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Purpose. The main goal of this siudy was to develop an ocular con-
trolled release formutation of a model oligonucleotide (pdT16). con-
tained within liposomes dispersed within a thermosensitive gel
composed by poloxamer 407.

Methods. The influence of the poloxamer concentration 2% or 27%
on the stability of the liposomes (PC: CHOL and PC: CHOL: PEG-
DSPE) was investigated. The in vitro release profiles of pdT16 from
various poloxamer formulations (free pdT16 dispersed within 20% and
27% poloxamer gels, pdT16 encapsulated within liposomes dispersed
within 20% and 27% poloxamer gels) were realized using a membrane-
free release model.

Results. The dispersion of liposomes within a dilute 2% poloxamer
solution resulted in a great leakage of pdT 16 from liposomes. However,
the destabilization effect of poloxamer was reduced when higher con-
centration (27%) was used. Poloxamer dissolution was found to control
the release process of pdT16, whereas the dispersion of liposomes
within 27% poloxamer gel was shown to slow down the diffusion of
pdT16 out from the gel.

Conclusions. The dispersion of liposomes within a 27% poloxamer
gel presented an interesting system to control the release of a model
oligonucleotide compare to a simple gel.

KEY WORDS: drug delivery system; gel dissolution; liposomes;
oligonucleotide; poloxamer 407 gels.

INTRODUCTION

Antisense oligonucleotides with base sequences comple-
mentary to specific genetic targets offer the possibility of selec-
tively modulating the expression of gene (1). It has been shown
that antisense oligonucleotides possess significant inhibitory
activity against a number of DNA viruses responsible for ocular
diseases: herpes simplex virus (HSV, and HSV,) (2) in the
anterior segment of the eye and human cytomegalovirus (CMV)
in the posterior segment of the eye (3). Unfortunately, the use
of these molecules is limited by their poor biological stability
in biological fluids (4). One strategy to improve the protection of
oligonucleotides from degradation involves their encapsulation
within liposomes (5) which, in addition, presents further advan-
tages as ocular delivery systems: they can provide increased
efficacy (6), reduced toxicity (7) as well as prolonged activ-
ity (8).
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The instillation of conventional ocular forms results in
extremely low bioavailability (9) due to the limited corneal
absorption of drugs as well as the short residence time. Concern-
ing the treatment of posterior segment disorders, the efficacy
of conventional formulations for drug administration is also
limited while direct injection into the vitreous humor is very
delicate. Furthermore, repeated injections are necessitated by
the short intraocular half-life of drugs when administered intra-
vitreally (10).

One way to optimize topical or intravitreal delivery
involves prolonging the retention of a liposomal suspension at
the site of administration. We have attempted to achieve this
by dispersing liposomes within a medium which would be able
to form a gel in situ after administration. Poloxamer 407, which
is a copolymer of polyoxyethylene, and polyoxypropylene
offers the unique property of reversible thermal gelation (11).
This would allow instillation or injection of a fluid solution
which would form a semi solid gel at physiological temperature
in the eye.

Thus, the aim of this study was to develop a system based
on liposomes containing oligonucleotides and dispersed within
poloxamer gels. This new formulation should be a novel ocular
dosage form able to prolong the residence time, to control the
release; and to protect against the degradation of the encapsu-
lated antisense oligonucleotides when administrated into the
eye. The influence of the poloxamer concentration and of the
nature of the liposomes on oligonucleotide release was
investigated.

MATERIALS AND METHODS
Materials

Poloxamer 407 (Lutrol® F127) was a gift from BASFE
Soybean Phospholipid (PC) was provided by Lipoid (KG, Lud-
wishafen, Germany). 1, 2-distearoyl-sn-glycero-3 Phosphatidyl-
ethanolamine-N-[Poly(ethyleneglycol)-2000] (PEG-DSPE)
was purchased from Avanti Polar Lipids (Birmingham, AL,
USA). Cholesterol (CHOL) was obtained from Sigma Chemical
Co (St Louis, MO, USA) and the mode! oligonucleotide, 5'-
phosphorylated oligothymidylate (pdT{6) from Pharmacia Bio-
tech (St Quentin-en-Yvelines, France).

Methods

Oligonucleotide Radiolabeling

The 5’-radiotabelled oligonucleotide was obtained by the
following procedure. To 40 pl of dT16 solution (10 pM), 8 i
of the following components were added: T4 polynucleotide
kinase (T4pnk), buffer for T4 polynucleotide kinase (Boeh-
ringer Mannheim, Germany) and [**P] ATP (Isotopchim,
France). To this mixture, 12 pl of distilled water were added
and the whole was incubated for 1h30 at 37°C. The T4npk
was inactivated by heating. The preparation was diluted with
distilled water. Pure radiolabelied oligonucleotide was finally
recovered after chromatography.

Liposome Preparations

The liposomes used to encapsulate oligothymidylate were
composed of PC: CHOL (molar ratio 70:30) or PC:CHOL.:
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PEG-DSPE (molar ratio 64:30:06). Practically, 195 pmoles of
total lipids were dissolved in chloroform in a round-bottomed
flask, using a rotary evaporator and dried under vacuum. The
resulting lipid film was hydrated using 3 ml of HEPES buffer
(145 mM NaCl containing 10 mM HEPES, pH 7.4). The suspen-
sion was extruded (Lipex, Vancouver, Canada) through polycar-
bonate membranes. The final diameter of the vesicles was 200
nm * 40 nm. The liposomal suspension was mixed with a 5'-
end radiolabelled oligothymidylate and unlabelled oligothymi-
dylate solution. The final volume and the final pdT16 concentra-
tion of the mixture were 1.3 ml and 6 wM respectively. The
preparation was frozen in liquid nitrogen for S minutes and
then, thawed at 32°C-33°C for 3 minutes. This procedure was
repeated 10 times. Free pdT16 was separated from liposome-
encapsulated pdT16 by 3 repeated ultracentrifugation at 150,000
g for 1 hour at 4°C. The supernatant was removed and the
pellet was resuspended in HEPES buffer to obtain a final volume
of 1.3 ml. The entrapment efficiency of pdT16 in liposomes
was determined by measuring the total pdT16 radioactivity in
non washed liposomes and in both supernatants and liposomes
after separation.

Stability of Liposomes Stored in HEPES Buffer at +4°C

Liposome-encapsulated pdT16 (PC:CHOL, PC:CHOL:
PEG-DSPE) were stored at +4°C and after 1, 7, and 30 days,
1 ml of the suspensions was drawn off and ultracentrifuged to
separate the free oligonucleotides which had leaked out and
intact liposomes containing pdT16.

Characterization of the Liposomes-Gel System

Preparation of Poloxamer Gels

Poloxamer 407 gels were prepared by the cold process
described by Schmolka (11).

Preparation of Gels Containing Free or Liposomal pdTI6

A 5'-labelled oligothymidylate and unlabelled pdT 16 solu-
tion was added to poloxamer to produce a final oligonucleotide
concentration of 0.201 wM and a final poloxamer concentration
of 20% or 27% (w/v). Liposomes were dispersed within polox-
amer 407 gels under stirring at +4°C.

Electron Microscopy

Freeze-fracture electron microscopy was used to examine
the suspension of the two liposomal formulations after their
dispersion within a 27% poloxamer gel. A drop of the suspen-
sion containing 30% glycerol as a cryprotector was deposited
on a thin copper planchett and rapidly frozen in liquid propane.
Fracturing and shadowing using Pt-C, were performed in a
Balzers BAF freeze-etch unit. The replicas were examined with
a Philips 410 electron microscope.

Stability of Liposomes Dispersed Within 27% Poloxamer
Gels Stored at +4°C

Release studies of pdT16 from the two liposomal formula-
tions dispersed within a 27% poloxamer gel were performed
at +4°C. After 1, 7 and 30 days, 1 ml of liposomes dispersed
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in the gel were drawn off and the released oligonucleotide was
separated from encapsulated compound as described in the
liposome preparation section.

IN VITRO RELEASE STUDIES

In vitro release studies were carried out in a water-bath
maintained at +37°C using a membrane-free release model.
0.5g aliquots of various preparations (pdT16 dispersed within
20% and 27% poloxamer gels or liposome-encapsulated pdT16
dispersed within 20% and 27% poloxamer gels), corresponding
to 100.5 pmol of pdT16, were introduced into vials and the
formulations gelled when the experimental temperature was
reached. 6 ml of HEPES buffer (+37°C) was used as the release
medium. After 0.5, 2, 4, 6, 8 and 24 hours, the entire release
medium was removed and pdT16 released by the formulation
was obtained by measuring ***pdT16 radioactivity in fraction
of this medium using scintillation counting. The percentage of
pdT16 released was expressed as the ratio between pdT16 in
the release medium and the total amount of pdTI6 initially
present in the preparations.

In the case of liposomes dispersed within gels, the propor-
tions of free pdT16 and pdT 16 still encapsulated into liposomes
released from the gel, were determined after ultracentrifugation
of release medium aliquots (150000g +4°C, 1 hour). Thereafter,
the supernatant containing only free pdT16 were submitted
to radioactivity counting. The difference between total pdT16
refeased into the medium and free pdT 16 allowed us to calculate
the amount of pdT16 released from the gel but still encapsulated
into liposomes.

In Vitro Dissolution Profiles of 20% and 27 %
Poloxamer Gels

0.5g of 20% and 27% poloxamer gels was introduced into
vials and 6 ml of buffer were layered over the surface of the
gel formulations. The experiments were performed at +37°C.
After 0.5, 2, 4, 6, 8, and 24 hours, the release medium was
sampled and the amount of dissolved poloxamer was assayed
by the colorimetric method described by Baleux (12). The
dissolution gel profiles (20% and 27%) were expressed as the
percentage of poloxamer gel dissolved as a function of time.

In Vitro Modelization of pdT16 Release from Gel and
from Liposomes Dispersed Within Gel and
Modelization of Poloxamer Dissolution

The amount of pdT16 released or the amount of poloxamer
dissolved in the release medium were regressed against the
experimental time using a first order kinetic following the
equation:

In(M/M_,) = —kt

Mt/Mo represents the fraction of poloxamer dissolved or pdT16
released up to time t; k is the pdT16 release or dissolution
rate (h™").

The half-life of pdT16 released or poloxamer dissolved is
calculated by the equation:

Tl/Z = In 2/k
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In Vitro Release of pdT16 from Liposomes Dispersed
Within a Dilute Poloxamer Solution (2%)

pdT16 release from the two formulations of liposomes
dispersed within a dilute poloxamer solution was investigated.
0.5 ml of liposomes (100.5 pmol of pdT16), was introduced
into each vial and 6 ml of 2% poloxamer solution at +37°C
were used as release medium. As a control, 6 ml of HEPES
buffer were used. After 0.5, 2, 4, and 24 hours, the entire
contents of the vial were removed, centrifuged as described
before and the amount of free pdT16 was determined.

RESULTS

Liposome Preparation and Characterization

Entrapment efficacy of pdT16 into liposomes reached 15%
for the two formulations studied. For both liposome prepara-
tions, the vesicles appeared dispersed within the poloxamer gel.
The poloxamer gel fracture surface is slightly rough, showing
very small particles. The liposome fracture surface revealed
the presence of oligolamellar vesicles (Fig. 1).

The presence or the absence of PEG-DSPE in the bilayer
composition significantly influenced pdT16 leakage from lipo-
somes. The presence of PEG-DSPE prevented liposome aggre-
gation in HEPES buffer and leakage of pdT16 in both HEPES
buffer and 27% poloxamer gel. Indeed, with PEG-DSPE, no
vesicle aggregation was observed after one month in HEPES
buffer as compared with the PC: CHOL formulation which
became aggregated at 30 days. This aggregation was not
observed when liposomes were dispersed within the poloxamer
gel. In this case, pdT16 release from PC:CHOL:PEG-DSPE
liposomes was slower than from PC:CHOL (10% compare to

Fig. 1. Freeze-fracture of a liposomal dispersion (PC: CHOL) within
the poloxamer gel. Bar = 300 nm.
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Fig. 2. Dissolution (weight % dissolved) of 20% (—{—) and 27%

(—M—) poloxamer 407 gels as a function of time (hours). (n = 3).

20% at 1 and 7 days), but similar pdT16 release was measured
after | month for both formulations (27%), (data not shown).

In Vitro Release Studies

Effect of Poloxamer Concentration on the Dissolution of
27% and 20% Poloxamer Gels

Dissolution studies of poloxamer 407 gels showed that the
27% poloxamer gel exhibited slower dissolution than the 20%
poloxamer gel (Fig. 2): complete dissolution occurred after 6
hours for the 20% poloxamer gel and between 8 hours and
24 hours for the 27% poloxamer gel. Poloxamer dissolution
followed first order kinetic (ka7q, = 0.135 h™', T1/2474 = 5.13
hours and Ky, = 0.478 h™', T1/250. = 1.45 hours).

Effect of Poloxamer Concentration on Free pdT16 Release

from Gels Without Liposomes

The release of pdT16 from poloxamer gels was shown to
be influenced by the poloxamer 407 concentration (Fig. 3a and
3b). A marked reduction of pdT16 release was observed when
the poloxamer 407 concentration was increased from 20% to
27%: T1/2 of pdT16 release was 1.28 hour (k = 0,539 h™!)
and 2.45 hours (k = 0,283 h™!) respectively.

Effect of Liposomes on pdT16 Release from Poloxamer Gels

The dispersion of liposomes within the 27% poloxamer
407 gel led to a slower release of the pdT 16 compared with the
simple gel formulation without liposomes (Fig. 3a). However,
pdT 16 release was independent of the nature of the liposomes
used (PC: CHOL data not shown or PC:.CHOL:PEG-DSPE).
T1/2 was 4,81 hours (k = 0,144 h™!) for 27% poloxamer gel
formulations containing liposomes, whereas it was only 2 hours
(k = 0,346 h™") for 27% poloxamer gel formulations without
liposomes. Thus, the introduction of liposomal formulations
within poloxamer 407 at 27% resulted in a reservoir effect for
pdT16. In contrast, pdT16 release from the 20% poloxamer gel
and that from liposomes dispersed within the 20% poloxamer
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Fig. 3a. pdT16 release kinetics from 27% poloxamer gel without
liposomes (—[}—) and from PC:CHOL:PEG-DSPE liposomes dis-
persed within 27% poloxamer gels: total pdT16 (——), free pdT16
(—@—), pdT16 still encapsulated within liposomes (—A—). (n = 3).

gel (Fig 3b) were found to be very similar (T1/2 = 1.28 hour
and 2 hours respectively).

Investigation on the Form of Released pdT16: Free or Still
Encapsulated Within Liposomes

The form of pdT16 released from 27% poloxamer gel
containing liposomes (free pdT 16 or pdT16 still encapsulated
in liposomes) was quantified. The results (Fig. 3a) indicated
that both free pdT16 and liposomally encapsulated pdT16 were
present in the receptor medium and that free pdT16 represented
the main part of pdT16. At 8 and 24 hours, about 25% of the
pdT16 released was still encapsulated in PC: CHOL: PEG-
DSPE liposomes and PC:CHOL liposomes (data not shown).
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Fig. 3b. pdT16 release kinetics from 20% poloxamer ge! without
liposomes (——{1—) and from PC:CHOL:PEG-DSPE liposomes dis-
persed within 20% poloxamer gels: total pdT16 (—Ml—), free pdT16
(—®@—), pdT16 still encapsulated within liposomes (—A—). (n = 3).
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Concerning PC:CHOL:PEG-DSPE liposomes dispersed within
the 20% poloxamer gel, the curve profile for pdT16 released
still encapsulated within liposomes was quite different from
that observed at 27%: during the first 6 hours of incubation,
the amount of pdT 16 released as the liposomal form increased,
whereas after this time point, it decreased sharply to 13%
(Fig. 3b).

Release of pdT16 From Liposomes Dispersed in HEPES
Buffer or Within a 2% Poloxamer 407 Solution

To mimic in vivo situation after erosion and dissolution
of the poloxamer gel, we studied the release of pdT16 from
the two formulations of liposomes incubated in a dilute polox-
amer 407 solution (2%), (Table 1). The leakage of pdT16 from
liposomes increased dramatically in the presence of a 2% polox-
amer 407 solution as compared with the HEPES buffer solution.
Interestingly, the leakage of pdT16 from PC:CHOL liposomes
after 0.5, 2 and 4 hours was greater than from PC:CHOL: PEG-
DSPE vesicles. However, after 24 hours, the percentage of
pdT16 released was similar for both formulations.

DISCUSSION

In an attempt to develop a controlled delivery system for
ocular administration of antisense oligonucleotides, we have
designed a new formulation based on the dispersion of lipo-
somes containing a model oligonucleotide within poloxamer
407 gels.

An electron microscopy study revealed that the liposomes
dispersed within gel corresponded to oligolamellar vesicles.
This morphology, as well as the polarity of pdT16 and its high
molecular weight (around 5 kDa) would help to explain the siow
diffusion of the oligonucleotide molecules across the liposomal
phospholipid bilayers during storage. Electron microscopy stud-
ies also demonstrated that liposomes were, surprisingly, intact
within a 27% poloxamer gel. This is in accordance with the
observed slow release of pdT16 from the 27% poloxamer gel
containing liposomes stored at +4°C. In contrast, the dispersion
of liposomes within a dilute 2% poloxamer solution (to mimic
in vivo situation after gel dissolution in tears or in the vitreous
humor) resulted in a considerable leakage of pdT16 from lipo-
somes. Thus, it appeared that poloxamer 407 exhibited a quite
different behavior depending on its concentration in the formu-
lations. Poloxamer 407 is a non ionic copolymer of polyoxy-
ethylene and polyoxypropylene exhibiting surfactant properties
(11). Several authors (13—14) have reported that the preincuba-
tion of diluted poloxamer solutions with liposomes resulted
in destabilization of the vesicles. At low concentration, the
copolymer chains possess a greater fluidity and the insertion
of the diblock polymer into the phospholipid bilayer could lead
to the formation of pores or regions of membrane fluidity
through which the oligonucleotide could leak. With respect to
the influence of the liposomal composition, our studies revealed
that PC:CHOL:PEG-DSPE liposomes were less sensitive to
poloxamer than PC:CHOL vesicles: the incorporation of PEG-
DSPE in the phospholipid bilayer reduced the leakage of pdT16
during the first 4 hours of the experiments and PEG-DSPE
provided a steric barrier described by Torchillin et al. (15). This
effect was limited to the first hours of incubation and the results
obtained after 24 hours clearly showed that PEG-DSPE did not
permit a permanent repulsion of the poloxamer chains.
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Table 1. Release Kinetics of pdT16 from PC:CHOL and PC:CHOL:PEG-DSPE Liposomes Incubated in HEPES Buffer or
2% Poloxamer 407 Solution at +37°C

pdT16 leakage (%)

Time (hours)

Formulation composition” 0.5 2 4 24
PC:CHOL (HEPES buffer) 13.5 = 2.1 172 1.9 19.2 ~ 3.2 276 £ 29
PC:CHOL (2% poloxamer solution) 50.8 = 34 592 £ 18 67.1 =22 68.9 + 3.6
PC:CHOL:PEG-DSPE (HEPES bufter) 14.1 = 2.1 12.1 £ 25 100 £ 23 229+ 30
PC:CHOL:PEG-DSPE (2% poloxamer solution) 342 = 32 394 x 14 47.0 + 2.9 653 + 2.0
“ Molar ratio is 70:30 for PC:CHOL and 64:30:06 for PC:CHOL:PEG-DSPE. The experiments were realized at +37°C (n = 3).

The destabilization effect of poloxamer was dramatically
reduced when higher polymer concentrations were used (20%
or 27%). At 27%, the poloxamer preparation became highly
viscous and gelified and the mobility of the copolymer chains
supposedly could be greatly decreased. Interactions between
the polyoxypropylene chains occurred preferentially, whereas
interactions between the polyoxypropylene chains and the phos-
pholipid bilayer decreased. In addition, at high concentration
(27%), poloxamer appeared to have an interesting inhibitory
effect on liposome aggregation.

The potential of the poloxamer gel containing dispersed
liposomes to control the release of oligonucleotide was investi-
gated in vitro. A study of the influence of poloxamer 407
concentration (20% or 27%) on pdT16 release kinetics from
poloxamer gels showed that pdT16 release was more rapid with
the lower (20%) poloxamer concentration. This was probably
related to the reduction of the number and size of the micelles
within the gel structure leading to a decrease in gel rigidity
and increasing gel dissolution. Comparison of the pdT16 release
from the different formulations and the dissolution of poloxamer
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Fig. 4a. Comparison between the kinetics of dissolution of 27% polox-
amer gels (—Ml—), and the release of pdT16 from 27% poloxamer
gels without liposomes (—A~) or from liposomes dispersed within
27% poloxamer gels (—O—). (n = 3).

gels suggested that the dissolution of the copolymer was the
major factor controlling pdT 16 release from the gel and from
the liposomes dispersed within the gel (Fig. 4a). Indeed, for
liposomes dispersed within the 27% poloxamer gel, the percent-
age of pdT16 released (free or still encapsulated) was directly
correlated with the weight percentage of poloxamer gel dis-
solved (T1/2 poioxamer dissolution = .13 hours and T1/2 4116 retcasea =
4.81 hours). In the case of frec pdT16 within a 27% poloxamer
gel without liposomes, the release kinetic of pdT16
(T1/2 put16 reteased = 2.45 hours) was, however, more rapid than
the dissolution kinetic of the gel. This indicated that in the case
of gel devoid of liposomes, pdT16 release was also affected
by the diffusion of the oligonucleotide through the aqueous
channels within the gel, in addition to gel erosion (Fig 4a). It
is obvious that in the case of liposomes dispersed within the
gel, the simple diffusion of the vesicles through the aqueous
channels of the copolymer was not possible. In the case of 20%
poloxamer gel. the dissolution (T1/2 = 1.45 hours) was more
rapid, thus explaining why it was the only factor affecting

pdT16 release (Fig. 4b).
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Fig. 4b. Comparison between the kinetics of dissolution of 20% polox-
amer gels (—IMl—), and the release of pdT16 from 20% poloxamer
gels without liposomes (—A—) or from liposomes dispersed within
20% poloxamer gels (—O-—). (n = 3).
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Measurement of the amount of free or encapsulated pdT16
released showed that free pdT16 was predominant in compari-
son with pdT16 released still encapsulated within liposomes.
The presence of liposomes in the release medium could be
explained by the fact that the dissolution process of gels was
controlling the release. However, the erosion of the gel also
causes the release of soluble polyoxyethylene-polyoxypropy-
lene into the incubation medium. After complete dissolution of
the 27% gel, the poloxamer concentration in the medium was
2%. Under these conditions, due to its surfactant properties,
this poloxamer would induce destabilization of the phospholipid
vesicles, thus explaining the leakage of pdT16 from the lipo-
somes released from the 27% poloxamer gel. The same conclu-
sion may be drawn concerning liposomes dispersed within 20%
poloxamer gels: during the first 6 hours of incubation, the
amount of the liposomal form of pdT16 increased in the release
medium in parallel with the dissolution of the copolymer, but
after this time point the 20% gel was completely dissolved, so
all the vesicles were in contact with a dilute poloxamer solution,
thus leading to liposome destabilization and release of the oligo-
nucleotide. However, when liposomes were dispersed within a
27% poloxamer gel, the amount of pdT16 still encapsulated
within liposomes remained constant (around 25%) between 8
hours and 24 hours, whereas the amount of free pdT 16 increased
(Fig. 3a). This may be explained by the complete dissolution
of 27% poloxamer gel occurring between 8 hours and 24 hours,
thus causing pdT16, still encapsulated within liposomes, to be
released in the aqueous medium during this period.

In conclusion, we have developed a new delivery system
based on the dispersion of sterically stabilized liposomes within
a thermosensitive gel. Whereas the liposomes can be considered
to prevent the diffusion of oligonucleotides in the gel, polox-
amer dissolution was found to control the release process. As
a result of these properties, this new delivery system may have
great potential for ocular administration of nucleic acids.
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