° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
A 5 Author Manuscript

2 eSS

Published in final edited form as:
JNarnopart Res 2011 June 1; 13(6): 2609-2623. doi:10.1007/s11051-010-0154-5.

Liposome-encapsulated EF24-HPBCD inclusion complex: a
preformulation study and biodistribution in a rat model

H. Agashe,
Department of Pharmaceutical Sciences, University of Oklahoma Health Sciences Center, 1110
N. Stonewall Avenue, Oklahoma City, OK 73117, USA

P. Lagisetty,
Department of Pharmaceutical Sciences, University of Oklahoma Health Sciences Center, 1110
N. Stonewall Avenue, Oklahoma City, OK 73117, USA

K. Sahoo,
Department of Pharmaceutical Sciences, University of Oklahoma Health Sciences Center, 1110
N. Stonewall Avenue, Oklahoma City, OK 73117, USA

D. Bourne,
Department of Pharmaceutical Sciences, University of Oklahoma Health Sciences Center, 1110
N. Stonewall Avenue, Oklahoma City, OK 73117, USA

B. Grady, and
School of Chemical, Biological and Materials Engineering, 100 East Boyd, Norman, OK 73019,
USA

V. Awasthi
Department of Pharmaceutical Sciences, University of Oklahoma Health Sciences Center, 1110
N. Stonewall Avenue, Oklahoma City, OK 73117, USA

V. Awasthi: vawasthi@ouhsc.edu

Abstract

3,5-Bis(2-fluorobenzylidene)-4-piperidone (EF24) is an anti-proliferative diphenyldifluoroketone
analog of curcumin with more potent activity. The authors describe a liposome preparation of
EF24 using a “drug-in-CD-in liposome” approach. An aqueous solution of EF24 and
hydroxypropyl-g-cyclodextrin (HPSCD) inclusion complex (IC) was used to prepare EF24
liposomes. The liposome size was reduced by a combination of multiple freeze—thaw cycles. Co-
encapsulation of glutathione inside the liposomes conferred them with the capability of labeling
with imageable radionuclide Tc-99m. Phase solubility analysis of EF24-HPSCD mixture provided
k-1 value of 9.9 M1, The enhanced aqueous solubility of EF24 (from 1.64 to 13.8 mg/mL) due to
the presence of HPACD helped in the liposome preparation. About 19% of the EF24 IC was
encapsulated inside the liposomes (320.5 + 2.6 nm) by dehydration-rehydration technique. With
extrusion technique, the size of 177 + 6.5 nm was obtained without any effect on encapsulation
efficiency. The EF24-liposomes were evaluated for anti-proliferative activity in lung
adenocarcinoma H441 and prostate cancer PC-3 cells. The EF24-liposomes demonstrated anti-
proliferative activity superior to that of plain EF24 at 10 uM dose. When injected in rats, the
Tc-99m-labeled EF24-liposomes cleared from blood with an a-ty/, of 21.4 min and S-t1/, of 397
min. Tissue radioactivity counting upon necropsy showed that the majority of clearance was due
to the uptake in liver and spleen. The results suggest that using “drug-in-CD-in liposome”
approach is a feasible strategy to formulate an effective parenteral preparation of EF24. In vitro
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studies show that the liposomal EF24 remains anti-proliferative, while presenting an opportunity

to image its biodistribution.
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Introduction

Cancer accounts for nearly one-quarter of deaths in the United States, exceeded only by
heart diseases. According to the American Cancer Society, it is estimated that about 1.5
million new cases of cancer will be diagnosed in 2009. Cancer death rates have been
decreasing since 1990 in men, and since 1991 in women (American Cancer Society 2009).
Much of the observed decline may be attributed to the enhanced understanding of cancer
biology and the accompanying advances in therapeutic options. Chemotherapeutic drugs are
the mainstay in managing patients diagnosed with any form of localized or metastasized
cancer. For instance, meta-analysis of clinical data suggests that up to 85% of the patients
with non-small cell lung cancer depend on systemic chemotherapy as part of the overall
management (Akerley and Choy 1999). For certain patients, chemotherapy may be the only
treatment used in an effort to cure, control, or relieve the symptoms of their cancer. In other
patients, however, chemotherapy may be administered along with other therapies. The
evidence suggests that the “curative intent” of most current chemotherapies is only able to
provide palliative therapy. Therefore, development of better therapies is of contemporary
interest.

3,5-Bis(2-fluorobenzylidene)-4-piperidone (EF24, Fig. 1a) is a synthetic analog of curcumin
that possesses potent anti-proliferative activity against a number of cancer cell lines such as
colon (Subramaniam et al. 2008), breast (Sun et al. 2006), and ovarian (Selvendiran et al.
2007). EF24 was first reported by a group of researchers in Emory University, Georgia
(Adams et al. 2005). The authors recently depicted the crystal structure of EF24, and other
related compounds (Lagisetty et al. 2009). Although more water soluble than curcumin,
EF24 still has limited aqueous solubility. It has been reported that inadequate aqueous
solubility of curcumin results in low bioavailability (Anand et al. 2007), and may also
present a significant challenge in the development of parenteral formulation. Considering
the immense potential of EF24 as an anti-cancer agent, a parenteral formulation for EF24
will be highly beneficial in preclinical and clinical trials.

The objective of this study was to develop and characterize a liposomal formulation of
EF24. Attempts to encapsulate lipophilic drugs inside unilamellar liposomes generally end
up poorly. Not only large amount of lipophilic material destabilizes the structural integrity
of the liposomes, but the lipid bilayers also offer a very limited space for drug encapsulation.
In order to overcome this problem, a “drug-in-HPBCD-in-liposome” approach as described
by McCormick may be employed (Bekersky et al. 2002; McCormack and Gregoriadis
1998). The authors tested this strategy in this study and found that the enhanced solubility of
EF24 in aqueous HPACD solution helps in enhancement in EF24 encapsulation inside the
liposomes. A schematic representation of such a liposome is shown in Fig. 1b. The authors
also demonstrate that EF24-liposomes are effective as an anti-proliferative preparation in
lung and prostate cancer cell lines. Finally, the authors provide preliminary data to show that
the distribution of EF24-liposomes in the body can be non-invasively monitored because of
the ability to radiolabel them with gamma ray emitting Tc-99m radionuclide.

J Nanopart Res. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Agashe et al.

Methods

Materials

Page 3

The chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and/or various suppliers
through VWR Scientific (West Chester, PA). The phospholipids were purchased from
Lipoid (Ludwigshafen, Germany), Avanti Polar Lipids (Alabaster, AL), or NOF America
Corporation (White Plains, NY). Cholesterol was obtained from Calbiochem (Gibbstown,
NJ). Endotoxin-controlled cyclodextrins were purchased from CTD Inc (High Springs, FL).

Preformulation studies on 3,5-Bis(2-fluorobenzylidene)-4-piperidone (EF24)

EF24 was synthesized in >90% yield by the scheme reported elsewhere (Lagisetty et al.
2009). The synthesized compound was characterized by NMR and Mass Spectroscopy, and
stored at 4 °C in dark. Octanol/water partition coefficient (Copy) was determined by a
standard method. In brief, about 2.5 mg of EF24 was dissolved in 5.5 mL of water-saturated
octanol. The solution was allowed to equilibrate with 5.5 mL of octanol-rich water for 48 h
on a multi-tube vortex mixer. The system was allowed to stand for 3 h, and the octanol and
water phases were separated for spectrophotometric estimation of phase-solubilized drug.
The spectrophotometric assay of EF24 was established by scanning an aqueous solution of
EF24 between 250 and 700 nm wavelengths. The absorbance maximum at 330 nm was
selected to obtain a Beer’s plot of absorbance against concentration. Non-interference of
cyclodextrin in the assay of EF24 was also established.

Phase solubility analysis of EF24

Solubility studies were performed as described by Higuchi and Connors (1965). In brief, an
excess of EF24 was added to various concentrations of HPACD (0, 10, 20, 50, 100, 300, and
500 mM) in 1 mL of de-ionized water. The suspensions were shaken on a multiple tube
vortex mixer at 25 °C for 48 h. The suspensions were allowed to settle for 6 h, and the
supernatant was centrifuged at 14,000 rpm for 10 min. The supernatant was further clarified
by passing through 0.22 uM cellulose acetate filters, and analyzed spectrophotometrically at
330 nm.

Assuming a 1:1 complex, the cyclodextrin complex of EF24 is depicted by Eq. 1, where k is
the stability constant:

EF24+HPSCD > EF24 - HPSCD (1)
The total solubility (S;) of EF24 in aqueous HPSCD is given by a linear equation 2.
S=So+[k*S/(1+kS o)]" [HPACD] (2

where S, is the intrinsic solubility of EF24. A plot of S; versus [HPSCD]; provides a phase
solubility profile of A type that is characterized by a straight line with a slope [k*Sy/(1 +
kSo)] and intercept Sjnt = Sp. The stability constant k was calculated as

n Slope
So(1 — Slope) (3)
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Formation of inclusion complex (IC)

IC of EF24 with HPBSCD was obtained in the solution phase as reported previously for other
hydrophobic drugs (Fatouros et al. 2001). In brief, EF24 (15 mg) was added to 2.5 mL of
HPACD solution (500 mg/mL). The mixture was continuously agitated on a shaker incubator
at 25 °C for 72 h. After allowing coarse particulate matter to settle for 6 h, the dispersion
was centrifuged at 14,000 rpm for 15 min to obtain a clear supernatant. The supernatant was
passed through a 0.22 um cellulose acetate sterile filter, and assayed for EF24.

Characterization of the IC

The HPSCD-EF24 IC was characterized by differential scanning calorimetry (DSC) and
powder X-ray diffraction (XRD). DSC was performed using a Q1000 differential scanning
calorimeter (TA Instruments, New Castle, DE) equipped with liquid nitrogen cooling. The
instrument was routinely calibrated with four different standards (cyclopentane, biphenyl,
indium, and tin) at 10 °C/min heating rate. EF24, HPSCD, and the IC were placed in
aluminum DSC pans, and a drop of silicon oil was applied to the samples. The samples were
scanned at a rate of 10 °C/min from —50 to 250 °C. For XRD of EF24, a Bruker AXS D8
Discover system (Bruker AXS, Madison, WI) with a 2D wire detector was used. Wide angle
X-ray diffraction (WAXS) was carried out on EF24, HPSCD, and the IC at room
temperature. Circularly symmetric WAXS patterns were collected in transmission on a
Rigaku S-MAX 3000 system with a microfocusing copper tube source coupled with
Confocal Max-Flux® optics. An image plate with a hole to allow passage of the main beam
placed approximately 4 cm from the sample position was used to quantify X-ray intensity.
Silver behenate was used to determine exactly the sample to detector position and used for
the conversion from pixel position to scattering angle. X-ray intensities were scaled to
improve presentation quality.

Preparation of EF24-liposomes

The dehydration rehydration liposomes were prepared using a method described earlier
(Kirby and Gregoriadis 1984). In brief, a lipid composition of 1,2-disteroyl-sn-glycero-3-
phosphatidylcholine: cholesterol: dimyristoylphosphatidyl glycerol (DSPC:CHO:DMPG as
50:50:5 mol%) was dissolved in a mixture of chloroform: methanol (2:1) and transferred to
a round bottom flask. The solvent mixture was evaporated at 58 °C on R-210 rotavapor
(Buchi Corporation, New Castle, DE) to obtain a thin film of lipids. Any residual traces of
organic solvent were removed by keeping the film under high vacuum for 12 h. The
phospholipid film was rehydrated with Hypure™ endotoxin-free cell culture gradewater
(Hyclone, Logan, UT), maintaining the total phospholipid concentration to 12 mM (total
lipid 2 g/dL). The resulting suspension of multilamellar vesicles was subjected to eight
freeze—thaw (FT) cycles. An FT cycle consisted of snap-freezing the suspension in liquid
nitrogen followed by immediate thawing in a 58 °C water bath. A sterile aqueous solution of
EF24-HPSCD IC was added to the liposomal suspension to maintain various DSPC:EF24 M
ratios (Table 1). The mixture was vortexed for 30 s and diluted with either sucrose solution
or phosphate buffered saline (PBS, pH 7.4) to a lipid concentration of 2 mM. The sucrose
amount was adjusted to either 3.5 or 7 g per gram of total lipid (Table 2). The mixture was
distributed in sterile glass vials and lyophilized for 48 h in a Triad lyophilizer (Labconco,
Kansas city, MO). The dried mass was rehydrated in a controlled manner typical of
dehydration rehydration procedures (Kirby and Gregoriadis 1984). The thick suspension
formed was allowed to stand at 25 °C for 30 min and further diluted several folds with PBS.
The liposomes were separated from any un-entrapped material by ultracentrifugation at
35,000 rpm and 4 °C for 40 min. The liposomal pellet was washed thrice and reconstituted
in sterile PBS for subsequent experiments.
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For experimental controls, a liposome preparation containing HPASCD solution without EF24
was identically prepared; the DSPC:HPSCD ratios of the control liposomes were matched
with those of the EF24-liposomes. Strict aseptic conditions were maintained during the
entire processing.

In order to get better control over the liposome size in the final preparation, as an alternative,
the authors used extrusion technique to prepare EF24-liposomes. The extrusion method was
essentially the same as has been published elsewhere (Awasthi et al. 1998). In brief, the thin
film of lipid was hydrated with a solution of EF24 IC in sterile water for injection. The lipid
suspension was extruded sequentially through membranes of 1 um (8 times), 0.4 um (5
times), and 0.2 um (5 times) pore size in an extruder (Northern Lipids, Burnaby, Canada).
The resultant liposomes were centrifuged in a Beckman ultracentrifuge at 45,000 rpm for 45
min to obtain a pellet. Supernatant liquid, containing extravesicular EF24 I1C, was discarded.
The liposome pellet was washed two times with PBS (pH 7.4). Finally, the liposomes were
resuspended in PBS, characterized, and stored at 4 °C till further use.

Characterization of EF24 liposomes

Encapsulation efficiency of EF24-HPSCD IC inside the liposomes was determined by
digesting an aliquot of liposome suspension in methanol and spectrophotometrically
estimating EF24 at 330 nm after appropriate dilution with methanol. Control liposomes
(liposomes identical to the EF24-liposomes in all respects but devoid of EF24) were also
digested in methanol and used as a blank for estimation. The percent encapsulation
efficiency (%EE) was calculated using the following formula:

(%EE)=100 x (Amount of EF24 entrapped / Total amount of EF24 added)

Phospholipid concentration in the liposomes was determined by Stewart assay (Stewart
1980). The particle size of the liposomes was determined by photon correlation spectroscopy
using a Brookhaven particle size analyzer equipped with Mas Option software. Zeta
potential of preparations was measured using a Zeta PLUS Zeta potential analyzer
(Brookhaven Instruments Corp, Holtsville, NY). For zeta potential, the liposomes (~40 pg of
phospholipid) in 1.5 mL of 0.22-um filtered de-ionized water were scanned at 25 °C for 10
runs, each run consisting of 20 cycles. Zeta potential values were obtained as millivolt +
standard error of mean.

The Transmission Electron Microscopy (TEM) was performed at the University of
Oklahoma in Norman (OK). In brief, an ultradilute liposome suspension was stained with a
solution consisting of 2.5% phosphotungstic acid and 2.5% trehalose (pH 7). A drop of
liposome suspension was first applied to the copper grid, allowed to adsorb on the grid for 2
min, and then blotted with a filter paper. A drop of the stain was added to the wet grid and
immediately blotted. TEM images were recorded on a Zeiss 10 electron microscope.

Stability of EF24-liposomes

The stability of EF24-liposomes was studied over 25 days by incubation of the preparations
at 4, 25, and 37 °C. For these studies, the authors used EF24-liposomes prepared by
extrusion process. At the end of the incubation period, the liposomes were monitored for
particle size and EF24 leakage into extravesicular space. For serum challenge, EF24-
liposomes were incubated for 24 h at 37 °C with equal volume with normal human serum.
At the end of the incubation, the liposomes were diluted 100-fold with PBS and centrifuged
at 14,000 rpm for 15 min. The supernatant was used to estimate leaked EF24.
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In vitro efficacy of EF24-liposomes in cancer cells

Human lung adenocarcinoma NCI-H441 (ATCC # HTB-174) and prostate cancer PC-3
(ATCC # CRL1435) cell lines were obtained from American Type Culture Collection
(Manassas, VA). H441 and PC-3 cells were maintained at 37 °C with 5% CO, in McCoy’s
5A Medium (Invitrogen, Carlsbad, California), and RPMI 1640 Medium containing L-
glutamine (GIBCO, Laboratories, Grand Island, NY), respectively. The media were
supplemented with 5% heat-inactivated fetal bovine serum (FBS) and 50 ug/mL of
gentamicin (GIBCO Laboratories, Grand Island, NY).

The cells were seeded in 96-well flat-bottom tissue culture plates at a density of 10* cells per
well. The cells were allowed to adhere and grow overnight followed by treatment with
EF24-liposomes equivalent to 0.1, 1, or 10 uM of EF24. The cells were allowed to incubate
for 24, 48, or 72 h with the treatment. Inhibition of cell proliferation was determined as a
decrease in hexosaminidase activity using p-nitrophenol-N-acetyl-beta-D-glucosaminide as
a substrate (Landegren 1984). Anti-proliferative activity of EF24-liposomes was compared
with that of plain EF24. Control liposomes containing identical amount of lipids and
HPSCD were used as control for liposomal EF24. Plain EF24 was dissolved in cell culture
medium containing about 0.08% DMSO. Medium containing 0.08% DMSO was used as a
control for plain EF24.

Radiolabeling of EF24-liposomes

EF24-liposomes suitable for labeling by Tc-99m were formulated by co-encapsulating
glutathione at the controlled rehydration step described above. For this purpose, the
lyophilized dried mass was rehydrated with 100 mM glutathione solution (pH 6.3) without
changing the further processing steps. EF24-liposomes thus prepared were labeled with
Tc-99m essentially by the method described elsewhere (Awasthi et al. 2003; Phillips et al.
1992). In brief, EF24-liposomes (0.1 mL) were mixed with 1 mL of Tc-99m-hexamethyl
propylene amine oxime (HMPAO). Tc-99m-HMPAO was obtained from OUHSC-Nuclear
Pharmacy (Oklahoma City, OK). After 45 min of incubation at room temperature, the
liposomes were passed through a PD-10 column (Amersham Pharmacia, Piscataway, NJ) to
separate any radioactivity that was not associated with the liposomes. Fractions were
collected by eluting the loaded liposome preparation with normal saline. Labeling efficiency
was determined by measuring liposome-associated Tc-99m radioactivity before and after
passing them through the column.

Biodistribution of EF24-liposomes

The distribution of Tc-99m-labeled EF24-liposomes was evaluated in normal Sprague-
Dawley rats (n = 5). The animal experiments were performed according to the NIH Animal
Use and Care Guidelines and were approved by the Institutional Animal Care Committee of
the University of Oklahoma Health Sciences Center. The rat model with indwelling femoral
artery catheter was prepared as described earlier (Awasthi et al. 2007). In brief, left femoral
artery of male Sprague—Dawley rats (180-200 g) was cannulated with a polyethylene tube
catheter, filled with heparin (1000 U/mL), and subcutaneously tunneled and secured at the
nape. After closing the surgical area, the rats were given 2 days to recover from the
procedure.

On the day of the experiment, the rats were anesthetized with isoflurane gas (2% in oxygen
at 2 L/min) and a 25G butterfly was secured in the tail vein for the administration of
radiolabeled preparation. About 250 pCi of Tc-99m-EF24 liposomes (0.2 mL, 3.7 mg
phospholipid) was infused through the tail vein. Blood samples (50 uL) were withdrawn at
various times through the arterial catheter for counting of blood-borne radioactivity. After 6
h of sampling, the animals were euthanized by an intraperitoneal overdose of a euthanasia

J Nanopart Res. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Agashe et al.

Page 7

solution (Euthasol). Various organs were excised, washed with saline, weighed, and
appropriate tissue samples were counted in an automated gamma counter (Perkin-Elmer,
Boston, MA). Total blood volume and muscle mass were estimated as 5.7 and 40% of body
weight, respectively (Frank 1976; Petty 1982). A diluted sample of injected Tc-99m-EF24-
liposomes served as a standard for comparison.

The percent of injected Tc-99m-EF24-liposome dose in various organs of the rats was used
to generate a computer-simulated biodistribution visualization image. The simulation
program was part of the image processing Invivoscope 1.41 software obtained with
NanoSPECT imaging system (Bioscan Inc, Washington, DC).

Data analysis

Results

The circulation kinetics data was presented as percent of the injected radioactivity. The
accumulation of injected preparation in various organs at 6 h of biodistribution was also
calculated as percent of injected radioactivity. All data were corrected for decay of Tc-99m
radioactivity (T, = 6 h) and background-subtracted. The half-life was calculated from the
blood clearance data using a freeware Boomer (Version 3.3.3).

The authors report a liposome preparation of a recently developed anticancer compound
EF24 (Fig. 1a) using HPSCD as a solubilizing ligand for EF24. The assumption was that
HPSCD will enhance aqueous solubility of EF24 whose Koy was determined to be 2.85.
EF24 was synthesized in our laboratory by the scheme reported elsewhere (Lagisetty et al.
2009). Since this compound is a new chemical entity, first the authors developed a
spectrophotometric assay for EF24 in aqueous or water-miscible solvents. Aqueous EF24
showed an absorbance maximum at 330 nm that down-shifted to 315 nm in methanolic
solution. At both wavelengths, EF24 followed Beer-Lambert law within a wide range of
concentrations. The presence of HPSCD as an excipient was not found to interfere in EF24
determinations.

Inclusion of EF24 inside HPBCD

Figure 2 shows a typical A type phase solubility diagram. Although, the linear fit has a
high correlation value, a slight positive deviation in the initial concentrations is noticeable

( A). The apparent k value for the EF24-HPSCD complex was found to be 9.9 M~1 EF24
solubility in water increased remarkably from 1.64 mg/mL to 13.76 mg/mL after
complexation. The EF24-HPSCD IC was characterized by DSC and powder XRD. The
thermal curves for EF24 and the IC are shown in Fig. 3. EF24 showed multiple sharp
endothermic peaks that were abolished by its inclusion inside the HPSCD cage. The X-ray
diffraction pattern for the EF24 exhibited distinct sharp peaks at various diffraction angles of
26 indicating the crystalline nature of the compound (Fig. 4a). The diffraction pattern for its
IC exhibited only broad diffraction peak (Fig. 4b) which characterized the caging of the
compound within the HPSCD molecules. The diffraction pattern of the IC was more or less
similar to that of HPSCD (Fig. 4c), suggesting amorphization in otherwise crystalline nature
of EF24.

Liposome preparation

The IC was incorporated into liposomes using several DSPC to EF24 ratios. The %EE
increased 2.86 folds when DSPC:EF24 ratio was decreased from 14.19 to 4.73. Any further
decrease in DSPC:EF24 ratio resulted in reduced %EE (Table 1). The effect of the presence
or absence of sucrose during freeze drying on the size of EF24-liposomes was studied. The
size of the liposomes in the absence of sucrose was 448 + 3.5 nm with a %EE of 19.73.
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When 3.5 g of sucrose per gram of total lipid was included during the freeze drying step, the
size was significantly reduced to 320.5 + 2.6 nm (p<0.001). The %EE was lower as well, but
the change was not statistically significant. The size of the liposomes was further reduced to
287.5+ 1.9 nm at 7 g of sucrose per gram of liposome, but the %EE fell significantly to 0.45
+ 0.58 (p<0.05). When extrusion technique was used to prepare EF24 liposomes, better
control over particle size was obtained. After final extrusion through 0.2 um pore size, the
particle size was 177.6 + 6.6 nm with polydispersity index of 0.127 + 0.035.

The zeta potential and particle size of the resultant liposomes are reported in Table 2. There
was no clear correlation between the %EE, size, and zeta potential. The electron
micrographs of the liposomes carrying 1Cs showed uniformly dispersed spherical structure
of liposomes (Fig. 5). An aliquot of the glutathione-containing EF24-liposomes was labeled
with Tc-99m. The liposomes were labeled with 64% efficiency. The radiolabeled liposomes
essentially eluted in the void volume of the gel exclusion column, and there was clear
distinction of the labeled liposomes from the free radioactivity peak (Fig. 6).

Stability of EF24-liposomes

The authors studied in vitro stability of EF24-liposomes over 25 days by incubating them at
different temperatures. The change in particle size and the leakage of EF24 into the
extravesicular space were assessed. Because the authors used 0.2-pm extruded liposomes for
the stability study, the initial size of these EF24-liposomes was about 177 nm. HPSCD
significantly increased the liposomes size after 20 days of incubation at 37 °C (Fig. 7). The
effect was more pronounced when 100 mM HPSCD was used to make EF24 I1C (Fig. 7b).
However, no change in particle size was observed even with 100 mM HPACD when the
liposomes were kept at 4 and 25 °C. The effect of HPSCD on the time-dependent change in
liposome size was corroborated by the results from leakage study. The use of 100 mM
HPSCD in EF24 IC resulted in a determinable leakage of EF24 after 25 days of incubation,
but 50 mM HPACD had no impact (Fig. 7¢). When challenged with serum for 24 h at 37 °C,
about 14% of encapsulated EF24 was released into the extravesicular space (Fig. 7d).

In vitro efficacy of EF24-liposomes in cultured cancer cells

Efficacy of liposomal EF24 was compared against that of plain EF24 in H441 lung
adenocarcinoma (Fig. 8) and PC-3 prostate cancer (Fig. 9) cells. Inhibition of cell
proliferation was measured by the decrease in hexosaminidase activity in response to
treatments. In general, it was observed that liposomal EF24 exceeded the anti-proliferative
activity to plain EF24 (p<0.05). In fact, in both the cell lines, the efficacy of liposomal EF24
was superior to that of its plain counterpart at 10 uM (Figs. 8a and 9a). A significantly
higher cell death was visible in the light microscopic pictures after the treatment (Figs. 8b
and 9b). The control liposomes did not have any inherent affect on cell proliferation.

Biodistribution of Tc-99m-labeled EF24-liposomes

The Tc-99m-EF24-liposomes were evaluated for biodistribution and circulation half-life in
normal Sprague—Dawley rats. As expected, the organs of reticuloendothelial system—Iliver
and spleen—accumulated the majority of liposomes (Fig. 10). About 10% of injected dose
was still in circulation at 6 h when necropsy was performed. Other organs accumulated
negligible amount of liposomes. The observation that there was very little excretion of
radioactivity through kidney attests to the stability of radiolabel within the liposomes. The
biodistribution data were visualized as simulated, computer-generated image (Fig. 10b). The
circulation profile shows that the clearance of liposomes from blood followed bi-exponential
pattern with an o half-life of 21.4 min followed by a $ half-life of 6.6 h (Fig. 11). Itis
apparent that the clearance of EF24-liposomes from blood within the first 30 min of
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injection was rapid and accounted for more than 60% of the total clearance; after 30 min, the
clearance was relatively gradual.

Discussion

EF24 is a synthetic analog of curcumin which is being investigated as a potent anticancer
agent (Adams et al. 2005). Though the exact mechanism of EF24’s action is unclear and
may vary with the cell context, it has been shown to suppress cell proliferation and
angiogenesis by downregulating various cancer promoting genes, such as COX-2, IL-8, and
VEGF (Subramaniam et al. 2008). It has also been found to induce G2/M cell cycle arrest
and apoptosis in cisplatin-resistant human cancer cells (Selvendiran et al. 2007). A recent
study suggests that EF24 suppresses NF-kB signaling by directly inhibiting 1kB kinase
(Kasinski et al. 2008). Most in vitro biochemical assays with EF24 may be satisfactorily
performed with dimethylsulfoxide (DMSO) as a solvent, but in vivo studies require EF24 in
an appropriate dosage form. While the potency of a new chemical entity may often be a
function of its lipophilicity, formulation of these drugs into a soluble or easily administrable
dosage form becomes technically challenging (Loftsson et al. 20053, b). Technically, EF24
is very slightly soluble in water (1.6 mg/mL), and poses a significant challenge from the
formulation and bioavailability viewpoint. For instance, its congener curcumin has been
found to be minimally absorbed even at an oral dose of several grams (Sharma et al. 2001).
At the same time, its insolubility in aqueous solvents precludes solution dosage forms for
intravenous administration. In order to enable parenteral EF24 administration, the authors
investigated the possibility of encapsulating it inside the liposomes.

Our initial attempts of preparing EF24 liposome using conventional techniques resulted in
poor encapsulation. For instance, the conventional thin film hydration method provided only
0.4% encapsulation which increased to 1% when a reverse phase evaporation method was
used for liposome preparation. Apparently, lipid compartment of the liposomes was not able
to host EF24, and the aqueous solubility of EF24 was not large enough for its
accommodation inside the aqueous core. The liposome encapsulation of poorly water
soluble drugs is governed by a variety of factors like physicochemical properties of drugs,
lipid composition, affinity between drug molecules and lipid film and method of preparation
(Walde and Ichikawa 2001). To address this problem, the authors encapsulated EF24-
HPACD ICs inside the liposomes. This strategy has been successfully demonstrated for other
drugs with poor water solubility, such as prednisolone (Fatouros et al. 2001), and has been
reviewed (Challa et al. 2005; McCormack and Gregoriadis 1994). Cyclodextrins are highly
water-soluble cyclic oligosaccharides with a lipophilic internal cavity that serves as a host to
lipophilic drugs (Brewster and Loftsson 2007). Our initial experiments with 5-CD were only
moderately successful with only 4-fold increase in the solubility of EF24. HPSCD, which
has higher water solubility compared to 5-CD (Gould and Scott 2005; Loftsson et al. 20053,
b), resulted in about 8-fold enhancement of EF24 in aqueous phase. When EF24-HPSCD IC
was used to prepare liposomes, EF24 could be encapsulated in practically useful amounts.
The enhancement in encapsulation efficiency could be attributed to the encapsulation of
more soluble IC into the aqueous liposomal core which provides a relatively larger volume
than the lipid bilayers.

The choice of liposomes in preference to plain IC as intravenous preparation is ascribed to
several reasons. While the 1C themselves may be useful as drug delivery vehicle, rapid renal
elimination of IC (Frijlink et al. 1990; McCormack and Gregoriadis 1996) limits their utility
as compared to liposomes. Liposomes can be made to circulate for a prolonged time
(Awasthi et al. 2003) to allow their continued accumulation in tumor because of the
enhanced permeability and retention phenomenon. They can be actively targeted by
conjugating the surface with appropriate ligand. Lastly, the authors showed that the
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liposomes could be labeled with Tc-99m for non-invasive tracking in the body by gamma
camera imaging. Although not performed for EF24-liposomes, imaging has been used on
several occasions in the previous drug development research by the group including one of
the authors of this study—Awasthi (Awasthi et al. 2003, 200443, b).

Considering that the liposome preparation method would need optimization to control
particle size within a close range, the authors used extrusion of lipid suspension through the
polycarbonate filters of well-defined pore sizes up to 200 nm. The resultant liposomes have
consistently shown a unidisperse particle size of 177 nm. These liposomes prepared by
extrusion method were used in the stability study reported here. In the presence of 50 mM
HPBCD, the liposomes maintained their integrity and there were insignificant changes in
size of the liposomes over a period of 25 days in storage. At higher 100 mM HPACD and
over prolonged storage at 37 °C, the unoccupied cyclodextrin host might have destabilized
the liposomes by extracting lipids from the bilayers (Piel et al. 2007). Storage temperature
has significant impact on the eventual stability of EF24 liposomes. Apparently, the choice of
high-melting saturated phospholipid DSPC and the presence of cholesterol help in
preserving the integrity of EF24 liposomes with 50 mM HPBCD (Anderson and Omri 2004;
Bhardwaj and Burgess 2010).

Implicitly, EF24 liposomes could be kept at 4-8 °C for at least 30 days; however, an
accelerated stability study would be required to accurately predict the storage stability and
conditions.

Our in vitro cell proliferation studies suggest that liposomes are significantly more effective
than plain EF24. The reason for the enhanced efficacy is not clear, but better cross-
membrane availability of EF24 in liposome package may be one explanation. A more
relevant evaluation of liposomal EF24 performance would be in vivo because liposomes are
optimal for drug availability in tumor when excretory mechanisms in the body are present.
Nevertheless, our studies established two important things—first, that the control liposomes
did not have any effect on the cancer cells, and second, that the liposome encapsulation
retains anti-proliferative activity of encapsulated EF24.

The biodistribution of EF24 liposomes was investigated by labeling them with Tc-99m
radionuclide. This technique has been widely used to non-invasively visualize liposome
distribution in live animals (Awasthi et al. 2003; Goins et al. 1993; Laverman et al. 2003).
From the results, it is clear that majority of liposomes were taken up by liver and spleen
(Fig. 10). Such a disposition is typical of liposomes that do not carry stealth-promoting
ingredients (Awasthi et al. 2003, 20044, b). The uptake of liposomes by the
reticuloendothelial system is saturable and is non-Michaelis—Menton phenomenon (Kume et
al. 1991). The pharmacokinetics of EF24-liposomes in rats showed that even though the
liposomes did not carry stealth coating of poly(ethylene glycol) or PEG, substantial amounts
were present in circulation at the time of necropsy (>10% at 6 h). Once encapsulated, the
encapsulated drugs follow the kinetics of liposome distribution. In general, circulation Ty,
of conventional liposomes decreases with increasing size, negative charge density, and
fluidity of the bilayer. Past experience with liposome circulation Kinetics suggests that a
circulation Ty» of 12-20 h in rats or mice translates into 40-60 h in humans (Woodle et al.
1995). On the same scale, a 6.6 h B T1/, of EF24-liposomes in rat would translate into a Ty
of about a day (22 h) in humans. The circulation persistence of EF24-liposomes can be
further augmented by decreasing the particle size and/or incorporating PEG-lipid in the lipid
composition. The results of this study corroborate very closely with our past observations on
comparative circulation persistence of non-PEGylated and PEGylated liposomes (Awasthi et
al. 2003, 20044, b). It has been previously demonstrated by our group that in order to
maximize encapsulation space and pay-load, the size of around 275-300 nm is optimal for
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enhanced circulation persistence of PEGylated liposomes (Awasthi et al. 2003). Besides
decelerated renal excretion and improved stability toward proteolysis, the PEG modification
is believed to reduce immunogenicity. However, it has been shown that even PEGylated
liposomes demonstrate accelerated blood clearance upon multiple injections (Ishida and
Kiwada 2008; Laverman et al. 2001). This phenomenon has been attributed to the induction
of IgM-mediated immune response (Ishida et al. 2007) and/or complement system (Ishida et
al. 2002; Szebeni 1998; Szebeni et al. 2000).

Conclusions

In this article, the development of EF24-liposomes was described. These colloidal carriers
were found to have anti-proliferative action in H441 and PC-3 cell lines. The preparation
could be radiolabeled with Tc-99m radionuclide for convenient imaging of its accumulation
in cancer tissue. This will satisfy the growing demand among investigators to non-invasively
determine drug distribution in visual, temporal, and quantitative format. As indicated above,
the tested liposome formulation has short circulation half-life. It might be important to
further improve the circulation kinetics of these liposomes for superior in vivo performance.
This limitation will need reconciliation in animal models by formulating stealth EF24-
liposomes. Moreover, the in vivo stability of the reported formulation of EF24 liposomes
needs to be addressed in future.
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Fig. 1.
a Chemical structure of EF24 or 3,5-Bis(2-fluorobenzylidene)-4-piperidone, and b A
schematic illustration of EF24 IC encapsulation inside the liposomes
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Fig. 2.
Phase solubility diagram of EF24 in HPSCD. The A type curve indicated 1:1 stoichiometry
between EF24 and HPSCD
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Differential scanning calorimetry of a EF24 and b the inclusion complex. The endothermic
peaks corresponding to EF24 at 67.58, 213.43 and 244.68 °C disappeared after inclusion

complex formation with HPSCD
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Powder X-ray diffraction (XRD) of a crystalline EF24, b its inclusion complex with
HPSCD, and ¢ HPBCD. Sharp diffraction peaks of EF24 disappeared in XRD of the
inclusion complex; rather a broad peak similar to that of plain HPSCD was observed
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Fig. 5.
Transmission electron micrographs of liposomes encapsulating EF24-HPSCD IC
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Fig. 6.

Elution of Tc-99m-labeled EF24-liposomes from a PD-10 column. The liposomes are
collected in the void volume, whereas the free radioactivities (Tc-99m-TcO4~ and Tc-99m-
HMPAO) elute separately as broad peak
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Fig. 7.

Time- and temperature-dependent stability of EF24-liposomes. Aliquots of EF24-liposomes
were incubated at 4, 25, and 37 °C for 25 days. Samples were taken out on various days, and
the liposome size was determined. Simultaneously extravesicular EF24 was
spectrophotometrically determined. For serum challenge, EF24-liposomes were incubated
with equal volume of human serum for 24 h at 37 °C. Insets in a and b show the changes in
polydispersity index of EF24-liposomes with respect to time
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Fig. 8.

In vitro anti-proliferative activity of EF24-liposomes in lung adenocarcinoma H441 cells. a
Hexosaminidase activity after 24, 48, and 72 h of treatment with plain EF24 or EF24-
liposomes. b Light micrographs of H441 cells (x2,560) after treatments
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Fig. 9.

In vitro antiproliferative activity of EF24-liposomes in prostate cancer PC-3 cells. a
Hexosaminidase activity after 24, 48, and 72 h of treatment with plain EF24 or EF24-
liposomes. b Light micrographs of PC-3 cells (x2,560) after treatments
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Fig. 10.
Biodistribution of Tc-99m-labeled EF24-liposomes in Sprague—Dawley rats. a Percent of
injected dose per gram of excised tissue. The inset shows select tissues/organs where the
accumulation percent was higher than that allowed by the y-axis scale in the main plots. b
Percent of injected dose in various organs visualized by biodistribution visualization utility
in the image processing Invivoscope 1.41. As shown, the color-scale in middle ranges from
0 to 100%
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Circulation kinetics of Tc-99m-EF24-liposomes in rats. This data was used to calculate half-

life of circulation of the injected preparation
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Table 1

Encapsulation efficiency of EF24 IC

DSPC:EF24, M ratio

DSPC:HPBCD, M ratio % Encapsulation (+SEM)

14.19
4.73
2.50
1.00

1.84 6.88+1.91
0.63 19.73+2.90
0.32 1.93+0.84
0.13 1.94+0.58
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Table 2

Particle size and zeta potential of EF24-liposomes

Sucrose (g/g of lipid)

Size,nm + SEM %  Encapsulation £ SEM ¢ (mV) £+ SEM

35
7

448+35 19.7+29 —80.9 + 0.85
3205+2.6 18.6+0.8 —58.8 + 2.85
2875+19 045+0.6 —75.5 + 0.62
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