining the remaining drug and the vesicle size of liposome suspensions formed
upon rehydration.

For stability study on rehydrated liposome suspension, changes in mean diameters and
remaining drug were also monitored after 72 h of rehydrating the lyophilized powder of
liposomes.

2.5. Cell Culture

KB, a human oral carcinoma cell line, which has high FR expression was cultured as a
monolayer in folate-free RPMI 1640 media (Life Technologies, Inc., Bethesda, MD),
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supplemented with 50 pg/ml penicillin, 50 pg/ml streptomycin, and 10% fetal bovine serum
and maintained in a humidified atmosphere containing 5% CO at 37 °C.

2.6. Uptake of FR-Targeted Fluorescent Liposomes by KB Cells

KB cells were suspended by a brief exposure to trypsin-EDTA (Invitrogen, Carlsbad, CA)
and rinsed with pH 3.5 saline (130 mM NaCl, 20 mM NaAc) and then PBS at 4 °C to
remove receptor-bound free folate. For liposome uptake studies, the cells were incubated
with FR-targeted or non-targeted control liposomes, each containing 150 nM calcein, in
folate-free RPMI11640 media for 60 min at 37 °C. The same experiment was repeated using
media containing 1 mM free folic acid to determine the effect of FR blockade. At the end of
incubation, cells were washed 3 times with cold PBS and then visualized and photographed
on a Nikon Eclipse 800 fluorescence microscope.

2.7. Cyctotoxicity Analyses

Cytotoxixity of FR-targeted liposomal docetaxel was determined by a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolum bromide (MTT) assay.2? KB cells were
transferred to 96-well tissue culture plates at 6 x 103 cells per well 24 h prior to drug
treatment. The culture medium was then replaced with 200 gL of medium containing serial
dilutions of docetaxel formulations in FR-targeted liposomes, non-targeted control
liposomes, or Tween 80/ethanol solutions. Following 2 h incubation at 37 °C, the cells were
washed twice with PBS and cultured in fresh medium for an additional 72 hr. Then, 20 (L
MTT stock solution (5 mg/mL) was added to each well and the plate was incubated for 4 h
at 37 °C. Medium was then removed and DMSO was added to dissolve the blue formazan
crystal converted from MTT. Cell viability was assessed by absorbance at 570 nm measured
on a Biorad microplate reader.

2.8. Pharmacokinetic Studies

3. Results

Pharmacokinetics of docetaxel in different formulations including a FR-targeted liposomal
formulation, a non-targeting PEG-liposomal formulation and drug in Tween 80/ethanol
vehicle was determined. Female ICR mice (18-22 g, Charles River Lab, Wilmington, MA)
were used for the study. Mice, in groups of 3, received intravenous injections of docetaxel in
various formulations at 15 mg/kg body weight via tail vein. Blood samples were collected in
heparin-containing tubes at various time points (5, 20, 60, 180, 480, 960, 1440 min). Plasma
was isolated by centrifugation (10 min at 4,000 rpm), stored at —20 °C, and subsequently
analyzed for docetaxel content by HPLC. Extraction of docetaxel was accomplished by
addition of 3 mL of tert-butyl methyl ether to 0.2 mL plasma samples and vortex mixing for
3 min. The mixture was then centrifuged for 10 min at 3,000 rpm at 4 °C, after which 2.5
mL of the organic layer was transferred to a clean tube and evaporated to dryness by
RapidVap Concentrator (Labconco, Kansas City, MI, USA). For HPLC sample loading, 100
L of methanol was used to dissolve the drug, and a 50 /L aliquot was injected onto the C18
column for analysis. The retention time for docetaxel was 8.3 min and linearity was obtained
in the range of 0.1 to 25 tg/ml. Pharmacokinetic parameters were determined using the
Winnonlin software. Parameters, including area under the curve (AUC), mean residence
time (MRT), total body clearance (CL) and plasma half life for the distribution and
elimination phase, were determined.

3.1. Synthesis and Characterization of FR-Targeted Liposomes Containing Docetaxel

The choice of lyoprotectant is shown in Table I. Lyophilization of FR-targeted liposomal
formulations prepared by polycarbonate membrane extrusion in the presence of sucrose, as a
lyoprotectant, only resulted in a minor increase in particle size (from 104.5 to 117.7 nm) and
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a slight decrease in entrapment efficiency of docetaxel (from 96.4 to 94.3%). Compared
with sucrose, glucose or mannitol, as a lyoprotectant, led to a significant decrease in
entrapment fraction (9.4% for glucose, 13.4% for mannitol) and a significant increase in
mean diameters (20.7% for glucose, 35.4% for mannitol) following reconsitution.

The stability of liposome formulations of docetaxel was monitored by changes in particle
size and encapsulated fraction after rehydration during storage at 4 °C over a five-month
period. As shown in Figure 1, the lyophilized formulation showed excellent stability during
this period, and there were no visible changes to the physical appearance of the formulation
or signs of drug precipitation following rehydration of the lyophilized formulation.

As for liposome suspension after rehydration of lyophilized formulation, there were no
significant changes in mean diameter and encapsulated fraction stored at 4 °C for 72 h, as
shown in Figure 2.

3.2. Cellular Uptake and Cytotoxicity of FR-Targeted Liposomes

To determine whether folate might mediate the selective targeting of liposomes to cells, KB
cells were incubated with FR-targeted or non-targeted liposomes encapsulating calcein, and
were examined under a fluorescence microscope. As shown in Figure 3, FR-targeted
liposomes showed much greater cellular uptake and liposome internalization compared to
non-targeted control liposomes. The presence of excess free folic acid blocked the cell
uptake of FR-targeted liposomes. These results indicated that these liposomes have efficient
interactions with the cellular FR.

Cytotoxicity studies were carried out on FR-targeted docetaxel liposomes, non-targeted
docetaxel liposomes and docetaxel in Tween 80/ethanol formulation. The KB cell line was
used in MTT assays and the results are summarized in Table Il. The results showed that FR-
targeted liposomal docetaxel had about 4.4 times lower ICsq value compared to that of non-
targeted liposomal docetaxel and 2 times lower than that of docetaxel in Tween 80/ethanol.
The differential in cytotoxicity was diminished in the presence of 1 mM free folate. These
data suggest that the FR-targeted liposomal docetaxel exhibited FR-dependence of
cytotoxicity.

3.3. Pharmacokinetic Properties of FR-Targeted Liposomal Docetaxel

The pharmacokinetic behavior of docetaxel encapsulated in FR-targeted and non-targeted
liposomes in mice after i.v. administration was assessed. Docetaxel in Tween 80/ehtanol
formulation was used as a reference control.

Figure 4 and Table I11 showed the docetaxel concentration in plasma versus time curves and
the pharmacokinetic parameters obtained using Winnonlin for FR-targeted liposomes, non-
targeted liposomes and drug dissolved in Tween 80/ethanol, based on the total docetaxel
levels in plasma measured by HPLC.

After i.v. bolus administration, docetaxel in Tween 80/ethanol followed a biphasic pattern of
plasma clearance with relatively short distribution phase (4;24= 0.11 h) and terminal
elimination phases (&/25=1.09 h).

Encapsulation of docetaxel in liposomes produced significant changes in pharmacokinetic
parameters. When given by i.v. bolus administration of non-targeted liposomes, the drug
was distributed (4,4 = 0.47 h) and eliminated much slower (#/25= 6.75 h). For FR-targeted
liposomes, the drug was distributed with 4,4 = 0.17 h and eliminated slowly with £,/,5=
4.92 h. Differences between the free drug and liposomal drug were significant. The mean
clearance value of free drug was 12 or 8.4 times greater than that of non-targeted liposomes
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or FR-targeted liposomes. This suggests that the longer half life of liposomes be a result of
the reduced clearance rate.

4. Discussion

In this study we reported the preparation and characterization of a novel FR-targeted
liposomal formulation of docetaxel. Folate-PEG-CHEM, a new ligand molecule targeting
the FR was used as a component in the formulation, which achieved high uptake efficiency
by KB cells. Previously targeting ligands such as folate-PEG-DSPE, 22 folate-PEG-
Chol.20. 24-26 \yere reported in the studies on targeting liposomal drug delivery. Due to
potentially rapid hydrolysis of the carbamate linkage of PEG-Chol, the FR targeting
activities were decreased or lost gradually during storage. However, PEG-CHEMS with
amide and ester linkages is more sable than folate-PEG-Chol, although the chemical
structure is similar to that of folate-PEG-Chol PEG-CHEMS was firstly used by Xiang et
al.2! in the liposomal formulation of doxorubicin showing high targeting efficiency by KB
cells even after 3-month storage The purpose of our study expanded the application of new
targeting ligand on the docetaxel liposomes.

According to previous studies,?227.28 liposomal encapsulation of paclitaxel was generally
not very efficient in liposomes composed of saturated lipids and/or containing cholesterol.
Docetaxel is structurally similar to paclitaxel.29 Although docetaxel has better aqueous
solubility compared to paclitaxel, unsaturation in the lipid acyl chains and the absence of
high cholesterol content were found necessary to achieve improved drug incorporation.®
Cholesterol provides stability to the liposomes, which is important for prolonging liposomal
systemic circulation time.30-34 It was found that incorporation of 15% cholesterol was able
to provide good stability to liposomes without compromising docetaxel loading. Our
liposomal docetaxel formulation contained 4.5% negatively charged phospholipids (MPEG-
DSPE), which provided excellent physical stability and greater than 90% retention of initial
drug content at 72 h after rehydrating the lyophilized powder. Therefore, multiple factors
contributed to the stability of the formulation we have investigated: an unsaturated lipid,
15% cholesterol, and mMPEG-DSPE, which is both a negatively charged and a PEGylated
lipid, providing electrostatic as well as steric stabilization to the liposomal particles.3%: 36

FR is a tumor marker that is consistently overexpressed in ovarian carcinomas. Results in
this study are consistent with previous reports on FR-targeted liposomes.20:22.:37.38 Fg|ate-
PEG-CHEMS as a ligand molecule provided good FR-targeting properties as shown by the
KB cell uptake studies using fluorescent liposomes. The enhancement in cytotoxicity
exhibited by FR-targeted liposomal docetaxel was 4.4-fold over the non-targeted control.
The lack of a greater targeting ratio might be attributed to the docetaxel release into the
media, which can be non-specifically taken up by tumor cells during the 2 hr incubation
period. The results nonetheless demonstrated FR-dependence of the cytotoxicity.

Pharmacokinetic studies on the liposomal formulations of docetaxel indicated a longer
systemic circulation time comparing to that of the Tween 80/ethanol formulation, which
suggested /in vivo stability of the formulation following i.v. administration. The AUCs of the
liposomal formulations were much greater than those of the Tween 80/ethanol formulation.
Based on the size of these liposomes and the long circulation time, it can be predicted that
liposomal formulations may preferentially accumulate in solid tumors due to the enhanced
permeability and retention (EPR) effect via a passive targeting mechanism.39-42

The FR-targeted formulation had faster clearance compared to the non-targeted control. This
was consistent with previous studies on FR-targeted liposomes, which showed that folate-
liposomes were preferentially taken up by liver and spleen of mice®? or rats* and that the
increased uptake was greater in rats on a folate free diet.** Another important factor is that
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tumor infiltrating macrophages are likely FR positive. Turk et al.*> showed that FR-targeted
liposomes preferentially target macrophages even in the presence of FR + tumor cells. This
raises the possibility that FR + tumor infiltrating macrophages may constitute the actual
target cell population in solid tumors. Even with these limitations, the FR-targeted
liposomes can provide much longer blood circulation time and much better cytotoxicity to
KB cells comparing to the current clinic Tween 80/ethanol formulation.

5. Conclusion

A novel FR-targeted liposomal formulation for docetaxel is reported. This formulation has
good drug loading properties and exhibit excellent stability either in powder or in hydration
state. Furthermore, the formulation can be efficiently taken up by FR + KB cells and exhibit
FR-dependent cytotoxicity in these cells. Pharmacokinetic studies showed prolonged
circulation time of the liposomal docetaxel relative to the Tween 80/ethanol formulation.
This formulation could serve as a promising approach for future tumor specific therapy of
the FR over-expressed cancer.
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Fig.1.

The stability of lyophilized liposome formulation at 4 °C. Panel A shows the change of
particle diameter and panel B shows the change of encapsulated fraction of liposome
suspension after rehydration of lyophilized formulation (n=5).
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Fig. 2.

Colloidal stability of docetaxel liposomes. The changes of liposome suspensions after
rehydration in particle diameter (A) and encapsulated fraction (B) stored at 4 °C for 72 h (n
=5).
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Fig. 3.

Uptake of FR-targeted liposomal calcein and non-targeted liposomal calcein by KB cells.
The cells were treated with FR-targeted liposomal calcein, non-targeted liposomal calcein or
FR-targeted liposomal calcein in medium containing 1 mM free folic acid and photographed
in both the fluorescence (dark field) and phase-contrast modes (bright field) on a
fluorescence microscope, as described in Section 2. (A) and (D): cells treated with FR-
targeted liposomal calcein; (B) and (E): cells treated with non targeted liposomal calcein;
(C) and (F): cells treated with FR-targeted liposomal calcein in medium containing 1 mM
free folic acid.
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Fig. 4.

Pharmacokinetic properties of docetaxel liposomes. Plasma concentration profiles of
docetaxel after intravenous injection of Tween 80/ethanol (e), PEGylated liposome (o) or
FR targeted liposome (¥) in mice that were given 15 mg/kg of docetaxel. Each data point
represents the mean + standard deviation of 3-5 mice.
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Table |

The effect of different lyoprotects on liposomal preparations.

Before lyophilization After lyophilization

Liposome lyoprotect Encapsulated fraction (%) Particle diameter (nm)  Encapsulated fraction (%) Particle diameter (nm)

Glucose 94.5+2.1 106.7+7.3 85.646.2 128.8+8.4
Sucrose 96.4+1.9 104.5%6.7 94.3+4.2 117.7+7.5
Mannitol 95.2+2.0 104.8+6.9 83.4+5.9 141.9+9.7
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Table Il

Cytotoxicity of docetaxel liposomes in KB cells determined by MTT assay.

Administrated formulations of docetaxel 1Csq £ 5.d.(NM) (n=3)
FR-targeted liposomes 16.4+4.8
FR-targeted liposomes + 1 mM free folic acid 48.5+10.2
Non-targeted liposomes 72.74£21.2
Tween 80/ethanol solution 33.349.1

IC50: docetaxel concentration giving 50% cell killing.
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