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Abstract. It is wel known, that serum components destahilize liposomal membranes.
Therefore, most in vitro transfection protocols avoid serum, which make the extrapolation to in vivo
situations difficult. In this study, we investigated the stability of different anionic liposomal
formulations including AVEs (Artificid Vira Envelopes) in 100% fetal cdf serum (FCS) by
measuring the efflux of the entrapped carboxyfluorescein (CF). The results suggest that lysis of AVE
liposomes in serum can be decreased by incorporating sphingomyelin (SM) in the liposomal
membrane and wsing highly li pid doses.
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INTRODUCTION

Liposomes and lipid-based drug delivery systems have been used extensively
over the last decade to improve the pharmacological and therapeutic activity of a
wide variety of drugs. More recently, this classof carrier system has been used for
the delivery of relatively large DNA and RNA-based drugs, including dasmids,
antisense oligonuclectides and ribozymes. Non viral, lipid-based vectors have
attracted particular attention in the field of gene therapy for a number of reasons,
including safety, lack of antigenicity, versatility, and ease of handliing [18, 19].
Miller et al. [25] have designed anionic liposomes, based on the composition of
anionic retroviral envelopes [7] (AVES), which display goad transfection efficiency
for cultured cells in the presence of serum. These AVE liposomes have spedal
fusogenic properties, allowing them to transport encapsulated o associated drugs
into cells. Also, AVE liposomes effectively transport protaminecomplexed-
oligonucleotides into HepG2 cells [23, 35]. Liposomal gene delivery system with a
net negative surface potential should exhibit less nonspecific tissue uptake and a
better overall biocompatibility than cationic carrier systems [28]. However, the
potential use of non-viral vedors as gene carriers by intravenous injection is
limited by their low stability in bloodstream. Therefore, most in vitro transfedion
protocols avoid serum, which make the extrapolation to in vivo situations difficult.
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The stability of liposomes in the presence of serum can be thought as a first
approximation to gain insight into the behavior of liposomes in biological fluids.
To optimize the potential of AVE liposomes as gene carriers, it is important to
characterize their stability in terms of controlled release of their contents in vitro,
simulating physiological conditions in vivo [2]]. In the present work, we have
quantified the disruptive effects of 100% FCS on the tested liposomes and have
studied whether modifications (phosphatidylchdine (PC), sphingomyelin (SM),
and chdesterol (CHOL) content) in their phosphdipid composition might produce
liposomes with an increased carrier potential for application in vivo.

MATERIALSAND METHODS

1,2-dilauroyi-sn-glycero-3-phosphoethandamine (DLPE), dioleoyl phosphatidyl
saine (DOPS, 1,2-dioleoyl-sn-glycero-3-phosphochdine (DOPC) and Bovine
sphingamylin (SM) were obtained from Avanti Polar-Lipids Inc. (Ottawa, Canada).
Tris ultra pure buffer and sodium deoxycholate were obtained from ICN
Biomedicals. 4(5)-carboxyfluorescein (CF) was purchased from Fluka (Germany).
All reagents were of analytical reagent grade.

PREPARATION OF LIPOSOMES

AVE™-3 liposomes are composed of equimolar amounts of DLPE, DOPS
and CHOL [35]. Liposomes were formulated according to the well-established
method d extrusion [32]. In short, the appropriate phospholipid composition was
mixed in arganic solvent (chloroform) in a 50 ml round flask. The organic solvent
was evaporated to drynessby a Mini-Rotavapor. The resulting thin lipid film was
hydrated with tris buffered saline (10 mM, 140 mM NaCl) containing 1200 mM CF
at pH 7.4. The resulting lipid suspension was extruded through 200 nm nucleopore
membranes, using a commercially available extruder device (Liposofast, Avestin
Inc., Canada). Particle size measurement was dore by dynamic laser light
scattering and the size was approximately in the range of 200+ 30 rm. Free CF
was removed by dialysisin Tris buffered saline containing 10 mM Trisand 140 mM
NaCl at pH 7.4 after extrusion [26].

LIPOSOME STABILITY ASSAY

Liposome stability is defined as their capability to retain the structural
integrity of the lipid bilayer and prevent leakage of their aqueous contents [38].
Therelease experiments were run immediately after the separation d free CF from
encapsulated CF in liposomes. The liposomes were incubated with 100% FCS at
37 °C. At indicated time points, 10 pl of the suspension were diluted 200 times
with Tris buffered saline and the fluorescence intensity (F; excitation at 470 m,
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emisson at 520 nm) was measured on Spedrofluorometer LS 50B. To lyse
liposomes completely, 20 pl of 10% sodium deoxycholate was added and the total
fluorescence Fiotal (correspondng to 100% release) was measured. The percentage
of CF release was calculated by dividing F by Ftota. A plot of % CF release versus
time was linear until approx. 20-30% CF remained trapped in liposomes,
indicating that the initial 70—8®6 of leakage is a single exponential process
Estimates of half-timet, (time at which 50% of CF is still encapsulated) was made
from the initial linear portion d the curve [20].

RESULTSAND DISCUSSION

The half time for 100 mM CF from osmotically stable liposomes in the
presence of buffer or serum at 37 °C was examined and the results are presented in
Table 1. Comparison between liposomes incubated with 100% FCS or Tris
buffered saline showed that serum promotes CF release from liposomes. The t,
were 23.85 hrs and more than 451 hrs for DLPE/SM/PS/CHOL (1:1:1:1) liposomes
in 100% FCS and Tris buffered saline, respedively (Table 1). Thisistruein ather
tested samples, that the release is very slower in Tris buffer saline than in 100%
FCS (Table 1). These results agree with previous data [2, 9] and might be due to
the transfer of lipids from liposomes to high-density lipoproteins (HDL), which isa
major factor responsible for the disruptive dfed of serum on the integrity of
liposome bilayer. The process of this lipid transfer seans to be mediated by
apolipoproteins [14, 29, 34]. Moreover, liposomes are diminated from circulation
by assciation with certain plasma proteins, called opsonins, which promote
macrophage uptake, or by direct adsorption to the cell surface and ultimate
phagocytosis by macrophages in liver and spleen [24]. Activated complement
components also induce liposome leakage by forming pores in the liposomal
membrane [13, 17].

Tablel

Half-time of leakage for CF from liposomes measured at 37°Cin 100% FCS and in Tris-buffered
saline (10 mM Trisand 140 mM NaCl & pH 7.4).

Half-leakage times (t,) hrs

Sample 100% FCS Tris-Buffer
DLPE+PC+PS+CHOL (1:1:1:1) Img/ml 1332+ 0.55 | 5877+ 1.26
DLPE+PC+PS+CHOL (1:1:1:1) 0.33 mg/ml | 12+ 0.23 555 + 0.53
DLPE+PC+PSFCHOL (1:2:1:1) Img/ml 1892+ 0.7 10457+0.1

DLPE+PC+PS+CHOL (1:2:1:1) 0.33 mg/ml 148+ 0.24 79.06+ 0.3
DLPE+SM+PS+CHOL (1:1:1:1) 0.25mg/ml | 2385+ 7.7 > 451

DLPE+PSFCHOL (L1:1:1) 0.33 mg/ml 125+5 1276+ 232
DLPE+SM+PS(L1:1) 1 mg/ml 4+1
DLPE+SM+PS(L:1:1) 0.33 mg/ml 1.916+0.02 | 458+ 0.8

DLPE+PS(L:1:1) 0.33 mg/ml 0.97+019 | 20.386
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The SM containing liposomes were more stable than ather tested liposomes.
The ty, in 1000 FCS were 23.85 hrs, 14.8 hrs, 12 hrs and 125 hrs for DLPE
/SM/PSICHOL (1:1:1:1), DLPE/PC/PS/ICHOL (1:2:1:1), DLPE/PC/PS/CHOL
(1:1:1:1), and DLPE/PS/CHOL (1:1:1:1), respectivey (Fig. 1). Including sphingamyelin
in liposomes deaeased the rate of transfer of lipid to HDL, leading to the increased
stability of these liposomes. This can be interpreted as being due to intermoleaular
hydrogen bondng between the sphingosine back-bones of the sphingamyelin
moleaule [1]. Sphingamyelin (SM) has a moleaular shape and hydration properties
similar to PC, but, in the presence of cholesterol, SM is thought [22, 37] to be
involved in domain formation and be enriched in detergentresistant membranes or
“rafts’ [30, 33]. SM and CH (1/1) complexes form stable, well-packed lamellar

structures [12)].

1- DLPE+SM+PS+CHOL (1:1:1:1)
35— 2- DLPE+PC+PS+CHOL(1:2:1:1)
] 3- DLPE+PC+PS+CHOL(1:1:1:1)
304 4- DLPE+PS+CHOL(1:1:1)
25

20

T

10

Time (hr) of 50% Release

Fig. 1. — Half-leakage times (t,,) for CF from different liposomal formulations incubated with 100%
FCSat 37 °C.

Like PC, SM has phasphocholine as its zwitterionic polar headgroup. In PC,
both hydrocarbon chains are ester-linked to a glycerol backbone, the sn-1 chain
usualy is sturated (e.g. palmitate or stearate), and the sn-2 chain usually contains
one or more cis double bonds. In contrast, in SM, the sphingad base serves the
dual role as both interfacial backbone and nonpolar hydrocarbon chain. Structural
features that may impact on SM’s ability to form spedalized membrane
environments include an abundance of long, saturated acyl chains that sometimes
provide marked intramoleaular chain-length asymmetry and interfacial functional
groups that can donate and accept hydrogen bords with neighboring lipids [6].
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Cholesteral is likely to act as a phosphachadli ne headgroup spacer because the
sterol palar headgroup is small compared to SM/PC'’ s phosphocholine.

Thereis intermoleaular hydrogen bondng between chalesterol’s 3-OH group
and SM’s amide group [5]. The C-N bord o an amide has enhanced ionic
character and diminished rotational capacity compared to the C-O bord of an ester
[36]. This difference may help stabilize interfacial hydrogen bonds between
cholesterol and SM. SM is one of the few naturally occurring membrane lipids
whose fluid-gel coexistence region is poised close to mammalian physiological
temperature.

Figure 2 shows that the presence of cholesterol in liposomes deaeases the
liposome leakage and consequently, increases their half-life times. The t, were
2385 hrs, 1.916 hr for DLPE/SM/PSCHOL (1:1:1:1), DLPE/SM/PS (1:1:1),
respectively. Also, the t, were 12.5 hrs, 0.97 hr for DLPE/PS/CHOL (1:1:1) and
DLPE/PS (1:1), respectively. It is known, that cholesterol inhibits the phospholipid
exchange of liposomes with HDL [8, 15, 17] and association with serum proteins
that facili tates the uptake of liposomes by the reticuloendothelial system (RES) [3,
4]. Incorporation of cholesterol in liposomes is known to padk the phosphdipid
moleaules above their phasetransition temperature and reduce permeability to
solutes [27]. It has been suggested that the increased packing o phospholipids by
chalesterol can also prevent their removal by plasma high-density lipoproteins and
preserve liposomal stability in the presence of serum [11].
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Fig. 2. Effect of CHOL on % CF release from different liposomal formulations,
incubated with 100% FCS messured at 37 °C.
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Longer circulation times of liposomes in vivo were observed with higher lipid
doses and this is due to saturation d the reticuloendothelial system (RES) uptake
or a decrease in serum protein levels on the surface of the liposome that can then
lower the probability of liposome uptake by RES [20, 21, 31]. The t, were 4 hrs
and 1.916 hr for DLPE/SM/PS(1:1:1) sample of lipid concentrations 1 mg/ml and
0.33 mg/ml, respectively, after incubation with 100% FCS at 37 °C (Fig. 3). Also,
the t, were 18.92 hrs and 14.8 hrs for DLPE+PC+PS+CHOL (1:2:1:1) sample of
lipid concentrations 1 mg/ml and 0.33 mg/ml, respedively (Fig. 3).
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Fig. 3. Effect of lipid concentration on % CF release from different li posomal formulations,
measured at 37 °Cin 100% FCS.

CONCLUSION

Because of the fast progress of nucleic acid-based techndogies in the
treatment of diseases, the @l for appropriate delivery vehicles becomes
increasingly important. One of the problems confronting researchers who wish to
use liposomes in the treatment of disease is the rapid removal of liposomesin vivo.
The ideal vehicle should avoid immediate uptake by the mononuclear phagocyte
system and have prolonged circulation in blood, thus increasing the probability of
reaching the desired targets. In addition, the vehicle should be able to ddliver its
contents efficiently into the cell cytoplasm, avoiding lysosomal degradation [32].

There are biological reasons for the lower stability of some AVE liposome
compositions compared to the stability of conventional liposomes. These reasons
include for example, that viral envelopes, which were the basis for the devel opment
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of AVE, are more prone to be attacked by complement system, because the body
may have been exposed earlier to this type of viral membranes. One of the lipid
components of AVE is a negatively charged lipid, and it is known, that negatively
charged liposomes bind to and are endocytosed by cells to a greater extent than
neutral liposomes [10, 14]. For example, PS-containing liposomes are taken up by
scavenger receptors [16]. We found that DLPE/SM/PS/CHOL (1:1:1:1) liposomal
formulation is the most stable formulation in FCS among the examined liposomal
formulations.

In conclusion, the high lipid doses and the t,, values of DLPE/SM/PSCHOL
(2:1:1:1) liposomes may be sufficient for the targeting o these liposomes to special
cdl types using receptor-sensitive ligands thereby enhancing localized uptake of
drugs into cells of interest, especially if one considers therapid blood circulation in
mammals.
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