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PREFACE

Volume 4 presents recent research on liposomes based on their historic and

experimental realization. Many of the contributing authors working with liposomes

over many decades were in close collaboration with the late Prof. H. Ti Tien, the

founding editor of this book series.

Spherical vesicles, or liposomes, were first discovered by A. Bangham around

40 years ago. It was he who first noticed the spontaneous formation of these

closed bilayer structures when phospholipids were introduced to an aqueous

solution. Liposomes are known in two basic types, unilamellar and multilamellar.

Unilamellar liposomes are further subdivided into small unilamellar vesicles

(SUV) and large unilamellar vesicles (LUV). Initially, liposomes were used pri-

marily as a model for the cell membrane. Similar to the planar lipid bilayer mem-

branes (BLMs) already in use, liposomes self-assembled from different kinds of

phospholipids. Liposomes, however, offered advantages like stability and low-

cost assembly over the conventional planar lipid BLMs. As a model system,

liposomes were used to study lipid–protein interactions, membrane function, and

structural properties.

As more experiments were done over the last four decades, liposomes grad-

ually emerged as a suitable delivery system for drug molecules, proteins, nuc-

leotides, and plasmids. A number of things make liposomes ideal delivery

systems. First, they are nontoxic and biodegradable. Second, they are readily

modifiable with regards to size, composition, and charge. Third, liposomes deliver

their loads in a process that mirrors endocytosis. Because loads are delivered

directly into the target cell, less of the ‘‘load’’ material (which can be very ex-

pensive) is required. Finally, liposomes can carry hydrophilic and hydrophobic

loads simultaneously because loads can be stored both inside the bilayer lipid

membrane (hydrophobic) and within the aqueous core (hydrophobic).

Perhaps, the most promising area of liposome research is targeted delivery.

Primarily, targeting is achieved by modifying the lipid bilayer of the liposome with

specific antibodies. Once in the body these liposomes will seek out cells that have

corresponding receptors (or antigens). Another way of targeting the liposomes,

utilizing magnetic forces, has been experimented with as well in animals. In this

method, particles of iron oxide are put into liposomes along with the load. Mag-

nets are then placed near the area of interest and serve to draw the liposomes

toward that area.

In order for liposomes to circulate long enough in the body for achieving a

desired effect, further modifications must be made. Conventional liposomes are

quickly identified by the body’s immune system, namely macrophages, and are

eliminated. Compounds like polyethylene glycol (PEG), when embedded in the

liposomes’ bilayer membrane, are able to trick these defenses and increase

ix



circulation time. PEGylated (aka ‘‘stealth’’) liposomes work because the spa-

ghetti-like PEG molecules which trail out from the liposome attract water mol-

ecules and form an aqueous cloak. Macrophages ignore these ‘‘blobs’’ of water,

thus sparing the liposomes and their valuable cargo can continue to slip by the

body’s defenses.

So we can ask a question: Where are liposomes headed? Certainly they will

continue to serve as a model for biological membranes. Once suitable electrical

measurement tools exist on the nano-sized level, one could expect that lipo-

somes will be used to study electrical properties and become even more useful

as a model. In addition, much more research is underway in perfecting targeted

delivery and experimenting with different loads, like DNA. Gene therapy offers

tremendous hope for the treatment of many diseases. Immunoliposomes are a

big part of that because they can carry their loads not only in normal circulation

but across the formidable blood–brain barrier. More research of liposomes and a

promise land of clinical applications that is the future of this exciting scientific

field. Also, the interaction of planar lipid bilayers and spherical liposomes is one of

the focuses in the scientific community for the present and for the near future.

Volume 4 of this serial continues to include invited chapters on a broad range of

topics, ranging from theoretical research to specific studies and experimental

methods, but also refers to practical applications in many areas dealing exclu-

sively with liposomes. The author(s) of each chapter present the results of his/her

laboratory. We continue in our endeavor to focus on newcomers in this inter-

disciplinary field, but we welcome contributions of experienced scientists. We

also try to focus on both fields: planar lipid bilayers and spherical liposomes in the

further development of this scientific research worldwide. That has been one of

the leading ideas of the late Prof. H. Ti Tien in establishing this book series. The

contributed chapters are separate entities to themselves, but they have one

common feature. They are based on spherical liposomes and their practical ap-

plications. We are grateful to all contributors for their willingness to write these

chapters on liposomes in memory of the late Prof. H. Ti Tien; it is very much

appreciated by the whole scientific community.

The first stage of editorial work on this volume was still based on a joint effort of

the late Prof. H. T. Tien and me. I would like to express my gratitude to everybody

who contributed a chapter to this volume. I value the support of the people at

Elsevier, especially their understanding and help immediately after the unex-

pected death of Prof. H. Ti Tien. We will try our best to keep this series alive in

both fields covering the planar lipid bilayers and spherical liposomes. In this way

we continue to pay our respect to the scientific work and achievements of Prof. H.

Ti Tien.

Angelica Leitmannova Liu

(Editor)
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CHAPTER 1

Lipid Microvesicles: On the Four Decades of

Liposome Research

Hui-Fang Cui,1 Jian-Shan Ye,1 Angelica Leitmannova Liu2,3,� and
H. Ti Tien2

1Department of Biological Sciences, National University of Singapore, 14 Science Drive 4,

Singapore 117543, Singapore
2Membrane Biophysics Laboratory, Department of Physiology, 2201 Biomedical and

Physical Sciences Building, Michigan State University, East Lansing, MI 48824, USA
3Center for Interface Sciences, Slovak University of Technology, Faculty of Electrical

Engineering and Information Technology, Department of Microelectronics, Bratislava,

Slovak Republic
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Abstract

In the past four decades, liposome research in areas ranging from biophysics and bio-

reactors to medicine has been growing. This chapter focuses on the formulation devel-

opment of liposomes as pharmaceutical carriers in the past 10–15 years. One of the major

breakthroughs in the evolution of liposomal formulation is the development of sterically

stabilized liposomes (SSL) by coating liposomes with polymer. This can sterically hinder a

variety of interactions at the bilayer surface, so that the liposomes can escape the rapid

uptake by macrophage cells of reticuloendothelial system, and circulate in the blood

stream for a long time and passively target into sites of tumors, infection, and inflammation

characterized by the presence of a leaky vasculature. With the successful development

of SSL, it has been possible to investigate strategies of site-specific targeting and

triggered drug release. To obtain elevated abnormal-to-normal tissue biodistribution

ratio, active site-targeting liposomes were developed by attaching antibodies or ligands to

�Corresponding author. Tel: +1517355-6475 Ext. 1347 or 1145; Fax: +1517432-1967 or

+1517355-5125;

E-mail: ottova@msu.edu
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the exterior surface of the polymer coating or directly to the liposome surface by chemical

conjugation. In addition, several promising strategies of active triggered intracellular de-

livery of liposomal drugs have emerged, including external light and thermal triggering and

endogenous pH and enzyme triggering. By adjusting the lipid composition and by the

combination of all these strategies on a single liposome pharmaceutical carrier, a prom-

ising method for optimizing the therapeutic effect of liposomal drugs is emerging.

ABBREVIATIONS

ADM adriamycin

AELs anticancer ether lipids

AlPcS4 aluminumphthalocyanine tetrasulfonate

BChl bacteriochlorophyll

BPD benzoporphyrin derivatives

CHEMS cholesterol hemisuccinate

Chol cholesterol

CS chondroitin sulfate

DC-Chol 3b[N-(N0,N0-dimethylaminoethane)-carbamoyl] cholesterol

DODAP dioleoyl dimethylammonium propane

DOPE dioleoylphosphatidylethanolamine

DOTAP dioleoyl-3-trimethylammonium propane

DOTMA N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium

chloride

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DPPlsC 1,2-Di-O-hexadec-1’(Z)-enyl-sn-glyceryl-3-phosphocho-

line

DSPC distearoylphosphatidylcholine

DSPE distearoylphosphatidylethanolamine

DSPE-PEG-COOH distearoyl-N-(3-carboxypropionoyl poly(ethylene glycol)

succinyl)phosphatidylethanolamine

DSPG distearoylphosphatidylglycerol

EGFR epidermal growth factor receptor

EPC egg phosphatidylcholine

FA-Cys-PEG-PE folic acid-cysteine-polyethyleneglycol-phosphatidylethanola-

mine

FR folate receptor

Gal-C4-Chol cholesten-5-yloxy-N- (4- ((1-imino-2-b-D-thiogalactosyl-

ethyl)amino)alkyl)formamide

GM1 GM1 ganglioside

HSPC hydrogenated soy phosphatidylcholine

HSV-1 herpes simplex virus 1

IL-2 interleukin-2

ILS increased life spans

LCST lower critical solution temperature

LDL low-density lipids

H.-F. Cui et al.2



LLO listeriolysin O

Mal-PEG-DSPE maleimide-derivatized poly(ethylene glycol)-distearoyl-

phosphatidylethanolamine

Man-C4-Chol cholesten-5-yloxy-N-(4-((1-imino-2-b-D thiomannosyl-

ethyl)amino)alkyl)formamide

MLVs multilamellar vesicles

MPEG methoxypoly(ethylene glycol)

mPEG-DSPE mPEG-modified-1,2-distearoyl-3-sn-

glycerophosphoethanolamine

mPEG-SS-DSPE N-[2-g-methoxypoly(ethylene glycol)-K-aminocarbonyl-

ethyl-dithiopropionyl]-DSPE

NGPE N-glutaryl-distearoylphosphatidylethanolamine

NPCs nonparenchymal cells

OA oleic acid

PAA poly(acry1 amide)

PacM poly(acrylol morpholine)

PC phosphatidylcholine

PCs parenchymal cells

PE phosphatidylethanolamine

PEG polyethylene glycol

PEG-DSPE poly (ethylene glycol)-modified 1,2-distearoyl-3-sn-

glycerophosphoethanolamine

PEG-PE PEG-phosphatidylethanolamine conjugate

PG phosphatidylglycerol

Ph(+) ALL Philadelphia chromosome-positive acute lymphoblastic le-

ukemia

PI phosphatidylinositol

PLA2 phospholipase A2

poly NIPAM-co-MAA N-isopropylacrylamide-methacrylic acid copolymer

PVP poly(viny1 pyrrolidone)

RES reticuloendothelial system

SCR surface charge regulation

SSL sterically stabilized liposomes

Tf transferrin

TfR transferrin receptors

TRX-20 3,5-dipentadecycloxybenzamidine hydrochloride

ULVs unilamellar vesicles

VIP vascoactive intestinal peptide

ZnPC zinc phthalocyanine

1. INTRODUCTION

Since liposomes with solutes entrapped by closed bilayered phospholipids were

produced by Alec Bangham [1] in 1965, numerous groups around the world have

Lipid Microvesicles: On the Four Decades of Liposome Research 3



been involved in liposome research, in areas ranging from biophysics and bio-

reactors to medicine. Several books have extensively reviewed liposome devel-

opment in the years between 1965 and 2000 [2–6]. The extensive research

interest in liposomes has resulted in significant breakthroughs for the application

of liposomes in medicine, particularly for the liposomal drug delivery. One of the

reasons for liposomes to be considered as attractive vehicles for drug delivery is

their ability to encapsulate and deliver large quantities of an unmodified drug in a

single container. During the last 15 years, several liposomal drugs have been

approved. The successful use of liposome as drug carriers and vaccines and in

gene delivery depends entirely on both their formulation and the method of prep-

aration [7]. The research interest in liposomology is still very high, and the for-

mulation of liposomes, and the methods for the preparation, and the application of

liposomes are so diverse that it is impossible to cover all the pertinent issues in

this chapter. Thus, we will attempt to focus on the important achievements in the

field of liposomal pharmaceutical carriers in the past 10–15 years as well as on the

challenges that remain to be addressed and need a lot of effort to overcome.

2. FORMULATION DEVELOPMENT OF LIPOSOMES AS
PHARMACEUTICAL CARRIERS

Predominately, liposomes are aggregated from amphiphiles, possessing both hy-

drophilic and hydrophobic groups. Liposomes may be composed of one to several

hundreds of concentric bilayers, which consist of unilamellar vesicles (ULVs) and

multilamellar vesicles (MLVs). The size of liposomes ranges from 20nm to several

micrometers, while the thickness of a single lamella is around 4nm. Each lamella

has a bilayered structure with the polar heads of the amphiphiles, e.g. phospholipids,

on the surface of either side of the lamella, with the nonpolar tails shielded from

water in the interior of the lamella. The formulation of liposomes can be adjusted

to manipulate liposomal physicochemical properties, such as stability, permeability,

phase behavior, and biological properties, including longevity, biodistribution, phar-

macokinetics, and pharmacodynamics. The therapeutic index of liposomal drugs

is greatly influenced by formulation characteristics such as particle size, lipid phase

behavior, drug encapsulation method, and the presence of targeting elements.

Before 1985, despite much research progress in the field of liposomal drug

carriers, researchers realized that one hurdle was to find methods to prevent the

body from breaking down liposomes while they were still in the bloodstream and

before they reached a site of action. Conventional liposomes are limited in effec-

tiveness because of their rapid uptake by macrophage cells of the reticu-

loendothelial system (RES), predominantly in the liver and spleen [8–12]. Various

attempts have been made to create a longer circulation of liposomes in vivo for

sustained drug release. The early attempts included incorporation of specific

glycolipids such as GM1 ganglioside (GM1) [13,14] and phosphatidylinositol (PI)

H.-F. Cui et al.4



[15] as a stabilizing component, into liposomes. The promoted increase of circu-

lation time by GM1 and PI was interpreted in terms of a ‘‘shielded charge’’, since all

these glycolipid molecules have a head group with negative charge, which is

sterically hindered by a large carbohydrate residue with respect to charge–charge

interaction [6]. This concept was later generalized and long-circulation liposomes

were termed as sterically stabilized liposomes (SSL), indicating liposomes that

sterically inhibit a variety of interactions at the bilayer surface, including hydro-

phobic penetration by bulky proteins [16]. Notable success with regard to SSL was

not achieved until 1990, when two groups (Huang’s group [17] and Cevc’s group

[18]) separately reported the long circulation of polyethylene glycol (PEG)-coated

liposomes, which eventually superseded the use of the GM1- and PI-coated lipo-

somes. The name ‘stealth (sterically stabilized) liposomes’ (‘stealths liposome’ is a

registered trademark of Liposome Technology, Inc.) has been given to this new

class of liposomes [19]. The long-circulating SSL can passively target sites of

tumors, infection, and inflammation characterized by presence of a ‘leaky’

vasculature that represents useful applications for drug delivery [20]. With the

remarkable achievement of SSL, liposomes for triggered drug release as well as

site-specific targeting to further improve therapeutic index have been developed

rapidly in the fourth decade of liposome evolution.

2.1. Sterically stabilized liposomes

Since the development of the PEG-SSL in 1990, long-circulating liposomes have

been investigated in detail and have been used in clinical practice [21,22]. It was

reported that PEG-phosphatidylethanolamine (PE)-incorporated liposomes com-

posed of phosphatidylcholine (PC)/cholesterol (Chol) (1:1) [17] or only PC [23]

remained in the blood circulation 8–10 times longer than liposomes without in-

corporation of PEG-PE. The half-lives (T1/2) of the PEG-liposomes after an i.v.

administration, are between 5 and 13.8 h, while those of normal liposomes

are approximately 0.6 h [17,23]. Compared to GM1, which is derived from bovine

brain, and hydrogenated PI derived from soybeans, PEG-lipid is a much more

acceptable and accessible preparation for clinical applications [6]. In addition,

PEG-PE’s activity to prolong the circulation time of liposomes is greater than that

of GM1 [17]. It has been shown that both the PEG chain length and the PEG chain

density [23] on the liposome surface are important to the half-life of the SSL in

circulation [6], while the composition of the bulk lipid bilayer allows more flexibility

without influence on T1/2 [23,24]. The optimal effect for a long T1/2 is produced by

a PEG chain approximately 2000Da, at a density of about 5–8% of total lipids [24].

However, the T1/2 is not influenced by the bulk lipid fluidity and the presence of net

charges on the lipid membranes [23]. With regard to the influence of polymer

property on the T1/2 of liposomes, both computer simulation and experimental

results have suggested that an important feature of protective polymers is their

Lipid Microvesicles: On the Four Decades of Liposome Research 5



flexibility and hydrophilicity, which allow a relatively small number of liposome-

grafted polymer molecules to create a dense protective conformational cloud over

the liposome surface, preventing opsonizing protein molecules from coming in

contact with the liposome [25,26]. In contrast, a rigid polymer fails to form this

dense protective cloud, even when it is hydrophilic [25]. Early experimental results

have demonstrated that hydrophilic and flexible synthetic polymers other than

linear PEG, such as branched PEG, poly(acryl amide) (PAA), poly(vinyl pyrroli-

done) (PVP), poly(acrylol morpholine) (PAcM) [27], polyoxazolines [28], and

polyglycerols [29], when made amphiphilic by modification at one terminus with

long-chain fatty acyl or phospholipid residue, can be incorporated into the lipo-

some surface and make the liposome a long-circulating one [26]. In addition to the

polymer structure and property, the protection effects of the amphipathic poly-

mer–lipid conjugates also depend on the length of the hydrophobic ‘anchor’ [26].

According to the theoretical model proposed by Torchilin and Trubetskoy [26], the

scale of these effects might be interpreted in terms of the balance between

the energy of the hydrophobic anchor’s interaction with the membrane core and

the energy of polymer chain motion in the aqueous solution.

In the past decade, while PEG has remained as the gold standard for the steric

protection of liposomes [30], attempts to identify other polymers that could be

used to prepare long-circulating liposomes continue. For example, long-circulat-

ing liposomes were prepared using poly[N-(2-hydroxypropyl) methacrylamide)]

[31], poly N-vinylpyrrolidones [32], L-amino acid-based biodegradable polymer

[33], and polyvinyl alcohol-conjugated lipids [34]. The common features of these

polymers are flexibility, hydrophilicity, and low immunogenicity, similar to PEG.

Ongoing work in the field of SSL involves interest in increasing complexity by

addition of (1) selective targeting of ligands by chemical conjugation to the exterior

surface of the polymer coating, (2) capabilities for triggered intracellular release of

encapsulated agents into the cytoplasm, and (3) both simultaneously (see Fig. 1).

2.2. Liposomes for triggered drug release

Once liposomes target active sites by either passive or active targeting, a portion

of the liposomes is taken up by cells through receptor-mediated endocytosis [35],

caveolar uptake [36], and other internalization processes. For receptor-mediated

endocytosis, the major type of cell internalization mechanism of liposome and

liposomal drugs, the endosomes, transport their cargo to lysosomes, which may

result in degradation of the carried drugs if the drugs do not escape the harsh

endosomal/lysosomal environment [37]. This has stimulated investigations into

the development of new approaches for triggered intracellular release of encap-

sulated agents into the cytoplasm. Several triggering strategies have been pro-

posed to accomplish site-specific triggered drug release, including external light

and thermo-triggering and endogenous acid and enzyme triggering.

H.-F. Cui et al.6



2.2.1. pH-sensitive liposomes

pH-sensitive liposomes, which can release drug upon acid triggering, have been

one of the most extensively studied active triggering carriers for drug delivery.

One major type of cell internalization mechanism of liposomes and liposomal

drugs is endocytosis: the liposomes enter the endosomal/lysosomal pathway

[35]. Within the harsh environment of the lysosome, a variety of metabolic en-

zymes will degrade both the carrier and the drug [37]. In order to avoid the

intracellular degradation of the drug, the liposome once internalized should be

able to escape the endosomes, on its way to the lysosomes [38–40]. The acidic

microenvironment inside the endosome has led to extensive research on pH-

sensitive liposomes that can release the drug into cytosol upon acid triggering

b

b

Active-triggered 

liposome

Active site-targeting liposome 

Immunoliposome

Plain liposome SSL

Ligand attached 

liposome

c

e

a

a

d

a a

e

d

a
c

Combination of site-targeting and triggered release

Fig. 1. Diagrammatic illustration of the formulation development of liposomes as
pharmaceutical carriers from plain liposome to SLL by coating with flexible and
hydrophilic polymer (a); to form active-triggered liposome by incorporating stim-
uli-sensitive lipids (b) or polymer (c); to form active site-targeting liposomes in-
cluding immumoliposome by attaching Ab or Ab fraction (d) and ligand (e) directly
to liposome surface or to the terminus of polymer; and the combination of strat-
egies of site targeting and triggered release.
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through fusion between bilayer membranes of the endosome and liposome

[41–43]. The research on pH-sensitive liposomes focuses on the development of

new lipid compositions and liposome modification with pH-sensitive polymers.

Dioleoylphosphatidylethanolamine (DOPE) is a lipid with a small head group, and

is therefore an inverted cone-shaped lipid (see Fig. 2), which preferably adopts

inverted hexagonal phase HII at room temperature [44]. Owing to the structural

characteristics, DOPE alone cannot form a liposome, but incorporation of lipids

with large head groups, i.e. the cone-shaped lipids (i.e. micelle-forming lipids),

into DOPE can stabilize the DOPE vesicle and spontaneously lead to bilayer

structures (see Fig. 2) [40,45]. Most pH-sensitive liposomes have been the

DOPE-based liposomes. To facilitate membrane fusion at low pH, during the past

decade, researchers mixed DOPE with a variety of lipids, lipid derivatives, and

pH-sensitive polymers to form pH-sensitive liposomes. It has been proposed that

Cone shaped lipids

(i.e. micelle forming lipids)

(e.g. OA and CHEMS)

Cylindrical shaped lipids (e.g. PC)

Inverted cone shaped lipids 

(e.g. DOPE)

A lamella of a pH-sensitive

liposome

Fig. 2. Diagrammatic illustration of the assembly of a pH-sensitive liposomal
lamella. Owing to the structural characteristics, DOPE alone cannot form lipo-
some, while incorporation of lipids with large head groups, i.e. the cone-shaped
lipids into DOPE can stabilize the DOPE vesicle and spontaneously lead to
bilayer structure.
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mixing DOPE with a lipid or compound with an adequate pKa can produce lipo-

somes showing membrane fusion at low pH [46]. The protonation of a lipid at low

pH can lead to a decreased propensity for water binding, thus resulting in lipid

dehydration [40]. Since lipid hydration creates a steric barrier inhibiting, at short

distances, the close proximity between the membranes of the endosome and

liposome at short distances, the lipid dehydration can induce the disorganization

of the membrane and drug release into the cytosol [40].

Cone-shaped, mildly acidic amphiphiles, including diacylsuccinylglycerols,

more often, oleic acid (OA) and cholesterol hemisuccinate (CHEMS), have been

associated with DOPE to form pH-sensitive liposomes [46,47]. The mildly acidic

amphiphiles become protonated and thus partially dehydrated in an acidic en-

vironment. The dehydration of the amphiphiles leads to a change in their geo-

metrical shape from the cone shape to a cylindrical shape, and hence it

destabilizes the liposomes [39]. Collins et al. [47] demonstrated that liposomes

composed of DOPE and diacylsuccinylglycerols are pH-sensitive and are effec-

tive drug carriers in vitro. DOPE/OA and DOPE/CHEMS liposomes have been

extensively explored as pH-sensitive drug carriers, especially as carriers for

oligonucleotides [38,48]. Between these two liposome compositions, DOPE/

CHEMS liposomes have been demonstrated as attractive pH-sensitive liposomes

[39,49,50]. DOPE/OA liposomes are more sensitive to acid than DOPE/CHEMS

liposomes. While DOPE/OA liposomes release their content below pH 6.5,

DOPE/CHEMS liposomes become leaky below pH 5.5 [48]. In addition, DOPE/

OA liposomes are less stable in circulation because OA is much more easily

exchanged by serum proteins than CHEMS. Addition of cholesterol into the

DOPE/OA liposome formulation has been shown to greatly improve the stability

of in vivo administration [40]. Long-circulating pH-sensitive liposomes have been

achieved by adding PEG-lipid conjugates with cleavable PEG moiety into DOPE-

based liposomes [51–55].

Acid-labile PEG-lipid conjugates that by themselves form micelles have been

mixed with DOPE to stable liposomes at neutral pH. Thompson and his asso-

ciates [45,51,52] incorporated PEG-conjugated vinyl ether lipids into DOPE lipo-

somes. At pH o5, the vinyl ether bond is hydrolyzed, resulting in the removal of

the PEG moiety, so that the liposomes become fusogenic and transform to in-

verted hexagonal phase HII. Another well-known acid-labile bond, diortho ester,

has been used to attach PEG to lipid, by Guo et al. [53,54]. The diortho ester

bond has been originally proposed by Heller et al. [55] to synthesize degradable

polymers which can be degraded completely within l h at pH 5, and are reason-

ably stable at neutral pH.

pH-sensitive liposomes were also formulated from lipid and pH-sensitive poly-

mers. Meyer et al. [56] have incorporated derivatives of N-isopropylacrylamide-

methacrylic acid copolymer (poly NIPAM-co-MAA) into liposomes, which shows

marked temperature- and pH-dependent water solubility properties. This lipid/

poly NIPAM-co-MAA liposome destabilizes in acid environment resulting in the

Lipid Microvesicles: On the Four Decades of Liposome Research 9



release of its content, and maintains pH sensitivity in serum. The NIPAM copoly-

mer provides a pH-dependent steric barrier, increasing the liposome circulation

time in vivo [57]. Serum-stable, long-circulating PEGylated pH-sensitive lipo-

somes were also prepared by co-incorporation of PEG-lipid conjugate and ter-

minally alkylated poly NIPAM-co-MAA into liposomes [30,58]. In addition, the pH

sensitivity has also been combined with active ligand targeting for cytosolic drug

delivery for both folate and transferrin (Tf)-targeted liposomes [59–61]. To further

increase the efficiency of cytosolic delivery of liposomal drugs, Lee et al. [62] co-

encapsulated listeriolysin O (LLO), the hemolytic protein of Listeria monocyto-

genes that normally mediates bacterial passage from phagosomes into cytosol,

together with other molecules (fluorescence or ovalbumin) to be delivered into

pH-sensitive PE:CHEMS formulations of liposomes. Purified LLO is hemolytic

and shows increased activity at low pH [63,64] Both cytoplasmic fluorescence

(brightness and number of positive cells) and antigen presentation of ovalbumin

of cells are much stronger when incubated with pH-sensitive, LLO-encapsulated

liposomes than when incubated with pH-sensitive, non-LLO-encapsulated lipo-

somes or with pH-insensitive, LLO-encapsulated liposomes. The authors also

demonstrated that the viability of cells after liposome uptake was similar to cells

treated with buffer only.

Even though various formulations of pH-sensitive liposomes have achieved

acid- triggering drug release in vivo, convincing clinical results have not been

obtained. Control of drug-releasing kinetics is one of the main technologies that

needs to be realized.

2.2.2. Photosensitive liposomes

Phototriggered release has been one of the promising strategies to improve the

therapeutic index of drugs encapsulated within liposomes. Most of the phototrig-

gered drug release from liposomes has been based on the photoinduced rear-

rangements of the liposome bilayer, such as isomerization, fragmentation, or

polymerization [45,65,66]. Most of these approaches use visible or ultraviolet (UV)

excitation. Bisby et al. [67,68] made use of the well-known trans– cis

isomerization of azobenzenes forming a photosensitive liposome base on the

lipid derivative of azobenzen-glycero-phosphocholine. Upon UV light activation,

the isomerization of azobenzen-glycero-phosphocholine causes the fast release

of content from liposomes in the gel phase. UV light-induced polymerization of

lipid in a photosensitive PEG-liposome formulation was reported by Bondurant

et al. [69–71]. The photosensitive PEG-liposome contains 1,2-bis[10-(20,40-hexa-

dienoyloxy)-decanoyl]-sn-glycero-3-phosphocholine, which forms a cross-linked

lipid network upon UV light exposure. The polymerization process of lipids causes

the formation of defects in the liposome bilayer membrane and thereafter leads to

the release of content. However, UV light is potentially harmful to healthy tissues,

so it is not suitable for biological applications. Liposomes sensitive to visible,
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far-red, and even near-infrared light have been proposed. A PEG-liposome sen-

sitive to visible light has been reported by Mueller et al. [65] made by incorporation

of a cyanine dye into the liposome. Zinc phthalocyanine (ZnPC), tin oct-

abutoxyphthalocyanine, and bacteriochlorophyll (BChl) have been investigated

as sensitizers to produce singlet oxygen (1O2) by light irradiation in the presence

of oxygen [72–74]. The absorption peak of ZnPC is at 610nm [75], while the

absorption maximum of BChl is at 820nm [39]. The sensitized photooxidation of

plasmalogen by the 1O2 has been proposed by Thompson and associates as a

strategy for phototriggered content release [72,76–79]. This strategy depends on

the phase transition of lamellar bilayer membrane to micellar membrane upon

photooxidative cleavage of plasmenylcholines to single-chain surfactants. In ad-

dition, 1O2 itself has been shown to be cytotoxic, causing peroxidative damage

and cell death of tumors [80]. It is also noteworthy to mention that plasmenylcho-

lines are abundant, naturally occurring vinyl lipids, and are also acid cleavable,

and can be hydrolyzed at the vinyl bonds in acidic endosomal compartments. The

double sensitive property may be utilized to control the pharmacokinetic property

of liposomal drugs. Thompson and associates extended the concept of photo-

sensitive liposomes to a photooxidative ‘cascade’-triggering pathway [77,81]. For

this cascade pathway, two formulations of liposomes are co-delivered, with one

kind of liposome being formulated by encapsulating Ca2+ in photosensitive lipo-

somes formed from BChl and diplasmenylcholine, and the other kind of liposome

being the 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposome encap-

sulating drugs. Photoexcitation destabilizes the photosensitive liposomes through

photooxidative cleavage of diplasmenylcholine, which causes the release of

Ca2+. Endogenous phospholipase A2 (PLA2), which is a calcium-dependent en-

zyme, is then activated and hydrolyzes DPPC, causing drug release. Since 1,

2-di-O-hexadec-10(Z)-enyl-sn-glyceryl-3-phosphocholine (DPPlsC) liposomes

are not hydrolyzed by PLA in the presence of Ca2+, modification of this

cascade-triggering technique may be useful for promoting endosomal release

and cytoplasmic delivery of bioactive macromolecules (e.g. plasmids) from DPP-

lsC liposomes that co-encapsulate Ca, PLA, and the bioactive agent inside [45].

To produce localized phototoxic effect in tumor cells, BChl-IgG conjugates have

been incorporated into liposomes [74]. The targeted liposomes containing Bchl-

IgG conjugate was 30 times more photocytotoxic than the nontargeted liposomes

containing Bchl-serine derivative, indicating that site-specific generation of oxi-

dizing species can have a much greater biological effect than the same toxin

applied systemically. Liposomal benzoporphyrin derivatives (BPD) are photosen-

sitizers that have been demonstrated to produce peroxidative damage and cell

death of intraocular tumors on stimulation [80–83]. Schmidt-Erfurth et al. [83]

have used BPD in vivo to achieve complete and irreversible selective photo-

thrombosis of corneal neovascularization with minimal toxicity to surrounding

tissues. The selective photothrombosis is caused by increased metabolism of

lipoproteins in proliferating cells. The combination of active targeting strategies

Lipid Microvesicles: On the Four Decades of Liposome Research 11



with phototrigggered drug release may increase the site-specific drug release and

therefore the bioavailability and therapeutic effect of liposomal drugs. However,

photosensitive liposomal drugs are not suitable for use in the treatment of met-

astatic cancer, as they require that the location of the tumor be known.

2.2.3. Thermosensitive liposomes

The idea of mild local hyperthermia-triggered liposomal drug release was pro-

posed initially by Yatvin et al. [84]. Their basic strategy was to design liposomes

with a main phase transition temperature above physiological temperature and in

a range attainable by mild local hyperthermia. Near the liquid-crystalline transition

temperatures (Tc) of liposomal membrane, the bilayer membrane becomes dis-

ordered at the boundaries between solid and fluid domains of the lipid, causing

release of water-soluble contents. The liposomes designed by Yatvin and asso-

ciates [84,85] mainly consisted of DPPC, which has a Tc of 41 1C. By adding

various proportions of distearoylphosphatidylcholine (DSPC), which has a Tc of

54 1C, the main phase transition temperature of the liposomes can be adjusted

between 41 and 54 1C. In addition, hyperthermia itself has been shown to be

cytotoxic [86], and can be used as a supplementary strategy for cancer therapy.

During the past decade, studies in this area have been focusing on (i) the

development of new materials and formulations, (ii) efficacy studies using known

thermosensitive liposomes. DPPC liposomes incorporated with fusogenic lipids,

with the liposomal formulation of DPPC/elaidic acid (1:2) or DPPC/elaidic acid/

elaidic alcohol (1:1:1), were deposited in A-431 tumor xenografts two to four

times greater than DPPC liposomes alone, when exposed to local hyperthermia

(42 1C) [87]. Various formulations of thermosensitive SSL have been proposed.

Gaber et al. [88,89] designed PEG-coated thermosensitive SSL with a formu-

lation of DPPC/hydrogenated soy phosphatidylcholine (HSPC)/Chol/PEG1900

-distearoylphosphatidylethanolamine (DSPE) conjugate (100:50:30:6). These

long-circulating liposomes released more than 60% of their contents when

heated at 42 1C for 30min in vitro. Ning et al. [90] formulated an SSL with PC/

Chol/PEG2000-DSPE. Hyperthermic treatment of RIF-1 tumors in the presence of

doxorubicin-loaded PC/Chol/PEG2000-DSPE liposomes delayed tumor growth

better than either free drug with heat or liposomal drug that was not ther-

mally activated. Careful evaluation of formulation effects on thermally induced

doxorubicin release from SSL has also been undertaken [88]. These studies

showed that serum proteins, particularly those derived from bovine serum, ad-

sorb onto liposome surfaces and induce content leakage as a function of in-

creasing cholesterol concentration and membrane fluidity, such that the addition

of cholesterol to gel-phase liposomes leads to enhanced serum-induced leakage.

A new liposome formulation that was optimized for doxorubicin release at

39–40 1C, was introduced by Needham and coworkers [91–93]. They kinetically

trapped lyso-phospholipids into liposomal membrane in the gel phase. When the
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liposomes were heated above the gel-to-fluid phase transition temperature, the

lyso-phospholipids were shown to leave the bilayer, which drastically enhanced

the permeability of the liposomal membrane. However, doxorubicin is not an ideal

model drug to study the formulation of thermosensitive liposomes, as doxorubicin

is more of a hydrophobic drug, and it is loaded with chemical gradient (pH or

ammonium sulfate gradient). It is conceivable that the release of doxorubicin from

liposomes may be enhanced when compared to passively loaded markers or

drugs due to the destruction of the chemical gradients [94] applied when loading

the liposomes [39]. When compared to the passive loading found for very stable

formulations, e.g. Doxils [39,95], the destruction of this gradient is considerably

enhanced in several of the active liposome triggering concepts in the drug

delivery field, including thermally activated liposomes.

Thermosensitive polymers, for example, poly NiPAM-co-MAA, which become

water insoluble above a lower critical solution temperature (LCST), while being

soluble below this temperature [96], were also incorporated into liposomes

to achieve thermal triggered drug release [56,97–104]. The thermal triggering of

drug release is due to the significant difference in polymer hydration below and

above the LCST. Kono and co-workers [105] used a derivative of poly NiPAM, a

thermally sensitive copolymer of (N-isopropylacrylamide)98(octadecylacrylate)2,

to stabilize DOPE liposomes, which, as mentioned above, are not stable by

themselves. These liposomes showed thermosensitive properties, being stable

toward content (calcein) leakage below 30 1C; heating of these suspensions at

40 1C, however, leads to rapid calcein leakage within a few seconds [45,105].

Delivery of the antitumor agent melphalan encapsulated within thermosensitive

liposomes with the formulation of egg phosphatidylcholine (EPC)/Chol [106] or

DPPC/DSPC [107,108], with hyperthermic treatment, leads to tumor regres-

sion and extended survival times in C57B1/6 mice bearing B16F10 melanomas,

relative to the same concentration of free drug either with or without applied

hyperthermia.

The therapeutic effect of thermosensitive liposomal drugs has been promising;

however, they may be limited to readily accessible tumors that cannot be removed

surgically, because the use of hyperthermia requires that the location of the

tumor be known and the tumor site be accessible to local hyperthermia [39,109].

2.2.4. Enzyme-sensitive liposomes

Liposomes destabilized by cell-associated enzymes that are upregulated in tumor

and/or inflammatory tissues can lead to site-specific drug release. The enzymes

used for triggering liposomal drug release have been either proteases or lipases.

Two strategies have been suggested for activating liposomes by enzymes [39].

One is based on the cleavage of the lipid or lipid conjugate, resulting in the

generation of fusogenic lipids that will destabilize the liposome. The other in-

volves lipid or lipid conjugates acting as masking components that protect other
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fusogenic lipids within the liposome membrane until enzymatic reaction cleaves

the lipid/lipid conjugate.

Alonso and coworkers [110] have focused on using sphingomyelinase and

phospholipase C as the triggering enzymes. They studied the effect of enzyme

sphingomyelinase and phospholipase C on large ULVs consisting of sphingo-

myelin/PE/Chol (2:1:1) and PC/PE/Chol (2:1:1), respectively. With the treatment of

sphingomyelinase, production of ceramides in the bilayer of sphingomyelin/PE/

Chol liposomes is accompanied by leakage of the vesicle’s aqueous contents and

by vesicle aggregation in the absence of lipid mixing or vesicle fusion. This is in

contrast to the situation of PC/PE/Chol liposomes treated with phospholipase C,

for which the in situ generation of diacylglycerol leads to vesicle aggregation fol-

lowed by vesicle fusion in the absence of leakage. Including diacylglycerol in

PC/PE/Chol vesicle membranes prior to addition of phospholipase C reduced the

lag time and extent of fusion (mixing of aqueous contents), while including cer-

amide instead of diacylglycerol in the PC/PE/Chol vesicle membranes with sub-

sequent addition of phospholipase C reduces the lag time, though in a less marked

manner, than those of diacylglycerols, but has no effect on the extent of fusion.

Alonso and co-workers [111] also demonstrated that gangliosides inhibit

phospholipase C-promoted fusion of the PC/PE/Chol (2:1:1) vesicles even when

present at very low molar ratios, which is attributed to the combined effects of

lamellar phase stabilization and phospholipase C inhibition. The inhibitory effect of

gangliosides increases with the size of the oligosaccharide chain in the polar head

group. Similar inhibitory effect of phospholipase C-promoted vesicle aggregation

and fusion was observed by incorporating a very small amount of PEG-PE con-

jugate into the liposomal composition of PC/PE/Chol (2:1:1) [112]. This inhibitory

effect arises from three combined and independent effects of PEG: (i) PEG moiety

hinders the enzyme from reaching the membrane surface; (ii) repulsive barrier

properties of surface-grafted PEG hinder liposome mixing and aggregation; (iii)

PEG-PE incorporation stabilizes the lipid bilayer structure. In addition, Alonso and

coworkers [113] have used sphingomyelinase and/or phospholipase C as enzyma-

tic triggers of sphingomyelin/PC/PE/Chol (1:1:1:1) liposome to create fusogenic

liposomes. When both enzymes are added together, their joint hydrolytic activities

give rise to leakage-free vesicle aggregation, lipid mixing, and aqueous contents

mixing, i.e. vesicle fusion. The lipidic end products of the two enzymes cooperate

in destabilizing and fusing the membranes in a way that is never achieved through

the action of any of the enzymes individually. They demonstrated that the con-

tribution of the two enzymes is unequal: production of ceramide by sphingomye-

linase facilitates the lamellar-to-nonlamellar transition in the formation of the fusion

pore; while phospholipase C provides mainly a localized, asymmetric, high

concentration of diacylglycerol that constitutes the trigger for the fusion process.

Thus the enzymes appear to be coupled through their reaction products.

Meers and associates [114,115] used elastase as the triggering enzyme to

cleave a peptide substrate covalently conjugated to fusogenic DOPE lipid. This
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peptide–lipid, N-methoxy-succinyl-Ala-Ala-Pro-Val-DOPE, was used to form lipo-

somes with dioleoyl dimethylammonium propane (DODAP), a pH-dependent

cationic lipid in a 1:1molar ratio. Elastase-treated liposomes displayed pH-

dependent enhancement of binding, lipid mixing, and delivery of liposomal con-

tents into cytoplasm, relative to untreated liposomes, when incubated with HL60

human leukemic cells or ECV304 endothelial cells.

Davis and Szoka [116] have utilized alkaline phosphatase, whose membrane-

bound forms are overexpressed in tumor tissue [117], to destabilize liposomes

consisting of cholesterol phosphate derivatives and DOPE. They showed that the

liposomes could be induced to collapse upon phosphatase-catalyzed removal of

the phosphate group. As described under Section 2.2.2, Thompson and his co-

workers [45,77] proposed enzyme-triggered destabilization of DPPC liposomes,

for which DPPC can be hydrolyzed by activated PLA2, a Ca2+-dependent en-

zyme. Jorgensen and co-workers [39,118–122] have been focusing on utilizing

secretory phospholipase A2 (sPLA2), which is overexpressed in inflammatory and

tumor tissues [123–126], as a site-specific trigger of long-circulating liposomes

[39]. Negatively charged liposomes composed of masked anticancer ether lipids

(AELs), i.e. pro-AEL-PC or pro-AEL-phosphatidylglycerol (PG) caused pro-

nounced growth inhibition of KATO III cancer cells. This result is consistent with

the anionic pro-AEL-lipid (PG or PC) substrate preference of human sPLA2 type

IIA [127], which is an interfacially active enzyme that catalyzes the hydrolysis of

the ester linkage in the sn-2 position of glycerophospholipids, producing free fatty

acids and cytotoxic AELs (lysolipid AEL-PC or AEL-PG) [128,129]. Both lysolipid

and free fatty acid function as permeability enhancers of membranes, which not

only destabilize the liposomes, but also act as locally generated permeability

enhancers [118,121,130] that increase the diffusion of the cytotoxic AELs across

the cellular membrane of the target cancer cells. Pro-AEL liposomes without

encapsulated drugs can be administered in large amounts, as they are consid-

erably less toxic to the organism. In addition, the liposomes with the composition

of or similar to DSPC/distearoylphosphatidylglycerol (DSPG)/DSPE-PEG2000 can

entrap and transport conventional chemotherapeutics such as doxorubicin and

cisplatin, to tumor tissues, with a mechanism similar to the pro-AEL liposomes,

except that the hydrolysis products (lysolipids) of DSPC and DSPG are not

cytotoxic and the drugs released from the liposomes diffuse across the cellular

membrane of the target cancer cells, causing cytotoxic effect. Doxorubicin en-

capsulated in the sPLA2-degradable liposomes showed significant cytotoxic ac-

tivity in a colon cancer cell line, and was significantly more cytotoxic than free

doxorubicin and the clinically used liposomal doxorubicin formulation, Doxils.

Similarly, sPLA2 triggers the release of cisplatin from sPLA2-degradable

liposomes, resulting in a pronounced cytotoxic effect, in contrast to cisplatin en-

capsulated in Stealths liposomes (SPI-077) [131]. Furthermore, an investigation

of the cisplatin-loaded sPLA2-degradable liposomes in preclinical studies showed

an improved drug efficacy in a mouse breast cancer model (MT-3) [39].
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Considering all these significant achievements of enzyme-triggered liposomal

drug release as a whole, it may be speculated that by adjusting the lipid com-

position and the biomaterial properties of the liposomal substrate, it may be

possible to finetune and optimize the liposomal tumor-specific drug release, es-

pecially by using additional active site-targeting strategies.

2.3. Active site-targeting liposomes

The combination of site targeting with active triggering can potentially lead to

significantly enhanced and specific drug release at the target site, more often,

tumor cells. The theoretical advantages of site targeting would include improved

efficacy by virtue of higher concentrations of drug localized at the target tissue,

and the potential for decreased toxicity if efficacy could be maintained using lower

and fewer doses [81]. Passive liposome targeting using hydrophilic polymer

conjugates that provide steric stabilization [18,132,133], has been effective for

many liposomal antitumor drugs. The passive accumulation of long-circulating

liposomes in tumors, often referred to as the enhanced permeability and retention

effect, is due to leaky vasculature [134] and a lack of an effective drainage

system [135–137] in tumor tissues. However, vascular permeability in tumors is

heterogeneous with respect to tumor type and tumor microenvironment [39]; solid

tumors are very heterogeneous in their vascularization and therefore not all are

suitable for passive targeting treatment with liposome drugs [138]. Active target-

ing processes, in principle, can further improve site-specific drug delivery. Sev-

eral papers have described potential methods for active liposome targeting,

among these are liposomes coupled to specific antibodies [139–144] as well as

liposomes coated with ligands targeting proteins expressed on cancer cell mem-

branes or endothelial cells lining the newly generated blood vessels in the tumor

[39]. Examples of such proteins are the folate receptor (FR), induced on the

surface of actively growing tumor cells possibly due to increased requirements for

DNA synthesis [51,145–147], the Tf receptors (TfR) [148–155] overexpressed

on the surface of many tumor cells, the integrins [156–158] expressed on the

endothelial cells in the neovasculature of growing tumors, vascoactive intestinal

peptide (VIP) receptors [159], hyaluronan receptors [160], asiologlycoprotein re-

ceptors [161–164], chondroitin sulfate proteoglycan [165], etc. There is now

ample evidence to indicate that a wide variety of active targeting mechanisms can

provide an even greater degree of specificity [45].

2.3.1. Immunoliposomes

Antibody-coated liposomes, also called immunoliposomes, have been studied

intensively to improve therapeutic index by accumulating liposome drugs specifi-

cally in desired tissues. With various chemical-conjugating strategies available,
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the antibody can be attached directly to the head group of liposome phospholipids

or to the PEG terminus of PEG-lipid conjugates. While the attachment of anti-

bodies directly to the liposome surface has proven to be effective [166], antibodies

attached to the PEG terminus are more successful, due to the better accessibility

of the antibodies toward their targets [39,139,143,167,168]. The majority of re-

search in this area relates to cancer targeting; while research using antibodies

against viruses, such as herpes simplex virus 1 (HSV-1) [144] and parasites such

as leishmania [169] is also being conducted. For cancer therapy, immunolipo-

somes can be targeted to surface molecules expressed either in the vascular

system or in the extravascular system on tumor cell membranes [39]. The most

readily accessible target sites for immunoliposomes are the vascular endothelial

surface of growing tumors and circulating cells related to the immune system

[168]. As immunoliposomes show enhanced liposome clearance [170,171], the

coating of liposomes with antibodies directed against tumor-associated targets

consists of a fine balance between coating with a sufficient number of antibodies

to achieve target binding and tumor retention on one side, and enhanced RES

clearance with an increased number of antibodies per liposome on the other

[39,167,168,172,173]. A coating ratio of 10–30 antibody molecules per liposome

was shown to be optimal with the most efficient delivery of drugs to tumors and

limited increase in RES uptake [39,143,167,168,174].

Maruyama and co-workers [168] attached a monoclonal IgG antibody, 34A,

which is highly specific to pulmonary endothelial cells, to the distal ends of lipo-

some-PEG chain through the carboxyl groups of distearoyl-N-(3-carboxypropionoyl

poly(ethylene glycol) succinyl)phosphatidylethanolamine (DSPE-PEG-COOH), in

the pre-formed liposomes with a composition of EPC/Chol (2:1) containing 6mol%

of DSPE-PEG-COOH. The immunoliposomes, directed towards a surface glyco-

protein receptor (gp112), showed that more than 50% of the total dose could be

found in the lungs after 30min, which was about 1.3-fold higher than immunolipo-

somes without PEG coating, and 2.6-fold higher than immunoliposomes with PEG

coating but with IgG 34A attached directly to the liposome lipid of N-glutaryl-DSPE

(NGPE).

Targeting circulating B-lymphoma (Namalwa) cells in vivo with immunolipo-

somes attached to anti-CD19 antibodies, directed against the CD19 receptor of

human B-cell lymphoma cells has been studied extensively [175–178]. Using the

B-lymphoma as a model system, Sapra et al. [178] have demonstrated that

internalizing epitopes (e.g. CD19) make better targets than noninternalizing

epitopes (e.g. CD20) for liposomal anticancer drugs. Therapeutic experiments

performed in severe combined-immunodeficient (SCID) mice inoculated i.v. with

Namalwa cells demonstrated that administration of doxorubicin-loaded anti-CD19

liposomes resulted in significantly greater survival times than anti-CD20 lipo-

somes. The difference in the effect between immunoliposome-targeting internal-

izing and noninternalizing epitopes is due to difference in the mechanism of drug

delivery into the cell. When targeted liposomes bind to noninternalizing epitopes,

Lipid Microvesicles: On the Four Decades of Liposome Research 17



liposome contents are released over time at or near the cell surface, and the

released drug will enter the cell by passive diffusion or normal transport mech-

anisms [178]. In the dynamic in vivo environment, the rate of diffusion and redis-

tribution of the released drug away from the cell will exceed the rate at which the

drug enters the cell, particularly for drugs such as doxorubicin, which have a large

volume of distribution. The binding of targeted liposomes to internalizing epitopes

triggers receptor-mediated uptake of the immunoliposomal drug package into

the cell interior, where the drug contents are released subsequent to liposomal

degradation by lysosomal and endosomal enzymes [178]. Harata et al. [176]

showed that the cytocidal effect of imatinib-encapsulated anti-CD19-liposomes

on Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph(+) ALL)

cell lines and primary leukemia cells from patients with Ph(+) ALL was much

greater than that of free imatinib or liposomal imatinib without antibodies, with no

influence on the colony formation of CD34(+) hematopoietic cells. Some prob-

lems for whole antibody molecule attached immunoliposomes have been re-

ported, including the immunogenicity of therapeutic agents based on murine

MAbs, mediated in part by the Fc region of the molecule [179–181]; enhanced

removal of immunoliposomes by the cells of the mononuclear phagocyte system

via Fc receptors on macrophages [170,172,174]; taken up of immunoliposomes

containing exposed Fc regions of the antibody by tumor-associated macrophages,

which limits their direct interactions with the target tumor cells [182–184];

and alteration of the biological activity of the antibody molecule during the process

of thiolation of amino residues on whole IgG antibody molecules [139,185].

Concerning these problems, Sapra and co-workers [177] attached anti-CD19 an-

tibody fragments that contain the relevant antigen-binding site, e.g. Fab0 or scFv

fragments via the thiol groups of the hinge region, to the distal end of PEG chain of

maleimide-derivatized poly(ethylene glycol)-DSPE (Mal-PEG-DSPE), in the pre-

formed liposomes composed of HSPC/Chol/mPEG-modified-1,2-distearoyl-3-sn-

glycerophosphoethanolamine (mPEG-DSPE)/Mal-PEG-DSPE (2:1:0.08:0.02).

They proved that Fab0-liposomes had longer circulation times and better

therapeutic outcomes than anti-CD19-liposomes for drug doxorubicin. Internali-

zation by endocytosis is the normal strategy associated with active targeting, as

in the case of CD-19 targeting. In order that liposome drugs escape the endo-

somes/lysosomes before being degraded, Ishida et al. [175] encapsulated

doxorubicin within pH-sensitive immunoliposomes coated with anti-CD19

antibodies. They demonstrated that pH-sensitive liposomes, targeted to the

CD19 epitope on B-lymphoma cells, showed enhanced doxorubicin delivery into

the nuclei of the target cells and increased cytotoxicity compared to non-

pH-sensitive liposomes. Therapeutic studies in SCID mice inoculated with

CD19+ Namalwa cells showed that all groups treated with targeted formulations

had significantly higher increased life span (%ILS) than the groups treated with

non-targeted formulations. In addition, the group treated with doxorubicin encap-

sulated in pH-sensitive immunoliposome containing N-[2-g-methoxypoly(ethylene
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glycol)-K-aminocarbonylethyl-dithiopropionyl]-DSPE (mPEG-SS-DSPE), a cleav-

able lipid derivative of PEG, with liposome composition of DOPE/CHEMS/mPEG-

SS-DSPE/Mal-PEG-DSPE[anti-CD19], had a significantly increased %ILS

compared to the other targeted treatment groups (pH-sensitive PEGylated

immunoliposome DOPE/CHEMS/mPEG-DSPE/Mal-PEG-DSPE[anti-CD19], con-

taining a non-cleavable lipid derivative of PEG, and non-pH-sensitive PEGylated

immunoliposome HSPC/Chol/mPEG-DSPE/Mal-PEG-DSPE[anti-CD19]). How-

ever, doxorubicin encapsulated in the pH-sensitive liposomes had a rapid leak-

age due to the high pH conditions used in forming stable DOPE-containing

liposomes, and mPEG-S-S-DSPE-containing liposomes were rapidly cleared in

blood circulation probably due to rapid cleavage of the disulfide linkage by blood

components, e.g. cysteine, in vivo. Encapsulation of other antineoplastic drugs

that are more amenable to stable loading into these pH-sensitive immunoliposome

formulations may be experimentally studied to solve the drug leakage problem.

Extensive studies have also been focused on developing anti-HER2 immuno-

liposomes directed to target HER2-overexpressing tumors. Kirpotin, Park, and their

co-workers [141,142,182,186,187] have focused on developing anti-HER2 immuno-

liposomes for improved cancer therapy. They [141,142,186,187] conjugated the

Fab0 or scFv C6.5 [142] fragments of anti-HER2 antibody to maleimide-terminated

PEG-DSPE in the liposome formulation of 1-palmitoyl-2-oleoylphosphatidylcholine/

Chol/poly (ethylene glycol)-modified 1,2-distearoyl-3-sn-glycerophosphoethanola-

mine (PEG-DSPE)/Mal-PEG-DSPE, and proved that HER2-overexpressing breast

cancer cells incubated with the sterically stabilized immunoliposomes (anti-HER2

SSL) showed binding of liposomes followed by endocytosis via the coated-pit path-

way, evidenced by intracellular acidification and colocalization with Tf. Parameters

affecting in vitro binding and internalization of the anti-HER2 SSL include liposome

composition, Fab0 linkage site, and Fab0 density [182,186]. Administration i.v. of

doxorubicin-encapsulated anti-HER2 SSL in nude mice bearing HER2-overex-

pressing tumor xenografts resulted in efficient accumulation within tumor cells, while

non-targeted liposomes resulted in extracellular tumor accumulation only

[141,182,187]. In multiple HER2-overexpressing human breast tumor xenograft

models, treatment with doxorubicin-loaded anti-HER2 immunoliposomes produces

significantly increased antitumor cytotoxicity, including growth inhibition, regression,

and cure [142], as compared to free doxorubicin or doxorubicin-loaded non-targeted

liposomes, and significantly less systemic toxicity than free doxorubicin [141,

142,182]. Repeated administrations of anti-HER2 SSL in normal adult rats revealed

no increase in clearance [141,142], confirming that anti-HER2 SSL retains the long

circulation and non-immunogenicity of SSL [141]. Doxorubicin-loaded anti-HER2

SSL immunoliposome containing either recombinant human mAb HER2-Fab0 or

scFv C6.5 yielded comparable therapeutic efficacy [142]. In addition, Kirpotin,

Park, and their co-workers [182] showed that nucleic acid-loaded cationic

anti-HER2 SSL containing dioleoyl-3-trimethylammonium propane (DOTAP) can

mediate efficient and specific transfection of target cells with reporter genes as well
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as intracellular delivery of labeled oligonucleotides. In contrast, Goren et al. [188]

demonstrated that although the binding of stealth liposomes attached with anti-

HER2 antibody to N-87 cells (erbB-2-positive human gastric carcinoma) increased

16-fold, compared with the binding of non-targeted liposomes, doxorubicin loaded in

the anti-HER2-conjugated liposomes did not cause increased in vitro cytotoxicity

against N-87 cells. They suggested from these results that the binding of anti-HER2

immunoliposomes to N-87 cells lacks liposome internalization. Furthermore, the

in vivo biodistribution studies in nude mice bearing subcutaneous implants of N-87

tumors showed that there was no enhancement of tumor liposome levels with

administration of doxorubicin-loaded anti-HER2 immunoliposomes over plain lipo-

somes, and both liposome preparations considerably enhanced doxorubicin con-

centration in the tumor compared with free drug administration, and antitumor

activities of targeted and non-targeted liposomes were similar. Therefore they sug-

gested that efficacy is dependent on drug delivery to the tumor and that the rate-

limiting factor of liposome accumulation in tumors is the liposome extravasation

process, irrespective of liposome affinity or targeting to tumor cells. This controversy

may be caused by some of the critical issues [39] faced in the field of active

targeting: (i) internalization by endocytosis is the normal strategy associated with

active targeting. The drug then has to escape the endosomes/lysosomes before

being degraded, a process that may depend on the method of drug encapsulation;

(ii) when liposomes accumulate in the interstitial compartment due to extravasation

and bind to the first line of target cells, liposomes with strongly binding ligands may

obstruct the pathway for accumulation of more liposomes.

Many other antibodies conjugated to immunoliposomes directed against can-

cer-associated antigens have been investigated. For example, the antibody

CC52, which is directed against rat colon adenocarcinoma CC531 lines, was

attached to PEGylated liposomes and resulted in the specific accumulation of

liposomes in a rat model of metastatic CC531 [30,189]. A single-chain Fv frag-

ment (scFv A5) directed against human endoglin (CD105) overexpressed on

proliferating endothelial cells, with an additional cysteine residue at the C-termi-

nus of the scFv fragment, was coupled to sulfhydryl-reactive lipids incorporated

into the lipid bilayer of liposomes [190]. The anti-CD105 immunoliposomes

showed rapid and strong binding to human endoglin-expressing endothelial cells

(HUVEC, HDMEC), and internalization of the liposomes as evidenced by a peri-

nuclear accumulation. In vitro, doxorubicin-loaded anti-CD105 immunoliposomes

showed greater cytotoxicity towards endothelial cells, compared to untargeted

liposomes and free doxorubicin. Nucleosome-specific antibodies capable of rec-

ognizing various tumor cells through tumor cell surface-bound nucleosomes im-

proved Doxil (Alza) targeting to tumor cells and increased its cytotoxicity [30,191].

Immunoliposomes containing the novel antitumoral drug fenretinide, and target-

ing the ganglioside GD2, induced apoptosis in neuroblastoma and melanoma cell

lines, and demonstrated strong antineuroblastoma activity both in vitro and in vivo

in mice [30,192]. Doxorubicin-loaded immunoliposomes tagged with the F(ab0)2
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of an mAb GAH, recognizing positively to human gastric, colorectal, and mam-

mary cancer cells, exhibited significantly superior antitumor effects against GAH-

positive WiDr-Tc and SW837 xenografts, compared with non-targeting liposome

doxorubicin [193]. These results led to a phase I clinical trial of the GAH-

immunoliposomes (MCC-465) for patients with metastatic colorectal cancer

[193,194], which defined the maximum tolerated dose, dose-limiting toxicity,

recommended phase II dose, and pharmacokinetics of MCC-465, and proved

that MCC-465 was well tolerated. Epidermal growth factor receptor (EGFR)-

targeted immunoliposomes have been specifically delivered to a variety of tumor

cells that overexpress EGFR [30,195]. Immunoliposomes targeted to the inter-

nalizing EGFR on the surface of ovarian carcinoma cells (OVCAR-3), co-encap-

sulating a pH-dependent fusogenic peptide (diINF-7) and diphtheria toxin A

(DTA) chain , which inhibits protein synthesis when delivered into the cytosol of

target cells, showed cytotoxicity toward OVCAR-3 cells; while the immunolipo-

somes not encapsulating diINF-7 peptide did not [196]. This result suggests the

necessity and the enhanced performance of the combination of active targeting

and triggered release for effectively delivering liposome drugs into cytosol.

2.3.2. Ligand-attached liposomes

2.3.2.1. Folate-attached liposomes
Folic acid is a vitamin that is essential for the biosynthesis of nucleotides, and is

consumed in elevated quantities by proliferating cells. It is transported across the

plasma membrane using either of two membrane-associated proteins, the re-

duced folate carrier or the folate receptor (FR). The former is found in virtually all

cells and constitutes the primary pathway responsible for uptake of physiological

folates [145]. The latter is found primarily on polarized epithelial cells and ac-

tivated macrophages [197]. FR is upregulated in many human cancers, including

malignancies of the ovary, brain, kidney, breast, myeloid cells, and lung, and FR

density appears to increase as the stage/grade of the cancer worsens [145]. In

addition, it has been reported that tumors that survive standard chemotherapy

commonly have higher levels of FR [198]. Therefore, FR constitutes a useful

target for tumor-specific drug delivery. FR may be further qualified as a tumor-

specific target, since it generally becomes accessible to intravenous drugs only

after malignant transformation [145]. That is, access to the folate receptor in

those normal tissues that express it can be severely limited due to its location on

the apical (externally facing) membrane of polarized epithelia. However, upon

epithelial cell transformation, cell polarity is lost and FR becomes accessible to

targeted drugs in circulation.

The precise mechanism of FR transport of folic acid into cells (the route of

entry) remains unresolved; however, it is clear that physiologic folates [199],

folate conjugates [200,201], and folate-attached liposomes [202] move across the

plasma membrane into the cytoplasm via receptor-mediated endocytosis. After
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folate conjugates were internalized by FR-positive KB cells, the endosomal pH

was measured by Low and associates [203]. Of the 99 randomly selected folate

conjugate-containing endosomes examined, most had internal pH values be-

tween 4.7 and 5.8, with some as low as 4.3. The most frequent pH encountered in

these compartments was 5.0. Folate-attached liposomes have been investigated

as FR-targeted drug carriers specifically delivering to cancer cells in vitro and

in vivo. In vitro investigations have shown that folate targeting enhances the

cytotoxicity of liposomal drugs against FR-expressing tumor cells; while the ther-

apeutic data of in vivo studies hitherto, are still fragmentary and appear to be

formulation- and tumor model-dependent.

Since prolonged circulation is a prerequisite for tumor accumulation of lipo-

somes [94,204] and PEGylated liposomes are the best basis for a formulation

that confers a long half-life in circulation [205], most folate-attached liposome

formulations investigated are PEGylated liposomes. Low and associates [202]

first established the possibility of delivering FR-targeted PEGylated liposomes

into living cells. Upon incorporating folic acid-PEG3350-PE lipid conjugate into

calcein-encapsulating liposomes of �66 nm diameter, the folate-tethered lipo-

somes were seen to enter cultured FR-bearing KB cells by FR-mediated end-

ocytosis. PEG spacers of short and intermediate lengths were unable to mediate

association of folate-conjugated liposomes with receptor-bearing cells; therefore,

the authors assumed that the spacer length of PEG3350 (Mr �3350, �250 Å long)

was necessary to permit the folate to penetrate cell surface obstructions in its

search of an unoccupied FR. Similar results were observed by Gabizon et al.

[205,206], i.e., mPEG2000-DSPE significantly interfered with the binding and up-

take of liposomes targeted with 0.5% folate-PEG2000-DSPE [206], and increase

of PEG length in the folate conjugate to Mr 3350 results in a major improvement

of the targeting effect, but cannot entirely overcome the interference with binding

to FR [205]. Two options to further improve the targeting effect were proposed:

(i) extend further the PEG length of the folate conjugate; (ii) design a cleavable

PEG-lipid. Both of these two strategies need to be tested and optimized. Studies

by Low and colleagues [202,207] and Gabizon et al. [206,208] demonstrated that

a molar fraction of 0.2–0.5% folate-PEG-DSPE is sufficient for effective interac-

tion with the cell membrane FR. The remaining liposomal PEG would be in

the form of the standard mPEG–DSPE conjugate. However, a recent study by

Leamon and co-workers [209] indicated that optimal binding is obtained with low

levels of 0.03% folate-PEG-lipid, about 10-fold less than those commonly used

in previous studies. The authors hypothesize that at high surface density,

a folate–folate interaction prevents folate binding to the receptor [209]. Re-

searchers demonstrated that doxorubicin encapsulated in FR-targeting lipo-

somes exhibited superior and selective cytotoxicity against FR(+) tumor cells

in vitro [207], and greater tumor growth inhibition and higher increase in life span

in vivo [210,211], compared with nontargeted liposomal doxorubicin (L-DOX).

Low and associates [207] demonstrated that doxorubicin encapsulated in
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DSPC/Chol/folate-PEG3500-DSPE (56:40:0.1) liposomes or DSPC/Chol/

PEG2000-DSPE/folate-PEG3500-DSPE (56:40:4:0.1) liposomes, was 86 and 2.7

times cytotoxic than nontargeted liposomal doxorubicin and free doxorubicin re-

spectively, and was specifically delivered to KB cells without harming co-cultured

normal cells. Incorporation of 4mol% PEG2000-DSPE does not reduce the uptake

or cytotoxicity of folate-PEG-liposomal doxorubicin. Recently, Pan et al. [211]

combined the application of FR-targeted liposomal doxorubicin with the induction

of FR, using all-trans retinoic acid treatment to mouse ascites leukemia models

generated using KG-1 cells, and increased the cure rate from 10% to 60%,

compared with FR-targeted liposomal doxorubicin alone.

In addition to doxorubicin, some other FR-targeted liposomal anticancer drugs

[212,213] as well as genes [209] and antisense oligonucleotides [214,215] have

been investigated in vitro and/or in vivo. It was demonstrated that both the cellular

uptake and the cytotoxicity of FR-targeted liposomal daunorubicin were much

stronger in various tumor cells such as KB oral carcinoma cells, Chinese hamster

ovary, and KG-1 human acute myelogenous leukemia cells [212]. In vivo, Pan

et al. [213] evaluated FR-targeted liposomal daunorubicin in an FR+ L1210JF

murine ascites tumor model for therapeutic efficacy, and demonstrated that mice

treated with folate-coated liposomal daunorubicin showed significantly greater

tumor inhibition and 40.7% greater increase in life span compared with those that

received identical doses of non-FR-targeted liposomal daunorubicin. Meanwhile,

free daunorubicin given at the same dose failed to prolong the survival of

the treated mice. Furthermore, Low and associates [214] showed that folate-

PEG-liposome-encapsulated antisense oligonucleotides targeted against the hu-

man EGF were efficiently and non-destructively delivered into KB cancer cells,

resulting in nearly quantitative growth inhibition and gross morphological abnor-

malities. However, Leamon and co-workers [215] indicated that the in vitro de-

livery of antisense oligonucleotides encapsulated in folate-coated liposomes was

very efficient, whereas in vivo delivery results were less promising. In contrast,

the study by the same group [209] on FR-targeted gene delivery of cationic

lipid-based transfection complex, comprising of protamine-condensed plasmid

DNA, a mixture of cationic and neutral lipids, and a folic acid-cysteine-PEG-PE

(FA-Cys-PEG-PE) conjugate, demonstrated that both in vitro and in vivo, folate-

labeled formulations produced an 8- to 10-fold increase in tumor-associated

luciferase expression, as compared with the corresponding non-targeted cati-

onic lipid/DNA formulations. They showed that in vitro, as little as 0.01 to 0.3%

of FA-Cys-PEG-PE was needed to produce optimal targeted expression of

plasmid DNA, while in vivo use of a disseminated intraperitoneal L1210A tumor

model resulted in maximum transfection activity occurring with intraperitoneally

administered formulations that contained 0.01mol% of the FA-Cys-PEG-PE

targeting lipid.

To promote the escape of liposomal contents from endosomes, Low and co-

workers [216] encapsulated the anticancer drug cytosine arabinoside, together
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with a fusogenic peptide whose conformation changes upon acidification

and thereby initiates membrane fusion [217], into folate-PEG liposomes, and

observed that the cytotoxicity of the drug increased �100-fold by simple folate

targeting, and another 10-fold by encapsulation of the fusogenic peptide. More

significantly, encapsulation of cytosine arabinoside into FR-targeting pH-sensitive

DPPlsC/DSPE-PEG3350-folate (99.5:0.5) liposomes, composed of synthetic,

naturally occurring, pH-sensitive fusogenic lipid diplasmenylcholine DPPlsC, en-

hanced cytotoxicity to KB cells by 6000-fold, compared with free drug [51].

Therefore, folate-coated liposomes are compatible with the use of active triggers,

e.g. acid-triggered liposomes.

2.3.2.2. Transferrin-attached liposomes
Tf comprise a family of large (molecular mass ca. 80 kDa) nonheme iron-binding

glycoproteins [218]. The principal biological function of Tf is thought to be related

to iron-binding properties [218]. With a concentration of 2.5mg/ml, 30% of the

transferrins in blood plasma are occupied with iron [219]. The binding of apo-Tf

and iron-Tf to TfR is pH dependent: apo-Tf binds to TfR only at acidic pH and

iron-Tf binds at neutral or higher pH [220]. Human TfR1 appears to be expressed

in all nucleated cells in the body [218], but differs in levels of expression

[221,222]. It is expressed on rapidly dividing cells, with 10,000 to 100,000mole-

cules per cell commonly found on tumor cells or cell lines in culture [223]. In

contrast, in nonproliferating cells, expression of TfR1 is low or frequently unde-

tectable [218]. Site-specific targeting of Tf-conjugated liposomal photosensitizers,

anticancer drugs, and therapeutic genes into primarily proliferating malignant

cells that overexpress TfR has been shown to be a promising strategy to enhance

the cytotoxicity and the therapeutic effect of the photosensitizers [151,224] and

drugs [152,225], and the expression efficiency of the genes [155,226–229].

In higher organisms, one principal pathway of cellular uptake of iron-Tf is by

the receptor-mediated endocytosis via clathrin-coated pits, which bud from the

plasma membrane as membrane-bound vesicles or endosomes [230–232]. After

the iron-Tf-TfR1 complex enters into the endosomal compartment, upon matu-

ration and loss of the clathrin coat, the endosome becomes competent to pump

protons in a process energized by ATPase, and the endosomal lumen is rapidly

acidified to a pH of about 5.5 [233–235]. At this pH, the binding of iron to Tf is

weakened, leading to iron release from the protein [218], and the resultant apo-

Tf-TfR1 complex is then recruited through exocytic vesicles back to the cell sur-

face. At extracellular physiological pH, apo-Tf dissociates from its receptor owing

to its low affinity at pH 7.4, and is released into the circulation and reutilized

[231,236,237]. The uptake of Tf-liposome conjugates has been elucidated to be a

similar receptor-mediated endocytosis process [60,149,238], but the internaliza-

tion process of Tf-liposome conjugates is slower than that of unmodified Tf [60].

In addition, in contrast to the recyclable nature of Tf, liposome-attached Tf
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together with encapsulated contents, e.g. rhodamines were retained in vesicular

compartments [60]. To promote the escape of liposomal encapsulated contents

from endosomes/lysosomes, a pH-sensitive fusogenic peptide was introduced

into liposomal membranes using a cholesteryl moiety for anchoring [60]. With the

incorporation of the pH-sensitive fusogenic peptide into the liposomal mem-

branes, the encapsulated contents, e.g. rhodamines were efficiently released and

diffused into the cytosol. However, intracellular trafficking of Tf-lipoflex conjugates

by confocal microscopy also demonstrated that DNA and Tf entered the endo-

some (or lysosome) from the plasma membrane [238] and finally colocalize at the

perinuclear space [155] and in the nucleus [155,238], indicating that plasmid DNA

enters into the nucleus not only as a free form but also as an associated form

complexed with Tf-liposomes [238].

Tf-mediated targeting of liposomal photosensitizer aluminum phthalocyanine

tetrasulfonate (AlPcS4) [224,239] has been demonstrated to show higher intra-

cellular accumulation and photocytotoxicity to HeLa cells [239] and human AY-27

transitional-cell carcinoma cells [224] in vitro, and more selective tumoral tissue

accumulation of AlPcS4 in rats bearing AY-27 cell-derived bladder tumors in vivo

[224], than free AlPcS4 and non-targeting liposomal AlPcS4. The high photo-

cytotoxicity of Tf-liposomal AlPcS4 in vitro was shown to be the result of a high

intracellular concentration in tumor cells, which could be lowered dramatically by

incubating the conjugate with a competing Tf concentration [239]. The chemo-

therapeutic drug doxorubicin, encapsulated in Tf-coupled PEG liposomes (Tf-

PEG-liposomes), in which Tf was covalently linked to the distal terminal end of

PEG chains on the external surface of PEG-liposomes, can be delivered in vitro

to C6 glioma, which overexpress TfR with the extent of overexpression correlated

to the severity of the tumor, with much higher efficiency compared with non-

targeting liposome populations [153]. In vivo administration of cisplatin-encap-

sulated Tf-PEG-liposomes in nude mice with peritoneal dissemination of human

gastric cancer cells showed high liposome and cisplatin levels in ascites [152].

Compared with the non-targeting liposomal cisplatin-administered group, the Tf-

PEG liposomal cisplatin demonstrated significantly lower uptake of liposomes in

the liver and spleen, significantly higher liposome uptake and cisplatin levels in

disseminated tumor cells of ascites, and the greater omentum, and significantly

higher survival rates [152].

For targeting gene delivery, association of Tf with cationic liposome-DNA com-

plexes (lipoplexes), in particular, the negatively charged pH-sensitive fusogenic

complexes [240,241], significantly facilitated efficient transfection in many cell

lines, including HeLa [240–242], K-562 cells [241], squamous cell carcinoma of

the head and neck (SCCHN) cells [229], human osteosarcoma (HOSM-1) cells

[229], and lung carcinoma cells Calu3 and H292 [243], even in the presence of

serum. This vector was also effective in transfection of epithelial and lymphoid cell

lines, as well as the corneal endothelium [226] and human macrophages, espe-

cially with the use of optimized lipid/DNA (7) charge ratios [244]. Considerable
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research has been made toward delivery of the tumor suppressor gene p53 via

cationic liposome-based vectors [218]. The p53 gene has been shown to be

involved in the control of DNA damage-induced apoptosis, and malfunction of this

p53-mediated apoptotic pathway could be one mechanism by which tumors

become resistant to chemotherapy or radiation [218]. In vitro, the exogenous

wild-type (wt) p53 was expressed at high levels in Tf-liposome-DNA-transfected

radiation-resistant SCCHN cells, and resulted in the restoration of radiation-

induced apoptotic pathway [228,229]. The radiation-induced apoptosis was

directly proportional to the level of exogenous wt p53 in the tumor cells. In vivo,

intratumoral injection of the Tf–liposome–p53 complex into the SCCHN cell-

induced nude mouse xenografts resulted in a higher number of transfected tumor

cells, when compared with transfection by non-targeting liposomes [228]. In ad-

dition, intravenous administration of the Tf–liposome–p53 complex markedly sen-

sitized established SCCHN nude mouse xenograft tumors to radiotherapy [229].

The combination of systemic Tf-liposome-p53 gene therapy and radiation resulted

in complete tumor regression and inhibition of their recurrence even 6 months

after the end of the entire treatment [229]. The Tf-attached PEG-liposomes in-

travenously administered to the rats after 90min of transient middle cerebral

occlusion can target post-ischemic cerebral endothelium in vivo [154]. The ex-

pression of TfR in the cerebral endothelium increased with a peak at 1 day after

the re-perfusion, and returned to the control level by 6 days, and at 2 days, about

70% of TfR-positive vascular endothelium was double-labeled with Tf-PEG [154].

The Tf-dependent uptake of Tf-PEG-liposomes to various organs is liposomal

size dependent and the size dependency is tissue dependent [148]. In liver

and brain, Tf-dependent uptake was found to be dependent on the size of the

liposomes used. For small liposomes with a diameter of 60–80 nm, uptake of

Tf-PEG-liposome by liver and brain was more efficient than that of non-targeting

PEG-liposomes. On the other hand, the size dependency of Tf-dependent uptake

was not observed in the heart. Therefore, controlling the size of Tf-PEG-liposomes

may be useful for the success of tissue targeting.

The studies so far collectively suggest that the systematic delivery of thera-

peutic drugs, photosensitizers, anticancer drugs, and genes by the Tf-attached

liposomal delivery system has the potential to improve the therapeutic index and

transfection efficiency of drugs and genes.

2.3.2.3. Glycosylated liposomes
Receptors for carbohydrates such as the asialoglycoprotein receptor exclusively

on hepatocytes, and the mannose receptor on macrophages and liver endothelial

cells, produce opportunities for cell-specific liposomal targeting [164]. Asia-

loglycoprotein receptor is promising for liver targeting since it expresses at large

numbers on hepatocytes [245] and exhibits high affinity and a rapid internalization

rate [246]. To target the asialoglycoprotein receptors on liver parenchymal cells
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(PCs), extensive research has been focused on galactosylated [163,245,247–251],

including lactosylated liposomes [252]. In contrast, mannosylated liposomes have

been studied to target the mannose receptors on liver nonparenchymal cells

(NPCs) [253–256], and splenic macrophages [257]. Mannose receptor-positive

liver NPCs, such as sinusoidal endothelial cells and Kupffer cells are involved in

various diseases and disorders of the liver, such as Gaucher disease [258], hepatic

ischemia/re-perfusion injuries [259], and viral infection [260]; while splenic ma-

crophages are the sites where the parasite Leishmania donovani resides and

multiplies [257]. Therefore effective targeting of drugs, genes, and antigens to liver

NPCs by mannosylated liposomes would be one important strategy to achieve high

therapeutic index. The physiological properties of the galactosylated and man-

nosylated liposomes can influence the accessibility of the liposomes to the cell

surface and therefore the amount delivered to the hepatocytes and NPCs, re-

spectively [164]. Liver sinusoids have discontinuous capillaries and show large

inter-endothelial junctions, i.e. fenestrations of up to 150nm [261], and they

are linked to the highly phagocytic Kupffer cells [164]. The structure of the liver

requires that the galactosylated liposomes must be condensed to 150nm in

diameter, while the size of mannosylated liposomes for targeting Kupffer cells can

exceed this value [164].

Galactosylation and mannosylation of liposomes can be achieved through in-

corporation of synthetic glycolipids on the surface of liposomes. For this purpose,

different types of glycolipids have been synthesized. Hashida and associates

[164,248,262,263] have synthesized cholesten-5-yloxy-N- (4- ((1-imino-2-b-D-

thiogalactosylethyl)amino)alkyl)formamide (Gal-C4-Chol), and cholesten-5-yloxy-

N-(4-((1-imino-2-b-D thiomannosylethyl)amino)alkyl)formamide (Man-C4-Chol)

[254,255], two novel cholesterol derivatives possessing galactose and mannose

residues as a targetable ligand for liver PCs and NPCs, respectively. In addition,

these glycosylated cholesterol derivatives possess cationic charge necessary for

DNA binding, and therefore have been used to form cationic liposome/plasmid

DNA complexes for gene targeting [164,248,254,262,263], and also to form ga-

lactosylated neutral liposomes with DSPC for hepatocyte-selective targeting of

lipophilic drugs [245,250] and immunomodulators [255]. The biodistribution and

pharmacokinetic studies [253] of the intravenous-injected liposomes showed

that the liposomes composed of DSPC, cholesterol, and Gal-C4-Chol (or

Man-C4-Chol) with the molar ratio of 60:35:5 were rapidly eliminated from the cir-

culating blood and preferentially recovered in the liver. The uptake ratios by liver

PCs and NPCs (PCs/NPCs ratios) for the dose of 0.5% galactosylated and

mannosylated liposomes were found to be 15.1 and 0.6, respectively. Further

experimental results suggested the uptake of galactosylated and mannosylated

liposomes by the liver was via asialoglycoprotein receptors in PCs and mannose

receptors in NPCs, respectively. More interestingly, Hashida and associates [253]

found that at high dose (5%), galactosylated liposomes were taken up by NPCs

rather than by PCs, and suggested that galactosylated liposomes administered at
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a high dose would also be taken up by NPCs via fucose receptors that are con-

sidered to act as galactose particle receptors [264]. It was suggested by Hashida

and co-workers [253] that at high doses, saturation of the asialoglycoprotein re-

ceptors in PCs occurs and the contribution of the galactose particle receptors in

NPCs with a lower affinity becomes predominant. Incorporating 1% of PEG350-

DSPE into the galactosylated liposomes can control the delivery rate of galac-

tosylated liposomes to liver PCs (i.e. reduce the blood elimination rate) without

loss of their targeting capability [247]. For cationic liposomes containing Gal-C4-

Chol, N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA),

and Chol, the administration of the cationic liposome/plasmid DNA complexes to

perfused liver revealed that the tissue binding and cellular internalization rates

were higher for the galactosylated cationic liposome complexes compared with

the control i.e., non-galactosylated liposome complexes [262]. The PCs/NPCs

uptake ratio was as high as unity, which was much higher than that of the control

liposome complexes [262]. With the targeting property of the Gal-C4-Chol- and

Man-C4-Chol-containing liposomes, liver-specific gene transfection and targeting

drug delivery have been achieved. Intraportal injection of the DOTMA/Chol/

Gal-C4-Chol (1:0.5:0.5) galactosylated liposome-plasmid DNA complex into mice

caused one order of magnitude higher gene expression in the liver than naked

DNA and DOTMA/Chol (1:1) liposome-DNA complexes [248]. In a similar way,

high gene expression was observed in the liver after intravenously injecting mice

with Man-C4-Chol/DOPE (6:4) mannosylated liposome/plasmid DNA complex,

whereas 3b[N-(N0,N0-dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol)/

DOPE (6:4) control liposome/plasmid DNA complex only showed marked expres-

sion in the lung [254]. The mannosylated liposome/DNA complexes in the liver

were observed preferentially in NPCs due to recognition by mannose receptors in

NPCs [254]. The hepatocyte-selective gene expression of the Gal-C4-Chol-

containing liposome/plasmid DNA complex is dependent on the composition of the

liposomes, charge ratio of the cationic liposomes to DNA, and other factors based

on physicochemical considerations. Gene expression for galactosylated cationic

liposomes containing 3b[N-(N0,N0-dimethylaminoethane)-carbamoyl]cholesterol,

Gal-C4-Chol, and DOPE was 10 times lower than that of the DOTMA/Chol/

Gal-C4-Chol (1:0.5:0.5) galactosylated liposomes [248]. As far as the charge ratio

of DOTMA/Chol/Gal-CA-Chol (1:0.5:0.5) liposomes to plasmid DNA was con-

cerned, complexes with charge ratios of 2.3–3.1 produced maximal gene expres-

sion in the liver after intraportal injection of the complexes [248]. Similar results

were observed for intravenous administration of Man-C4-Chol/DOPE (6:4) cati-

onic liposomes/plasmid DNA complex in mice. Transfection efficiency after intra-

venous administration of the complex at charge ratios (+:�) of 2.3 and 3.1 in liver

and spleen, respectively, expressing a mannose receptor on the cell surface was

higher than that in the lung; while the transfection efficiency at a charge ratio

(+:�) of 4.7 was found to be highest in the lung, suggesting a non-specific

interaction [265]. Incorporation of polyethylenimine (PEI), a molecule showing a
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pH-buffering capacity in endosomes and DNA-condensing activity, into the Man-

C4-Chol/DOPE (6:4) cationic liposomes/plasmid DNA complex, increased the

uptake and transfection activity in mouse peritoneal macrophages 2-fold and 6-

fold, respectively, compared to those obtained without incorporating PEI [266].

The presence of an essential amount of sodium chloride (NaCl) during the for-

mation of cationic liposome/plasmid DNA complexes (lipoplexes) stabilizes the

lipoplexes according to the surface charge regulation (SCR) theory [263]. After

intraportal administration, the hepatic transfection activity of galactosylated SCR

lipoplexes (5 and 10mMNaCl solution in lipoplex) was approximately 10- to 20-

fold higher than that of galactosylated conventional lipoplexes in mice. For ga-

lactosylated neutral liposomes containing Gal-C4-Chol of composition of DSPC/

Chol/Gal-C4-Chol (60:35:5), model lipophilic drug prostaglandin E1 (PGE1)

[245,250] and probucol [245,250] have been incorporated in the liposomes, and

found to selectively target hepatocytes. However, probucol incorporated in the

liposomes exhibited lower liver uptake than liposomes, suggesting that substantial

release of probucol from liposomes had taken place before the liposomes were

taken up in the liver [250]. In contrast, probucol incorporated in the galactosylated

neutral liposomes with the composition of EPC/Chol/Gal-C4-Chol (60:35:5) was

more stably incorporated under in vivo conditions [250].

In addition to Gal-C4-Chol and Man-C4-Chol, some other types of glycosylated

lipids have been synthesized and used for construction of liposomes. Wang and

his co-workers [249] synthesized four types of amphiphilic glycolipid molecules

bearing galactose residues, namely octodecyl galactoside, octodecyl lactoside,

cholesteryl galactoside, and cholesteryl lactoside, and mixed the glycolipids

with pH-sensitive lipids DC-Chol/DOPE in a molar ratio of 1:6:4, to prepare

hepatocyte-targeting pH-sensitive liposomes. Among the glycosylated lipids

used, the DNA/liposome complexes containing octodecyl galactoside had the

highest in vitro HepG2 cells (liver cells)-targeting property and gene transfection

efficiency [249]. Zhang and associates [251] synthesized cholesterylated thio-

galactosides with different lengths of oligoethylene glycol spacer and formulated

galactosylated liposome–polycation–DNA complexes. The complexes containing

galactosylated lipids with spacers of 3 and 4 ethylene glycol units significantly

improved the levels of gene expression in cultured hepatoma cells, HepG2 and

SMMC-7721; while those with spacers of 1 and 2 ethylene glycol units did not,

compared with the complexes containing non-galactosylated lipids [251]. This

result is consistent with the one observed by Sasaki et al. [267], who demon-

strated that among the oligoethylene glycol-coupled galactolipids tested, the ga-

lactolipids with a tri- or tetraethylene glycol moiety as spacer caused the greatest

accumulation of liposomes in the liver. In addition, they showed that the gala-

ctolipids with a tri- or tetraethylene glycol moiety as spacer exposed galactosyl

moiety on the surface of liposomes, while those with a mono- or diethylene glycol

spacer did not [267]. Sasaki and co-workers [268] also synthesized branched

galactosyllipid and demonstrated that the difference in accumulation of liposomes
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between non-branched galactosyllipid and branched galactosyllipid was not

large. They proved that liver accumulation of liposomes depends more on the

density of galactosyl residues. The spacer effect of PEG-coupled galactolipids

on the surface exposure of galactosyl moiety and the biodistribution of lipo-

somes were also investigated by Shimada et al. [269]. The galactose moiety

is separated from a diacylglyceride lipid anchor by PEG chains of 10, 20, or

40 oxyethylene residues (PEG10/20/40), and the galactosylated-PEG-lipids

(Gal-PEG-Lip) are incorporated in the bilayer of liposomes. They demonstrated

that only the liposomes containing the Gal-PEG10-Lip aggregated with the Ri-

cinus communis agglutinin 120 [269]. Furthermore, they illustrated that 90% of

the intravenously injected Gal-PEG10-Lip containing liposomes in rats was taken

up by liver, and only less than 1% was taken up by spleen, compared to 19% by

liver and 6% by spleen for liposomes without Gal-PEG10-Lip [269]. However, they

demonstrated that the increased liver uptake of Gal-PEG10-Lip-containing lipo-

somes was almost entirely attributable to increased uptake by the Kupffer cells

and they suggested that this very specific and efficient recognition by the Kupffer

cells could be attributed to interaction with the galactose particle receptor on

these cells [269]. This somewhat unexpected result is possibly due to the dose

effect of liposomes. Hashida and associates [253] have already demonstrated

that at high dose (5%), galactosylated liposomes were taken up by NPCs rather

than by PCs, and suggested that galactosylated liposomes administered at a high

dose will also be taken up by NPCs via fucose receptors, which act as galactose

particle receptors. In contrast, Nag and Ghosh [270] demonstrated that lipo-

somes containing galactose-tagged PEG2000-DSPE conjugates (Gal-PEG2000-

DSPE) much favored the uptake by PCs, with the ratio of intra-hepatic distribution

of PCs to NPCs being 93:7, compared to 47:53 and 40:60 for PEG2000-DSPE

containing liposomes and conventional liposomes (containing lipids neither

PEGylated nor galactosylated), respectively. On the other hand, mannosylation

of both the conventional liposomes and the PEGylated liposomes (i.e. SSL)

shifted the distribution toward Kupffer cells [270]. Furthermore, significant liver

antimetastatic effects of galactosylated liposomal antitumor drug adriamycin

(ADM) [163] and immunochemotherapeutic cytokine interleukin-2 (IL-2) [271]

have been demonstrated.

Optimization of the glycosylated lipid structure, lipid composition of the lipo-

somes, charge ratio for cationic liposomes, and other factors based on physico-

chemical considerations, should lead to more specific and effective drug and

gene delivery.

2.3.2.4. Other ligand-attached liposomes
Several other ligands, designed to target specific receptors that are overex-

pressed on target cells (especially cancer cells), and certain specific membrane

molecules on pathological cells [30], have been attached to liposomes for actively
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targeting delivery of drugs, genes, and diagnostic agents. For example, avb3-

integrins are overexpressed on actively proliferating endothelium and represent a

possible target to disrupt the angiogenic process of tumor growth [156]. The

phage display library selection of peptides targeting to tumor blood vessels dem-

onstrated that the Arg–Gly–Asp (RGD) tripeptide showed the most efficient

binding to the avb3-integrin receptor [156]. Cyclic RGD peptide has been coupled

to the PEG-terminus of PEG-liposome encapsulating antitumor drug doxorubicin

to target the receptor avb3-integrins expressed on the endothelial cells of a do-

xorubicin-resistant C26 colon cancer xenograft model [157]. Doxorubicin encap-

sulated in the RGD-attached PEG-liposome inhibited tumor growth in the colon

carcinoma model, whereas control liposomal (plain PEG-liposome) doxorubicin

failed to decelerate tumor growth [157]. In another example, RGD-attached PEG-

liposomal doxorubicin showed higher intracellular uptake of doxorubicin by B16

cells in vitro and higher antitumor activity in terms of tumor growth inhibition and

mice survival time prolongation in vivo compared to plain PEG-liposomal do-

xorubicin [272]. Similarly, integrin GPIIb–IIIa forms upon platelet activation, which

is an acute response to balloon-induced vascular injury, and is strongly implicated

in the pathogenesis of luminal restenosis through release of chemical mediators

such as platelet-derived growth factor (PDGF) [273,274]. RGD peptide-coated

liposomes with the composition of DSPE/DSPE-PEG3400-RGD (95:5) have been

demonstrated to bind platelets at levels substantially greater than the control

DSPE/DSPE-PEG2000 (95:5) liposomes, representing a means to target lipo-

some-encapsulated anticoagulant or antiplatelet therapeutics [158]. Another re-

ceptor, VIP receptor (VIP-R), which is about five times overexpressed in human

breast cancer compared to normal breast tissue [275,276], has become an at-

tractive molecular target for breast cancer targeting. VIP, a 28-amino acid mam-

malian neuropeptide, has been covalently attached to the surface of SSL that

encapsulated a radionuclide to target VIP-R on the surface of human breast

cancer cells for breast cancer imaging, and resulted in significantly more accu-

mulation of radionuclide in breast cancers than plain SSL [159]. For antineovas-

cular therapy, peptides specifically homing to tumor angiogenic vessels

have been isolated from a phage-displayed random peptide library [277,278].

ADM [276] and 5P-O-dipalmitoylphosphatidyl 2P-C-cyano-2P-deoxy-1-L-D-arab-

inopentofuranosylcytosine (DPP-CNDAC) [279], a hydrophobized derivative of

the novel antitumor nucleoside CNDAC, were encapsulated in liposomes modi-

fied with APRPG, one of the angiogenic homing peptides, and strongly sup-

pressed tumor growth compared with the same number of doses of unmodified

liposomal drugs [277,279], with the increase of life span of the treated mice [279].

EGFR-targeted immunoliposomes have been specifically delivered to a variety

of tumor cells that overexpress EGFR [30,195]. The hyaluronan-specific recep-

tors CD44 and hyaluronan-mediated motility receptor (RHAMM) are found at low

levels on epithelial, hematopoietic, and neuronal cells, and are overexpressed

(one or both) in roughly all cancer types [160,280,281]. In vivo, mitomycin
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C-encapsulated and hyaluronan-coated liposomes with the composition of PC/

PE/Chol (3:1:1) were demonstrated to be accumulated 33- and 5-fold higher in

tumor-bearing lungs, compared with free drug and non-hyaluronan-coated lip-

osomal drugs, respectively [160]. Key indicators of therapeutic responses, tumor

progression, and metastatic burden and survival were superior in animals re-

ceiving hyaluronan-coated liposomal mitomycin C, than those receiving non-

hyaluronan-coated liposomal drug and free drug [160]. In addition, coating the

liposomes with hyaluronan turned the liposomes into long-circulating species

through its many hydroxyl residues, over a time frame similar to (or better than)

that reported for PEG-coated liposomes [160]. It has been found that an in-

creased level of chondroitin sulfate (CS) expression on the cell surface is often

associated with malignant transformation and the progression of tumor cells

[165,282–286]. Kimura and co-workers have developed long-circulating PEG-

liposomes that contain a new cationic lipid 3,5-dipentadecycloxybenzamidine

hydrochloride (TRX-20), and this TRX-20 PEG-liposomes with the composition of

HSPC/Chol/TRX-20/PEG-DSPE (50:42:8:0.75) bound preferentially to certain

CSs, such as CS B, CS D, and CS E, whereas PEG-liposomes lacking TRX-20

showed no significant binding to any of the glycosaminoglycans tested [165].

Consequently, the TRX-20 PEG-liposomes, but not plain PEG liposomes, in

in vitro studies, avidly bound to and were readily internalized by highly metastatic

tumor cells such as LM8G5 and ACHN cells, which express large amounts of CS

on the cell surface [165,287]. It was found that systemically injected TRX-20

PEG-liposomes preferentially accumulated in the liver and in solid s.c. LM8G5

tumors [165]. When administered to mice with glomerulonephritis, the TRX-20

PEG-liposomes selectively accumulated in glomerular mesangial lesions where

vascular permeability was increased and CSs were abundantly expressed, and

TRX-20 PEG-liposome-encapsulated prednisolone showed an increased thera-

peutic efficacy, compared with the free drug [288]. Furthermore, cisplatin-loaded

TRX-20 PEG-liposomes effectively killed the CS-expressing tumor cells in vitro,

whereas cisplatin-PEG-liposomes lacking TRX-20 were totally ineffective. In vivo

in mice bearing an s.c. LM8G5 tumor, the TRX-20 PEG-liposomal cisplatin

was significantly more effective in reducing the local tumor growth, suppressing

metastatic spreading of LM8G5 tumor cells to the liver, and increasing the sur-

vival time, compared to plain PEG-liposomal cisplatin or free cisplatin [165].

3. CONCLUDING REMARKS

Research on the liposomal formulation towards site-specific active targeting

and controlled cytoplasmic delivery of drugs, genes, antisense oligonucleotides,

diagnostic imaging materials, etc. is a growing area. The targeting strategies

of coating the liposomes with antibodies or other ligands can significantly im-

prove the accumulation and internalization of liposomes, and may, in some
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cases, result in an increased bioavailability of the encapsulated drugs/genes.

The combination of active triggering strategies with site-specific targeting strat-

egies is therefore of crucial importance for improving therapeutic index. In

the future, more efforts are required to optimize the liposome formulations for

optimal rate of drug release, and to develop stable liposomes for storage and

a variety of quality control assays for liposomal formulations. With all these

efforts accompanying the development of new strategies in material syn-

thesis, and the advances in understanding the molecular basis of diseases,

we believe that more clinical success on liposomal drugs can be achieved, and

more liposomal pharmaceuticals can be launched in the market in the foresee-

able future.
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Abstract

Since the discovery of liposomes in the middle of the 20th century, much attention has been

focused on their physicochemical properties and on the liposome design from their potential

value as drug carriers in drug delivery systems. Also, from a biological interest, liposomes

have been studied as biomimetic cells, since biological membrane is composed of lipids,

proteins, and carbohydrates. In this chapter, lipid compositions, shapes of lipids, diversity,

and distribution in biological membranes will be discussed in terms of their functions. Phy-

sicochemical properties of liposomes, such as hydration of lipid headgroup, size, osmotic

effects, and surface charges, which affect the stability and loading efficacy of drugs in

liposomes, will be discussed. The modification of liposome surfaces with glycolipids and

hydrophilic polymers stabilizes the liposomes and increases the loading efficiency of drugs.

By the modification of liposome surfaces with polyethylene glycol (PEG), the circulation time

of liposomes after being administered to blood is prolonged, since PEGylated liposomes

have an ability to escape from the uptake by reticuloendothelial system. Liposomes, the

surfaces of which are modified by hydrophilic polymers, have been studied as injectable
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drug carriers for passive targeting of anticancer drugs to cancer tissue. In addition, pos-

itively charged liposomes have recently been studied as DNA transfection agents.

1. LIPID DIVERSITY AND DISTRIBUTION IN BIOLOGICAL
MEMBRANES

The biological membrane is a complex aggregate of lipids, proteins, and carbo-

hydrates, formed as a result of non-covalent interactions. The functions of a

membrane are determined by its chemical composition, physical state, and mode

of organization, all of which are interdependent [1]. Biological membranes contain

an astonishing variety of lipids of more than 100 molecular species [2].

Phosphatidylcholine (PC), which is one of the major lipid species of mammalian

membranes, forms a stable bilayer. Phosphatidylethanolamine (PE), a second

major lipid, has the ability to promote the bilayer-to-hexagonal phase transition

that may facilitate membrane fusion. Sphingomyelin (SM) has a molecular shape

and hydration properties similar to PC. Cholesterol (Chol) is present in most

mammalian membranes, but in very different amounts in different organelles [3].

Chol alone is incapable of forming membrane structures, but in the presence of

equimolar proportions with PC stabilizes bilayer structures. Although Chol has

several different functions in eukaryotic cells, two of its primary and essential

roles are to decrease permeability and increase the stability of membrane bilay-

ers [4,5]. Chol and SM are chemically as well as functionally different, and they

colocalize in the same membrane compartment [4]. Lateral assemblies of SM

and Chol may function as platforms in membranes for different cellular processes

[5]. The glycolipids (GLs), which can also include carbohydrate-containing glyc-

erol-based lipids, form micelles or bilayers and play major roles as cell-surface-

associated antigens and recognition factors in eukaryotes [6].

Phospholipid molecules contain different polar head groups and two very hy-

drophobic hydrocarbon chains. Polar head groups can be zwitterionic, such as

PC, PE, and SM or negatively charged, such as phosphatidylinositol (PI),

phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidic acid (PA), and

cardiolipin (CL) depending on the pH. Membranes contain a fixed fraction of

charged phospholipids. Their charges vary in quantity and distribution within their

headgroup regions. The charge distribution determines the extent and type of

interaction with foreign molecules at the membrane surface [7]. The two hydro-

carbon chains of phospholipid molecules are of different lengths and consist of

different degrees of unsaturation. Glycerol-based phospholipids have a saturated

fatty acid esterified at the 1-position of the glycerol backbone and an unsaturated

fatty acid at the 2-position. In addition, the fatty acid composition shows very large

variations mainly with respect to the content of the fatty acids such as C16:0, C18:0,

C24:0, and C24:1 for bovine brain SMs [8]. These variations affect the physical

properties of liposomes, such as thermotropic behavior and osmotic activity.
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The lipid bilayer as the main structural feature of the plasma membrane is

highly non-homogeneous due to lipid asymmetry. The individual lipid species are

distributed over the inner and outer monolayers of membrane bilayers in a highly

asymmetrical fashion [9]. The outer monolayer of the bilayer is primarily com-

posed of PC, SM, and glycolipids and the inner monolayer contains PS and PE,

with lesser amounts of PC and SM. A general feature of plasma membrane

asymmetry is that most of the phospholipids with a net negative charge at phys-

iological pH are located in the cytosolic half of the bilayer. Steric and electrostatic

interactions between phospholipid head groups are primarily responsible for the

asymmetry [10]. Phospholipids with higher degrees of unsaturation tend to reside

preferentially in the outer monolayer.

2. CLASSIFICATION AND CHARACTERIZATIONS OF LIPOSOMES

Owing to their amphiphilic nature, phospholipid molecules have the property of

forming spontaneously well-organized bilayer structures in water. The primary

driving force behind this phospholipid bilayer formation is the entropy of water due

to the change in water structure around the hydrophobic portions of phospholipid

molecules. Hydrophobic effect, with �4 kJmol�1 per CH2 group, plays the main

role in the stabilization of the lipid bilayer, but the hydrogen bonding and di-

pole–dipole interactions, with energies of 4–40 kJmol�1, are also dominant in the

region of the polar headgroups of phospholipid molecules [11].

The types of phospholipids are important for the determination of the exact

state of liposomes. Israelachvili et al. [12] defined a packing parameter (P) of

phospholipid molecules on their organization by the following equation:

P ¼ V=SLc ð1Þ

where V is the hydrophobic volume, S the average surface area occupied by the

polar region of the amphiphilic molecule at the air/water interface, and Lc the

extended length of the hydrophobic region. Cylinder-like phospholipid molecules

with packing parameters between 0.8 and 1.1, preferably around 1, will form

liposomal bilayer structure, whereas molecules with much lower- or higher-pack-

ing parameters will self-assemble as micelles or hexagonal type II (HII) phase,

respectively. Changing the composition, temperature, pH, and ionic strength in

the medium may lead to change in the packing parameter.

2.1. Classification of liposomes

There are now a large variety of techniques for preparing liposomal systems.

Some of the major procedures are summarized in Table 1. Liposomes are mainly

classified into four types on the basis of the number of lamellae and size, and they
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are multilamellar vesicles (MLVs) of large size, small unilamellar vesicles (SUVs)

(liposomes) of small size, large unilamellar vesicles (LUVs) of large size, and

giant unilamellar vesicles (GUVs) 45 mm in diameter. MLVs consist of concentric

bilayers with water entrapped between the bilayers and have a relatively large

diameter (4400 nm) [13,14]. Increasing the amount of water incorporated be-

tween the bilayers increases the repeat distances and decreases the bilayer

thickness. Individual MLVs are rather heterogeneous, and spherical onion-like,

oblong, and tubular structures of various sizes coexist. The MLVs have been

mainly used for physical studies on bilayer organization and motional properties

of individual lipids within a membrane structure. SUVs can be prepared directly

from MLVs by sonication [15], passage through French press [16], or ethanol

injection [17]. The size of SUVs is in the range 20–50 nm diameter, although it is

dependent a little on the type of the lipid that constitutes liposomes. The radius of

curvature of SUV is so small that the ratio of the number of lipid molecules in the

inner and outer monolayers is approximately 1:2. Therefore, the geometric pack-

ing constraints of SUV with large curvature disorder the structural features in

comparison with LUV. The LUVs are prepared by the our commonly used meth-

ods detergent dilution [18,19], ether injection [20], freezing and thawing [21], and

reverse-phase evaporation [22]. The LUVs system is a more useful membrane

model and the mean diameter is in the range between 50 and 200 nm. The

thermodynamic behaviors of SUV and LUV bilayers differ. This follows from the

constraints on packing the lipid molecules in a bilayer membrane with a large

radius of curvature. GUVs are also useful as cell models involving proteins

or intact cells. The successful preparation of GUVs at ionic strength close to

Table 1. Methods of preparation and characteristics of the liposomes

Method of

preparation Type of liposome Size (nm) Reference

Vortexing thin lipid

film with aqueous

solution

MLV 400–5000 [13,14]

Sonication SUV 25–50 [15]

French press SUV 30–50 [16]

Ethanol injection SUV 30–110 [17]

Detergent dialysis LUV 100–200 [18,19]

Ether injection LUV 150–250 [20]

Freeze and thaw LUV 50–500 [21]

Reversed-phase

evaporation

LUV 200–900 [22]

GUV GUV 5000–50,000 [23,24]
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physiological conditions requires the incorporation of 10–20% of a charged lipid,

such as PS, PG, or CL, into PC bilayers [23,24]. The LUVs and GUVs have

advantages for stability, trapped volumes, and trapping efficiencies. Character-

istics of the liposome variously change in composition, particle sizes, membrane

fluidity, and charge of the membrane surface, together with the method of lipo-

some preparation.

2.2. Surface activity of phospholipids

The monolayer of the phospholipid resembles half-bilayer leaflets in the bio-

membranes and thus serves as an excellent model for the biomembranes, in-

cluding the nature, stability, and packing characteristics of the phospholipids.

When phospholipids are spread onto the subphase water surface, monomolec-

ular layer of well-aligned phospholipid molecules is formed. The hydrophilic group

is in contact with water, while their hydrocarbon chains extend above water sur-

face and associate with each other. The alignment of lipid molecules on the water

surface significantly decreases the surface tension of water. Amphiphilic char-

acter of phospholipids is responsible for the surface activity. The surface area per

phospholipid molecule is important in understanding or quantitating the asym-

metric distribution of lipids in membranes, lipid diffusivity, interactions between

acyl chains and polar head groups, surface charge density, and non-bilayer

structures such as the hexagonal phase. The surface area at zero surface pres-

sure in the surface pressure–surface area isotherm can predict the cross-sec-

tional area of closely packed phospholipid molecules in the bilayer membranes

[25,26]. Two-dimensional phase transition between solid (condensed) and fluid

liquid crystalline phases in phospholipid monolayers has been analyzed in terms

of their surface pressure–surface area and area–temperature isotherms [27].

Phospholipid molecules in the monolayer in the fluid state are close to each other

and tilt with respect to the subphase surface, whereas the molecules in the solid

state are packed as closely as possible and are perpendicular to the subphase

surface. The monolayers in the solid state, which are indicated by the almost

vertical surface pressure–surface area isotherms, show lower compressibility

compared with that in the fluid liquid crystalline state [25,26]. The monolayer

phase state is important in determining the extent to which the presence of Chol

in mixed monolayer reduces the average molecular packing density of either

glycerol-based phospholipids or simple sphingolipids such as galactosylceramide

[28]. For the evaluation of miscibility in mixed phospholipid monolayers as func-

tions of composition, chain lengths, and temperature the surface phase rule ap-

plies [29]. The lateral diffusion coefficient of the component in mixed monolayers

can be estimated from the theory of random walks [30].
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2.3. Hydration and conformation of headgroups

In the liposomal membrane, phospholipids are densely packed with their polar

heads preferentially oriented parallel to the bilayer plane. The polar region of

phospholipid constitutes an interface between the bulk aqueous phase and the

hydrophobic core of the membrane and is strongly hydrated. Hydration of the

phospholipid head group at the interface loosens the packing in that region due to

the weakening of the electrostatic interaction and/or the accommodation of water

molecules between adjacent phosphate groups. The extent of the hydration de-

pends on the effective size of the polar part and also the effective molecular

geometry [1]. It has been estimated that the thickness of a fluid PC bilayer

membrane is �50 Å, comprising the hydration layer, polar head group, and hy-

drocarbon chains [31]. There exists a very steep gradient for relative permittivity

er in the region of a half-bilayer leaflet of about 25 Å thickness [32]. The lipid

membrane/water interface represents an interface between a bulk aqueous

phase of high relative permittivity (erE78 at 25 1C) and the alkane-like phase

which is built up by the lipid hydrocarbon chains of very low relative permittivity

(erE2). The relative permittivity of water in the immediate vicinity of lipid polar

head groups at the interface is estimated at around 20–30.

Zwitterionic PC and PE, as major components of the membrane surface matrix,

determine surface global properties characterizing its environment, where other

lipids are presented. Choline methyl groups are hydrophobic, and adjacent water

molecules are hydrogen-bonded between themselves, forming a hydration shell

around the PC head group. It is estimated that about 25–30 water molecules are

needed to fully hydrate the choline head group, whereas the ethanolamine head

group requires only 10–12 water molecules [33]. The ammonium group of PE

readily forms hydrogen bonds with water molecules as well as with the oxygen

atom of neighboring molecules phosphate groups.

Negative net charges such as PS, PA, PG, or PI and positive charge such as

sphingosine differ in magnitude and location within the interface. Phospholipids

with a net negative charge differ with respect to the large quantity of water

trapped between adjacent bilayers with motional characteristics of free water

from non-charged phospholipids. The ability of charged phospholipid bilayers to

incorporate large quantities of water to swell up to bilayers of about 140 Å (three

times larger than the original thickness) is ascribed to electrostatic. The number

of water molecules in the hydration shell depends on the phase state of lipids, the

types of lipid head groups, acyl chain composition, and the presence of cis-

double bonds. Dehydration of liposomal membranes induces phase separation

[35]. The negatively charged head groups interact stoichiometrically with divalent

ions such as Ca2+ and displace water molecules hydrogen-bonded to this group.

This leads to a tighter packing in the polar group that is propagated to the hy-

drocarbon chains and to a decrease in bilayer permeability [11]. Dehydration

such as that taking place upon the binding of Ca2+ to PS in bilayer has a dramatic
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effect on the physical state of the phospholipid. In general, the ease with which an

isothermal, solution-induced phase transition is induced increases with the rel-

ative lipid hydrophobicity. PC, PG, and CL consequently are more susceptible to

such transitions than PE, PS, or PA [36]. Charged phospholipids are always more

amenable to an isothermal phase transition than the zwitterionic lipids, in the

surface charge density-depending manner.

Langnerand Kubica [34] have stressed the physiological significance of residual

charge distribution within the lipid head group and membrane environment, such

as charge, lipid, and water dipoles located within the interface to the effective

electrostatic surface potential and the effect of the relative permittivity gradient on

local interfacial electrostatics. A schematic drawing of selected lipids of both sides

of the plasma membrane, as an example of the biological membrane, is shown in

Fig. 1. The inner and outer plasma membranes consist of a substantial amount of

zwitterionic lipids (PC, SM, and PE) similar in residual charge distribution, but

different otherwise. PC and SM are located on the outer surface, and PE is on the

inner surface of the plasma membrane. Zwitterionic lipids of the outer layer have

choline moieties in the interface region. Choline groups are well hydrated and do

Fig. 1. An electrostatic model of the plasma membrane. Assuming that lipids are
mixed, there are no charged lateral domains. The glycocalyx has a spread neg-
ative charge associated with the sialic acids of glycolipids and glycoproteins.
Under the glycocalyx is the choline region where charge separation induces an
electric field associated with P–N dipoles. The uncharged hydrophobic core of the
lipid bilayer gives way to the intracellular membrane surface formed predom-
inantly of PE, with ethanolamine groups parallel to the membrane surface [34].
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not form hydrogen bonds. The interaction of PC with water molecules induces a

cooperative conformational change in the polar group of PC such that the

PO4(�)�N(+) dipole of the phosphorylcholine group changes from a conforma-

tion coplanar with the bilayer plane to the one in which this dipole is more nearly

perpendicular to the bilayer plane. The conformation of the dipole of the PE in the

presence of water is coplanar with the bilayer plane, enabling effective charge

neutralization between adjacent phosphodiester and ammonium groups [34].

These conformational changes in the polar group are coupled to changes in the

packing and molecular motion of the hydrocarbon chains of phospholipids.

For fully hydrated phospholipids, the interfacial region of a fluid phospholipid

bilayer membrane comprises a dynamic mixture of various components of

phospholipid molecules with very different physical and chemical properties, such

as the hydration layer, phosphorylcholine moiety, glycerol backbone, ester car-

bonyls, and the first methylene segments [31,37]. Figure 2 shows illustration of

the methylene/water boundary and the dynamic thickness of a fluid bilayer [31].

Therefore, this region of the bilayer can be generally characterized as one of

tumultuous chemical heterogeneity because of the thermal motion of the bilayer.

Fig. 2. Illustration of the methylene/water boundary and the dynamic thickness of
a fluid bilayer. The glycerol groups precisely mark the water/methylene boundary
for DOPC at 66% RH. The large arrow indicates the minimum instantaneous
thickness of the bilayer taken as the transbilayer separation of the extreme edges
of the water distributions defined by their intersections with the double-bond dis-
tributions. This thickness is defined as the dynamic thickness. Here it is 28.6 Å,
which is several angstroms smaller than the equivalent hydrocarbon slab thick-
ness. However, as the hydration of the bilayer increases, the dynamic thickness
is expected to decrease dramatically. Note that thermal motion causes a small
but significant overlap of the water and double-bond distributions [31].
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Thus, a molecule binding to the interface should necessarily interact both with the

head group as well as the hydrocarbon region. Phospholipids are also free to

diffuse laterally in the bilayer plane and polar heads undergo fast vibrational and

rotational motions by spontaneous thermal fluctuation. As a consequence, strong

interactions exist between lipid polar head groups which, in addition to their dy-

namics, make feasible the exchange of ions, in particular of protons, between

adjacent lipid molecules [32]. This dynamic image of the bilayer may give a clue

to the approach for the problem of how molecules in the aqueous phase can

penetrate the bilayer. Because of the thermal motion, there can be a higher

probability of polar molecules, such as water penetrating, at least transiently,

deeper into the hydrocarbon core [31]. The charge density and sign through

changes in the phospholipid head groups determine the extent and strength of

interaction with associated molecules [38].

2.4. Phase transition

Phospholipids exhibit a variety of phases, depending on the lipid species, com-

position, and temperature as well as ambient conditions. Phospholipid membrane

phases are commonly grouped into crystalline, gel, and fluid liquid crystalline

membrane phases. A generalized sequence of thermotropic phase transition for

phospholipids that exhibit limiting hydration is indicated by the following (pro-

ceeding from low to high temperature) [39]:

Lc ! Lb ! Pb0 ! La ! QII ! HII ð2Þ

where Lc is the crystalline phase, Lb the hydrated lamellar gel phase with ordered

lipid chains not tilted to the bilayer normal, Pb0 the lamellar gel phase with ordered

lipid chains tilted to the bilayer normal, La the fluid lamellar liquid crystalline

phase, QII the cubic phase, and HII the hexagonal phase. Not all of these phases

and transitions necessarily appear for a single phospholipid. This depends on the

molecular structure of the particular phospholipid. In general, the transition from

lamellar to non-lamellar phases would be first inverted QII and then inverted HII.

Both multilamellar and unilamellar liposomes undergo structural changes at the

phase transition temperature [40]. These changes do not affect the gross spher-

ical closed bilayer structure of liposomes. The gel-to-liquid crystalline phase

transition temperature as well as the enthalpy, entropy, and cooperativity asso-

ciated with this transition are lower for the SUVs than for the MLVs [39]. The

enthalpy of the liposome phase transition, DHt, can be determined from the ex-

cess specific heat involved in the transition, measured by differential scanning

calorimetry (DSC) [40,41]. The entropy change at the transition, DSt is deter-

mined using the following equation:

DHt ¼ TtDSt ð3Þ
where Tt is the transition temperature.
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At the liposome phase transition, the changes in van der Waals interactions,

trans–gauche isomerism, head group interactions, and lipid hydration contribute

to the transition enthalpy. In the case of non-lamellar phase transitions, changes

in curvature elastic energy and chain packing restrictions also play an important

role. The transition entropy is dominated principally by changes in the population

of chain rotational isomers, the ordering of water molecules of hydration layer,

and by intermolecular contributions [39]. Data for gel-to-fluid liquid crystalline

phase transitions of PC [42–47], PE [48,49], and SM [50] are shown in Table 2.

For PC, there is an increase in the gel-to-fluid liquid crystalline phase transition

temperature by �201C as each two-hydrocarbon unit is added and a corre-

sponding increase in enthalpy (�10 kJmol�1), and the phase transition temper-

ature and enthalpy are significantly sensitive to the head group constituent.

Inclusion of double bond for PC molecules results in a remarkable decrease in the

transition temperature [47]. The relative position of choline and phosphate groups

in the zwitterionic dipalmitoylphosphatidylcholine (DPPC) bilayer may differ be-

tween gel and liquid crystalline states. There exist significant differences in the

phase behavior and in the physicochemical properties in general of PC and PE as

major lipids in biological membranes. For example, the gel-to-liquid crystalline

transition temperature is significantly lower for PC than for the analogous PE

(Table 2). The La–HII phase transition temperature in PEs decreases with in-

creasing hydrocarbon chain length [51]. In addition to an ability to adopt a gel or

liquid crystalline bilayer organization, phospholipids can adopt entirely different

liquid crystalline structures on hydration and one of their structures is the hex-

agonal HII arrangement, in which all biological membranes contain an appreciable

Table 2. Gel-to-liquid crystalline phase transition for phospholipids in aqueous
suspensions

Lipid Tc (1C) DH (kJmol�1) Reference

DMPC 24.0, 23.9 22.6, 25.5 [42,43]

DPPC 41.4, 41.7 36.0, 40.5 [42,44]

DSPC 54.1, 55.1 44.3, 43.1 [42,45]

DBPC 75 62.3 [46]

DOPC �22 31.8 [47]

DLPE 30.5 14.6 [48,49]

DMPE 49.1, 49.0 23.8, 23.8 [48,49]

DPPE 63.0, 63.2 36.8, 36.8 [48,49]

NPSM 41.3 28.5 [50]

NSSM 52.8 74.9 [50]

DMPC, Dimyristoyl phosphatidylcholine; DPPC, Dipalmitoyl phosphatidylcholine; DSPC,
Distearoyl phosphatidylcholine; DBPC, Dibehenoyl phosphatidylcholine; DOPC, Dioleoyl
phosphatidylcholine; DLPE, Dilauloyl phosphatidylethanolamine; DMPE, Dimyristoyl
phosphatidylethanolamine; DPPE, Dipalmitoyl phosphatidylethanolamine; NPSM, N-
palmitoyl sphingomyelin; NSSM, N- stearoyl sphingomyelin.
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fraction (up to 40mol%) of lipid species [52]. PEs form either lamellar or hex-

agonal (HII) phases depending on temperature, water content, and their hydro-

carbon chain composition [53]. Non-lamellar phase formation can be triggered by

alteration in lipid hydrocarbon chain length, degree of unsaturation, head groups,

hydration, and temperature [54]. The phase behavior of the membrane is also

influenced by changes taking place in the interface, such as solute binding. At the

phase transition temperature, the compressibility of the membrane is high and

there is a maximum in permeability.

Considering complex mixtures of phospholipids in biological membranes, it is

of great importance to understand the polymorphic phase behavior of such mix-

tures in well-defined model systems. These studies have revealed the highly

diverse behavior of mixing for phospholipid species in hydrated bilayers from

nearly ideal mixing in both liquid crystalline and gel phases [55,56] to limited

miscibility [57] or complete immiscibility [58], particularly, in gel phase bilayers. In

general, the mixing of a bilayer-forming PC system to HII-forming PE system has

the effect of tending to stabilize the lamellar phase [59,60]. For mixtures of PE

with charged phospholipids such as PS, PG, and PI [60], the phase behavior is

more complicated. For PE/PS mixtures, lowering the pH can induce an La–HII

phase transition [60,61]. For equimolar mixtures of PC with CL, a cubic phase can

be induced by low levels of Ca2+ [62]. The miscibility of binary PE mixture with

different acyl chain lengths is poorer in hydrated bilayer than in non-hydrated bulk

phase [63]. Adding SM to PC/PE liposomes enhances outer monolayer packing.

Thus, SM stabilizes the lamellar state of PC/PE liposomes. Chol is known to be

membrane protective in phospholipid bilayers. Increasing Chol in PC membranes

reduces membrane fluidity above and increases it below the transition temper-

ature. Incorporation also of Chol to PC membranes increases lamellar-phase

hydrocarbon-chain order [64]. PC/PE/Chol-liposomes are more unstable than

PC/PE liposomes and undergo mainly rupture instead of fusion. The addition of

the lamellar phase-forming digalactosyl diacylglycerol (DGDG) to the HII phase-

forming monogalactosyl diacylglycerol (MGDG) stabilizes the bilayer lamellar

phases [65].

Glycosphingolipids (GSLs) are important constituents of membranes of the

central nervous system. GSLs exhibit a variety of carbohydrate sequences and

composition in the oligosaccharide chain; the fatty acid and long-chain base

heterogeneity is more uniform compared to the variations in the polar head group

[66]. The oligosaccharide chain has a marked influence on their thermotropic

behavior, intermolecular packing, and surface electrical potential [66]. The tran-

sition temperature and enthalpy of GSLs decrease proportionally to the com-

plexity of the polar head group and show a linear dependence with the

intermolecular spacings. Interactions occurring among GSLs and phospholipids

induce changes of the molecular area and surface potential that depend on the

type of GSL. Large changes of the molecular free energy, asymmetry ratio, and

phase state of the GSLs-containing structure can be triggered by small changes
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of the molecular parameters, lipid composition, and lateral surface pressure [66].

The studies on the thermotropic behavior of mixtures of DPPC with natural GSL

(galactosylceramide, phrenosine, kerasine, glucosylceramide, lactosylceramide,

sulfatide, GM3, GM1, GD1a, and GT1b) in dilute aqueous dispersions over the entire

composition range show that the pretransition of DPPC is abolished and the

cooperativity of the main transition decreases sharply at mole fractions of GSLs

below 0.2 [67]. A limited quantity (1–6 molecules of DPPC per molecule of GLS)

can be incorporated into a homogeneously mixed lipid phase. Domains of DPPC,

immiscible with the rest of a mixed GSL/DPPC phase that shows no cooperative

phase transition, are established as DPPC exceeds a certain proportion in the

system.

2.5. Osmotic effects

The addition of water-soluble solutes into liposome suspensions may alter inter-

action between the phospholipid molecules at the bilayer surface. Thereby, os-

motic gradients change the bilayer properties of liposomes such as elastic,

permeability, and partition coefficients, perhaps by altering the area per lipid at

the membrane surface [68]. The direction and magnitude of the osmotic gradient

are closely associated with osmotic gradient-induced bilayer fusion. Under suit-

able conditions, liposomes are only permeable to water and result in osmotic

shrinkage for hypertonic solutions and swelling for hypotonic solutions. The initial

water permeability velocity (v0) through liposomal membranes induced by the

hypertonic stress of solute was determined from [69]:

v0 ¼ fdð1=AÞ=dtgt¼0=ð1=AÞt¼0 ð4Þ
where At ¼ 0 is the absorbance of liposome suspension extrapolated to the time of

solute injection (t ¼ 0). Since v0 is proportional to the initial velocity of volume

change of the liposomes, (dV/dt) the following relationship holds [70]

v0 ¼ kðdV=dtÞt¼0 ¼ kPwSRTDCs ð5Þ
where Pw is the water permeability coefficient, S the surface area of the mem-

brane, DCs the difference between the concentrations of solute outside and inside

liposomal membrane, and k a constant. Initial velocity of water permeabilities

depends on the nature of the bilayer membranes, the electrolyte gradients, and

the presence of additives [68,70]. The effect of the negatively charged CL on the

bilayer properties of non-charged PC membranes was studied by monitoring the

water permeability of the liposomes (LUVs) caused by osmotic shrinkage in

hypertonic glucose solution [71]. Incorporation of small amounts of CL into PC

membranes causes a significant decrease in their water permeability associated

with stabilization of the membrane structure. The incorporation of CL stabilizes

the intermolecular hydrogen-bonded network including water molecules of the

hydration layers at the bilayer surface that are important for the stable bilayer

K. Makino and A. Shibata60



configuration of the PC molecules. The effect of the local anesthetic tetracaine on

the water permeability of the phospholipid bilayer has been examined using

liposomes composed of various molar ratios of negatively charged CL to non-

charged PC by monitoring their osmotic shrinkage in hypertonic glucose solution

[72]. Typical time-course of shrinkage of liposomes of CL/PC (2/98, mol/mol)

caused by the addition of hypertonic glucose solution is measured as absorbance

increase at 450 nm (Fig. 3). A linear relationship is observed between the re-

ciprocal of the absorbance change and the reciprocal of the concentration of

glucose at least up to 50mM, indicating that phospholipids in the liposomes are

tightly arranged and the liposomes behave as perfect osmometers. Addition of

tetracaine caused slight increase in the optical absorbance at 450 nm ðA0
0Þ owing

to slight aggregation of liposomes, and A0
0 became constant after about 2min.

This absorbance is greatly enhanced by hypertonic osmotic shock induced by the

addition of 20mM glucose and the absorbance attains a certain constant level

(AN) after o10min. Increase in the absorbance (A) is associated with shrinkage

and/or aggregation of liposomes. The initial velocity of liposome shrinkage (v0)

reflects the barrier ability of the liposomes against water permeation, because the

possible effect of liposome aggregation is unlikely in the initial stage of osmotic

shock. Therefore, the v0 value determined from equation (4) may be used as an

index of the change in the membrane structure induced by tetracaine. Increase in

Fig. 3. Typical time course of shrinkage of liposomes of CL/PC (2/98 mol/mol)
caused by addition of hypertonic glucose solution measured as absorbance in-
crease at 450 nm. Liposomes are suspended in an isotonic solution of 10mM
Tris-HCl buffer (pH 7.3) containing 300 mM tetracaine, and incubated for 2min at
301C. Then, glucose at a final concentration of 20mM was added rapidly. Change
in the absorbance was monitored, and values of A0 (absorbance of liposome
suspension), A0

0 (absorbance after addition of tetracaine), At ¼ 0 (absorbance ex-
traporated to t ¼ 0 just after addition of glucose), and AN (absorbance at the
plateau level after glucose addition) are read. v0 is the initial velocity of absorb-
ance change and DA the difference between AN and At ¼ 0 [72].
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v0 is dependent on Pw and S, but S would not change greatly on binding of

tetracaine under the present experimental conditions in which the concentrations

of tetracaine are much lower than those generally used in studies of its effect on

membrane lysis. Thus, initial velocity of the absorbance change can be regarded

essentially to represent the velocity of water permeation. Figure 4 shows the

effects of tetracaine on the permeability of liposomal membranes to water, v0,

induced by osmotic shock on addition of 20mM glucose. In the experiments,

liposome composed of various molar ratios of negatively charged CL to non-

charged PC (CL/PC liposomes) are used. With all liposomes carrying various

negative surface charges, there is a distinct concentration of tetracaine that

causes a sharp peak of maximum shrinkage of liposomes due to water efflux on

hypertonic osmotic shock induced by injection of glucose into the medium. It is

noteworthy that below and above the concentration Cmax of tetracaine, which

needs to induce maximum shrinkage, the values of v0 are almost the same. Thus,

at a certain concentration, tetracaine loosens the tight arrangement of

phospholipid molecules, allowing water to penetrate rapidly through the

phospholipid bilayer according to the osmotic pressure, but at higher concentra-

tions than Cmax, tetracaine restores the perturbed membrane structure to the

Fig. 4. Effect of tetracaine on the absorbance change of liposome suspension.
The initial velocity of shrinkage v0 is plotted against the tetracaine concentration
on a log scale. Experimental conditions are as for Fig. 1. The molar ratios of CL/
PC in liposomes are: (A) 0:100; (B) 2:98; (C) 5:95; and (D) 10:90. The value at
�N indicates that without tetracaine [72].
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level in the absence of tetracaine. The finding that A0
0 is almost the same with all

liposomes suggests that the binding of tetracaine does not affect the size of

liposomes. The value of Cmax increases with the increase in the content of the

negatively charged CL in the liposomes. The membrane integrity of the mixed

PC/CL liposomes is governed mainly by the electrical charge of phospholipid

polar headgroups when phospholipid bilayers are in the highly fluid state, and that

positively charged amine tetracaine molecules neutralize the negative surface

charge of the CL-containing membranes, lowering the barrier for water perme-

ation through the lipid bilayers.

2.6. Electric surface properties of liposomes

The surface properties and structures of liposomes are affected by lipid phase

transition, lipid composition, adsorption of small molecules such as ions, local

anesthetics, and amphiphilic drugs; and adsorption of polymer molecules such as

PEG and proteins, as described in Sections 2.3, 2.4, and 2.5, which could be

detected by the usage of microelectrophoretic measurements [73–75]. Zeta po-

tential measurements of liposomes provide us with direct information on the

structure of lipid headgroup. From the data of zeta potential measurements, it is

possible to predict how the lipid headgroups on the liposome surface move de-

pending on temperature and ionic strength. PC, which is the most commonly

used phospholipid to prepare liposomes, is a neutral lipid, having one phospha-

tidyl group and one choline group in the molecule. The neutral liposomes com-

posed of DPPC, DMPC, and distearylphosphatidylcholine (DSPC) exhibit non-

zero zeta potentials in an electric field even when they are dispersed in solution at

pH 7.4 [38,76]. In solutions of low-ionic strength, the zeta potential is negative

and decreases in magnitude with increasing ionic strength. With further increase

in the ionic strength, the zeta potential reverses its sign in some cases. The non-

zero mobility of the liposomes in the external electric field can be explained by a

model shown in Fig. 5. In the surface area of liposomes, lipid molecules are

considered to be arranged in such a way that the hydrophilic groups are located

on the surface of liposomes. In this model, changes in the zeta potential caused

by the increase of ionic strength are due to a structural change of the headgroup

region of the liposomes. The reversal of the zeta potential can be explained with

the changes in the direction of the dipole connecting the negative charge of

phosphatidyl group and the positive charge of choline group in the headgroup of

the lipid molecule [34,77–81], as has been mentioned in Section 2.3. Consider a

membrane immersed in an electrolyte solution of bulk concentration n. The

membrane has a surface layer of thickness d. In this surface layer, two charge

sheets are located parallel to the surface on the membrane core/solution inter-

face at a separation of d, with charge densities s1 and s2, respectively, and that

one lies on the outer surface with s1 and the other on the inner surface with s2.
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Here, s1 ¼ �s2, since the numbers of negatively charged groups and positively

charged groups are equal. Also, the surface area S occupied by one charged

group is introduced, as shown in Fig. 6. Then, s1 ¼ e/S and s2 ¼ �e/S, when the

positive sheet faces the bulk solution. Electrolyte ions can penetrate into the

region between the two sheets. Solution of the Poisson–Boltzmann equation with

the boundary conditions for kd�1 give the following equation for d=
ffiffiffiffi

S
p

:

d
ffiffiffiffi

S
p ¼ sgn zð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�0�r zj j
ek

r

ð6Þ

Fig. 6. Lipid headgroup region [82].

+-

+-

+-

x0-d

Fig. 5. Schematic representation of the headgroup region [82].
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where z is the zeta potential and sgn(z) is +1 for z40, and –1 for zo0, k the

Debye–Hückel parameter, e the elementary electric charge, er and e0 are the

relative permittivity of the electrolyte solution and the permittivity of vacuum,

respectively. The separation d is the distance from the position of the choline

group to that of the phosphatidyl group in the direction normal to the surface of

liposomes. When the actual distance between the phosphatidyl group and cho-

line group is ‘, the value of d lies between �‘ and þ‘ depending on the direction

of the headgroup to the surface, as shown in Fig. 7. The values of d=
ffiffiffiffi

S
p

are more

negative in the solution at lower ionic strength. As the ionic strength increases,

the value becomes less negative and changes its sign from negative to positive.

The direction of the lipid headgroup changes from stage I to stage III on in-

creasing the ionic strength, as shown in Fig. 8. Also, the direction of the lipid

headgroup is sensitive to temperature. At the phase transition temperature of the

lipid, the phosphatidyl group lies in the outermost region of the surface and the

choline group is in the innermost region. At the temperature where the gel-to-

liquid crystalline phase transition occurs, the electrophoretic mobility remarkably

changes [82].

Adsorption of ions on liposome surfaces affects the electrophoretic mobility of

liposomes. Metal cations adsorb on the surfaces of neutral liposomes composed

of PC and change the electrophoretic mobility values.

Monovalent metal cations can reduce the negative surface potential by de-

creasing the thickness of the diffusion double layer, while multivalent cations can

bind to the ionizable groups of acidic lipids forming Stern plate [83–90]. Effects of

both mono- and divalent ions upon the bilayer-to-hexagonal phase transition can

be explained by ion-binding and preferential hydration. Monovalent cations

bind to multilamellar PC/PS vesicles with decreasing association constant in

the sequence Li+4Na+4NH4
+4K+4Rb+4Cs+4tetraethylammonium+ and

-

+
+

-

+-

+

-

+

-

d= -l d = +ld = 0

-l<d<0 0<d<l

Fig. 7. Model for the conformation of lipid headgroup [82].
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tetramethylammonium+. Among the alkali metal ions, Li+ and Na+ belong to the

‘‘hydration-structure making’’ group together with H+, OH�, and Ca2+. On the

other hand, K+, Rb+, and Cs+ are called ‘‘structure breakers’’ together with

NH4
+, Cl�, and urea [91]. The binding affinity of divalent cations is reported to be

in the sequence of Mn2+4Ca2+4Mg2+ [83–85]. Trivalent cations change zeta

potential from negative to positive by adsorbing to PC with much higher affinity

than the divalent cations [87,92].

Anions also adsorb on the liposome surfaces composed of neutral lipids and

then reduce the electrophoretic mobility of these liposomes. The sequence for

anion affinities to DMPC liposome surface is reported as follows: trinitrophenol

+

-

+

-

+

-

+

-

+- +-+-+-

+

-

+

-

+

-

+

-

state I

state II

state III

Fig. 8. Changes in the direction of the lipid headgroups depending on ionic
strength [82].
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4ClO4
�4I�4SCN�4Br�4NO3

�4Cl�ESO4
2� [93]. The increase in the nega-

tive electrophoretic mobility is observed at the chain-melting temperature, which

is related to an increase in maximum charge density rather than a change in the

affinity constant with temperature.

The important role of water in the membrane structure is explained by the fact

that hydration of lipids leads to significant changes in thermodynamic parameters

of their main phase transition depending on headgroup structure, as described in

Section 2.3. The ordering of the water molecules at the membrane surface may

be the reason of the main part of dipole potential at the membrane boundaries

and the hydration forces. The ability of ions to adsorb at the lipid surface seems to

correlate with their effects on the dipole ordering with the significant changes in

the lipid–lipid interactions and their clusterization [77,94–96].

3. SURFACE MODIFICATION OF LIPOSOMAL MEMBRANES

The surface properties of phospholipid liposomes can be modified in many ways

by the incorporation of various types of lipids, proteins, and synthetic amphiphiles

into the membrane bilayers [40,97]. The simple modifications without chemical

reactions are to vary the composition of the liposome surface by controlling the

amount of phospholipid or glycolipids incorporated into the liposomal mem-

branes. Glycolipids are incorporated by anchoring their two acyl chains into the

bilayers. Many membrane proteins are anchored to the bilayer with the aid of a

fatty acid, such as myristic or palmitic acid, which are covalently linked to the

protein [98]. The modifications of liposomal surfaces by a chemical reaction in-

volve anchoring of the macromolecules such as polysaccharides and synthetic

polymers to the membrane surface.

3.1. In vivo stability

The success in developing stabilized liposomal preparations is due to surface

modification of liposome with glycolipids or surface-grafted hydrophilic polymers.

The term ‘‘stability of liposome’’ involves chemical stability of the constituents,

stability of physical properties, such as size and lamellarity or stability toward

cellular uptake in biological fluids [99]. When the surface nature of the liposomes

is altered by the lipid molecules with different polar head groups and/or the en-

vironmental conditions, such as ionic concentration or temperature, the bilayers

can alter the stability and take on various shapes and surfaces [100]. For ex-

ample, lowering the pH for liposomes consisting of PE/PS mixtures can induce an

La–HII phase transition [60,61].

pH-sensitive liposomes are introduced as a tool to deliver encapsulated drugs

to tumors, whose environment is slightly lower in pH than those of normal tissues.
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Incorporation of PE as the main lipid component of pH-sensitive liposomes de-

termines the pH sensitivity and capacity to be destabilized and/or fusion at acidic

pH [101]. The incorporation of Chol or ganglioside or Chol/hemisuccinate (Chol/

HS) can enhance the stability of pH-sensitive liposomes in plasma and serum to

deliver the pH-sensitive liposomes to the target cell safely. pH-sensitive lipo-

somes composed of dioleoylphosphatidylethanolamine (DOPE)/Chol-HS as a

delivery system for epitope peptides to induce cytotoxic T lymphocyte responses

show effective immune response to destroy cancer cells. A pH-sensitive liposome

formulation bearing a terminary alkylated N-isopropylacrylamide (NIPAM) copol-

ymer was characterized with regard to its pH responsiveness and its surface

property by Roux et al. [102]. In vivo, the NIPAM-coated liposomes exhibit a

prolonged circulation time (1.6-fold longer than the control formulation) in rats.

In general, small Chol-rich liposomes composed of non-charged phospholipids

with saturated long alkyl chains exhibit relatively prolonged circulation in plasma

[99]. Chol interacts favorably with SMs, whereas its interaction with PCs is much

weaker. In the Chol-incorporated SM liposomes, SM can form additional hydro-

gen bonds and this may confer its special nature. Chol-rich DSPC liposomes

show prolonged circulation compared with DPPC. The advantage of DSPC may

be because of the increase in the gel to liquid crystalline phase transition tem-

perature. Incorporation of specific natural glycolipids results in prolonged circu-

lation as compared with control liposome compositions [103]. In the use of the

liposomes as a material for chemoembolization therapy against cancer, the in-

corporation of monosialoganglioside GM1 in the bilayer can avoid considerably

rapid clearance of liposomes from the circulation by cells of the mononuclear

phagocytic system (MPS) [104]. Inclusion of ganglioside in PC/Chol LUVs greatly

induces their susceptibility to lysis and contents leakage induced by plasma

components. Increasing rigidity decreases interactions of liposomes with high-

density lipoproteins and increases circulation times. Surface modification of lipo-

somes by coating with materials such as peptides, saccharides, or block copol-

ymers or by incorporation of specific glycolipids can reduce the uptake by MPS

and results in prolonged circulation [105]. The circulation time depends on sur-

face properties such as hydrophobicity [106], charge [107], and fluidity of lipo-

somes[108].

For liposomal delivery systems, PEG-derivatized PE (PEG-PE) provides a

synthetic alternative to ganglioside GM1, a naturally occurring glycosylated lipid

and contributes to an increase in the circulation time. The PEG-PE significantly

affects structure and phase behavior in systems with varying bilayer composi-

tions. The particular efficiency of surface-bonded PEG chains is explained by the

steric repulsive barrier around the liposomes provided by the covalently bonded

PEG [109,110]. The surface conformations of PEG depend on the surface den-

sity and molecular weight of the PEG grafted to the PEGylated lipid molecules in

the liposomal membranes [111,112]. The controlling factor is the distance be-

tween the PEG chains in the lipid bilayer. Most of the studies with PEG-containing
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membranes have been performed with liposomes composed of non-charged lip-

ids such as PC, SM, and Chol. Indeed, the PEG-liposomes containing negatively

charged PS bind high amounts of plasma proteins and are removed from the

circulation within minutes after in vivo. Chiu et al. [114] have utilized the well-

characterized binding interactions of blood coagulation proteins with negatively

charged PS-containing liposomes as a model for evaluating the surface prop-

erties of PEG on such liposomes. They demonstrated that incorporating 15mol%

DSPE-PEG 2000 into PS liposomes results in circulation times comparable to

that obtained with non-charged liposomes contaning 5mol% DSPE-PEG2000.

15mol% DSPE-PEG2000 may be effective in protecting PS liposomes from the

high-affinity, PS-mediated binding of plasma proteins.

The permeability of liposomes incorporating a range of DPPE-PEG5000 mol%

is studied as a function of temperature and liposome composition [115]. The

activation energies for glucose permeability decrease from 90 to 23 kJmol�1. The

decrease in the activation energy with increasing temperature is attributed to an

increasing number of bilayer defects as the content of PEG-grafted lipid in the

liposomes is increased. The permeability of calcein across egg PC or DMPC

liposomes containing PEG-DSPE increases with increase in concentration of

PEG-DSPE in the liposomes. On the other hand, the permeability decreases with

a low amount of PEG-Chol (below 20% Chol-PEG) and increases with a high

amount of it. The permeabilities of DPPC/negatively charged dicetylphosphate

(DCP) liposomes incorporating hydrophobic peptides (poly(g-dodecyl-glutamate),

poly(benzyl-glutamate), poly(leucine), and poly(valine)) as protein model to glu-

cose have been examined by Shibata et al. [116,117]. These polypeptides are

obtained from the polymerization of monomeric amino acids in liposome matrix

and their secondary structures consist of the mixture of the a-helix and the b-

sheet. The permeability is larger for the peptide-incorporated DPPC/DCP lipo-

somes than the control ones without peptide. The bulky side groups of the hy-

drophobic peptides in the bilayers may perturb the orientation and packing of lipid

molecules in the bilayer membranes.

The in vivo characteristics of liposomes coated with a polyvinyl alcohol having a

long alkyl chain at the end of the molecule (PVA-R) as an injectable drug carrier

for passive targeting of drugs have been evaluated by Takeuchi et al. [118]. The

circulation and distribution of the small unilamellar liposomes (100 nm in diam-

eter) with various lipid compositions, such as the different Chol contents or the

different charges, are examined with their intravenous administration in rats. The

PVA-R-coated liposomes show significantly prolonged circulation compared to

that of non-coated ones. The prolonged circulation of PVA-R-coated liposomes is

attributed to their fewer uptakes in liver and spleen. They conclude that not only

the hydrophilic property but the sterically stabilizing effect of the coating layer is

important in prolonging the circulation of the particulate drug carriers with less

MPS uptake. Furthermore, Takeuchi et al. [119] prepared mucoadhesive lipo-

somes by coating multilamellar liposomes with Carbopol (CP) or chitosan (CS).
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The positively charged multilamellar liposomes (stearylamine (SA)/DPPC) or the

negatively charged multilamellar liposomes (DCP/DPPC) could be coated with

CP or CS. Mucoadhesive properties of both the resultant polymer-coated lipo-

somes (CP- and CS-liposomes) and the positively or negatively non-coated lipo-

somes (non-liposome) are evaluated using the rat intestine. The order is CS-

liposome^CP-liposome4positively charged non-liposome4negatively charged

non-liposome. The adhesive property of CP-liposome decreases on increasing

the medium pH, and this is owing to the electrostatic repulsion between CP-

liposome and the mucus layer.

3.2. Membrane fusion

As the major structural components of biomembranes, phospholipids are obvi-

ously important in membrane fusion process. The bilayer structures and physical

properties, such as bilayer dehydration [120], lipid composition [121,122], lipid

packing [123], bilayer curvature [124], and non-bilayer phases [125] contribute to

the membrane fusion process. There are at least three distinct steps involved in

the molecular mechanism of fusion: membrane aggregation, bilayer destabilizat-

ion, and then merging of the membrane components. Non-bilayer lipid phases

may be indirectly involved in each of these steps. When the temperature exceeds

the La to HII phase transition temperature, TH, the liposomes undergo a contact-

mediated lysis; i.e., the mixing of aqueous contents associated with fusion is

abolished. Above TH, there is also a large amount of lipid mixing as the liposome

membranes are transformed to HII phase precursors and the bilayers cease to

exist [126]. As is the case with many membranes, H+, K+-ATPase-rich tubulo-

vesicles in parietal cells are dominated by phospholipids such as PC, PE, PS, PI,

and PA. Duman et al. [127] demonstrated that tubulovesicles should be triggered

to fuse with protein-free liposomes. They examined the ability of tubulovesicles to

undergo fusion with PC-based liposomes containing a variety of common mem-

brane lipids of various shapes and charges. Negatively charged lipids such as

PS, PA, and PI are best able to enhance liposome–tubulovesicle fusion. The

surface charge of liposomes may perturb the lipid organization and structure in

the fusing membranes by acting through an electric field at close proximity. The

surface charge imparted by the lipids is responsible for the enhancement of

liposome fusion. Hydration of the lipid head group is an important parameter in

connection with membrane fusion. As the lipid head groups are necessarily hy-

drophilic, and often charged, a shell of water is associated with the liposomal

membrane surface, representing a barrier to membrane fusion [34]. Hydration of

biological membranes is strong, because of their high content of PC in which the

choline head group is very strongly hydrated [33].

Non-bilayer-forming PE favors interbilayer close approach because of its lim-

ited head group hydration and promotes fusion by destabilizing the bilayer state
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[128]. PE favors Ca2+-induced fusion of PC/PS LUVs [129] and PEG-mediated

fusion of both LUVs and SUVs [130]. The concentration of divalent cations re-

quired for the fusion of PS-containing liposomes increases with an increase in hte

number of liposome [131]. Isothermal induction of crystalline structure by the

addition of Ca2+ to PS containing liposome systems results in fusion to form the

large bilayer structures [132]. In addition, lipids with inverted structure, such as

lysophospholipids provide an attractive intermediate structure for fusion. The role

of PS in biomembrane fusion is in facilitating the lipid rearrangements required

during the fusion process.

E. Haque et al. [133] systematically evaluated the PEG-mediated membrane

fusion of liposomes using model membranes with complex lipid composition

involving dioleoyl phosphatidylcholine (DOPC), DOPE, DOPS, bovine brain SM,

and Chol in order to identify lipid compositions that produce highly fusogenic

membranes. A liposome system composed of four lipids, DOPC/DOPE/SM/

Chol, fuses optimally at a 35/30/15/20 molar ratio in the presence of PEG. Each

lipid in liposome plays a part in optimizing the membrane for fusion. PE disrupts

the outer monolayer packing and enhances fusion and rupture, without signif-

icantly altering the interbilayer approach. An optimal ratio of DOPC/DOPE (35/

30) produces a balance between fusion and rupture. Chol destabilizes PE and

PC/PE bilayers. Chol induces the formation of HII in preference to the lamellar

phase and also negative curvature in DOPC and DOPE monolayers [134].

Adding SM to PC/PE liposomes dramatically reduces both fusion and rupture. In

addition, liposomes composed of PC/SM/Chol are non-fusogenic even at high

PEG concentrations. Chol and SM, when present at an optimal ratio of 7/6 in

liposomes containing the optimal PC/PE ratio, reduce rupture without signifi-

cantly reducing fusion. The optimal SM/Chol ratio (3/4) also enhances outer

monolayer packing. SM alone reduces both rupture and fusion.

Positively charged phospholipid derivative ethylphosphatidylcholine, ED-

OPC, recently developed as DNA transfection agents, forms bilayers indistin-

guishable from those of natural phospholipids and undergoes fusion with

negatively charged POPG bilayers [135]. Membrane fusion could also be in-

volved in the actual formation of lipoplexes from liposomes and DNA and,

indeed, addition of DNA or anionic electrolytes to cationic amphiphile disper-

sions leads to considerable membrane mixing. An extensive group of exper-

iments has been done to characterize lipid mixing between oppositely charged

membranes as a function of surface charge densities on one set of liposomes,

the other set of liposomes being fully charged, both positively as well as neg-

atively. Lipid mixing between EDOPC and DOPG liposomes can be significant

between highly charged cationic liposomes and weakly charged anionic lipo-

somes, especially at high ionic strength. DOPG/EDOPC (1:1) dispersions with

no net charge undergo lipid mixing with cationic liposomes; surface heteroge-

neity and/or phase polymorphism may account for the unusual behavior of

DOPG/EDOPC mixtures.
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3.3. Liposome–cell interactions

Many reports have demonstrated the delivery of biologically active agents to cells

with a variety of liposomal formulations [136–138]. Papisov [137] has evaluated

the relationship between liposome structure and pharmacokinetics on the basis of

the mechanistic analysis of each elementary process of liposome transfer and

interactions with biological milieu. Interaction of liposomes with cells and blood

proteins, mass transfer models, and effects of boundary diffuse layer resulting

from surface modification provide quantitative approaches to relating the ob-

served biological effects to structural factors such as size, charge, rigidity, and

headgroup composition.

The interactions of various types of liposomes with hepatocytes have been

examined in detail by Scherphof and Kamps [138]. Large PS-containing lipo-

somes of 200–400 nm diameter accumulate to a substantial proportion in the

hepatocytes. However, this is not observed for those liposomes in which the

PS-containing liposomes is replaced by PG. The difference between PS- and

PG-liposomes is explained by the following mechanism: PS-liposomes are

somehow forced through the fenestration by a mechanism that does not apply

to PG-liposomes. The probability of this mechanism is enhanced by demon-

strating that in vivo uptake of large PS-containing liposomes by hepatocytes is

greatly reduced when the highly unsaturated brain-PS is replaced by the fully

saturated DSPS and, likewise, the egg PC by DSPC. These far more rigid

liposomes apparently are not able to cross the endothelial barrier in the liver and

therefore do not gain access to the hepatocytes. It is likely that the liposomes

need to be deformed when passing through the fenestrations. Lack of deform-

ability, as a result of increased rigidity, will deny access of liposomes to the

hepatocytes. A structure on the endothelial surface recognizes the PS moiety of

the liposomes, but does not bind it strongly enough to result in an irreversible

interaction. Such a structure could be the scavenger receptor that specifically

recognizes, binds, and internalizes the negatively charged PS liposomes in the

absence of serum.

In order to optimize the intracellular delivery of drugs to cells, methods are

required for increasing the uptake of liposomes into cells. Recently Fenske et al.

[139] demonstrated a new method for enhancing the interaction of liposomes with

cells using a novel class of cationic PEG-lipid (CPL) conjugates. This is a non-

specific targeting approach that involves increasing the electrostatic attraction

between liposomes and cells by the incorporation of positively charged lipid

molecules into preformed vesicles. The positively charged molecules are novel

structures wherein a cationic head group (containing 1–4 positive charges) is

separated from the phospholipid anchor and thus from the liposome surface by a

flexible, hydrophilic polymer, in this case PEG. A novel class of cationic PEG-lipid

(CPL) conjugates has been characterized for its ability to insert into preformed

vesicles and enhance in vitro cellular binding and uptake of neutral and sterically
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stabilized DOPE/DODAC/PEGCerC20 liposomes. Five types of CPL with 1–4

positive charges in the headgroup insert into the external leaflet of the LUVs in a

manner dependent on temperature, time, CPL/lipid ratio, and LUV composition.

The presence of CPLs in LUVs results in dramatic increases in the binding and

uptake of vesicles by BHK cells in vitro.

Lestini et al. [140] have considered three components of liposome design as

drug delivery liposomes: (1) identification of candidate cell surface receptors for

targeting; (2) identification of ligands that maintain binding specificity and affinity;

and (3) prevention of rapid non-specific clearance of liposomes into the re-

ticuloendothelial organs. They have presented their work on developing liposomal

surface modifications that address both targeting specificity and liposome lon-

gevity. Such a liposome design is depicted in Fig. 9. An arginine–glycine–aspartic

acid (RDG)-containing peptide is used as a model ligand to target liposomes to

the integrin GPIIb-IIIa on activated platelets. Liposomes containing an RGD

peptide bind to activated platelets, while apparently avoiding platelet aggregation

owing to modest affinity of the peptide. With respect to the oligosaccharide in-

corporated into liposomes, liposome clearance rates are sensitive to changes in

liposome diameter caused by the incorporation of surfactants into the lipid bilayer.

Therefore, in the design of liposomal surface modifications meant to alter lipo-

some circulation times, molecular geometry must be carefully controlled to pro-

vide sufficient surface coverage without disrupting liposome structure.

Fig. 9. Molecular schematic of a surface-modified liposomal drug delivery vehicle
for intravascular targeting. (A) The liposome surface consists of a glycocalyx-like
oligosaccharide layer to minimize non-specific interactions and peptide ligands to
mediate selective receptor targeting. (B) Composite molecular model showing
glycolipids hydrating the surface of the phospholipid bilayer (a), an RDG peptide
coupled to the liposome through a poly(ethylene oxide) spacer (b), and a hy-
pothetical coagulation factor VII peptide for targeting tissue factor (TF) on vas-
cular endothelial cells (c) [140].
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Abstract

The capacity of aluminum (Al) and a group of trivalent cations that are chemically and

physically related to Al (scandium, beryllium, yttrium, gallium, and lanthanum) to promote

changes in membrane rheology will be discussed. These multivalent cations are recog-

nized neurotoxicants, which have high affinity for cellular acidic molecules, especially

those containing one or more phosphate groups. In negatively charged liposomes, these

metals bind to membrane phospholipids establishing either trans- or cis-interactions

that differentially affect the physical properties of the bilayer. As a consequence of trans-

interactions, Al and related metals promote the aggregation and fusion of vesicles.

cis-interactions lead to the formation of clusters of negatively charged phospholipids

(phosphatidyl serine, polyphosphoinositides). In these discrete regions of the bilayer, the

mobility of the acyl chains is reduced as well as the hydration of the phospholipid head-

groups, resulting in an increase in the membrane permeability. In addition, the membrane

surface potential is altered, due to the loss of surface negative charges.
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The observed alterations of membrane physical properties associated with metal–lipid

interactions could have profound effects on membrane-associated processes.

For example, although Al and related cations have no redox capacity in biological

systems, they can stimulate Fe2+-induced lipid oxidation. We have shown that, among

other possible mechanisms, Al and related metals-induced alterations on membrane flu-

idity and hydration create an environment that enhance the oxidant activity of Fe2+. This

mechanism could occur not only in vitro but also in vivo since, in an animal model of

prenatal exposure to Al, a lower fluidity of brain myelin associated with a higher content of

end products of lipid oxidation was observed. In this model we found a higher myelin

content of galactolipids, lipids that can also decrease membrane fluidity and favor the

propagation of lipid oxidation. Independently of its effects on membranes, Al can also

facilitate oxidation reactions through a direct interaction with oxidant species.

Furthermore, Al-membrane interactions affect the metabolism of polyphosphoinosi-

tides. In liposomes containing a mixture of brain phosphoinositides, Al also caused mem-

brane rigidification and lateral phase separation. Although Al did not affect the activity of

the enzyme phospholipase C, a marked decrease in the activity of phosphatidyl inositol-

specific phospholipase C (PI-PLC) was observed. The activity of PI-PLC was fully recov-

ered when vesicles were disrupted by the addition of Triton X-100. The effects of Al on

PI-PLC activity can be attributed to the formation of discrete clusters enriched in polyp-

hosphoinositides that limit the accessibility of the enzyme to its substrates.

In summary, in this paper we will discuss the consequences of Al and related metals

interactions with membranes. These metals cause alterations in membrane physical

properties, which affect lipid oxidation rates and phosphoinositide hydrolysis. However, Al-

mediated changes in membrane rheology could also affect other membrane-associated

processes such as signal transduction events, membrane transport, and the functionality

of receptors. These mechanisms could contribute to Al neurotoxicity.

Abbreviations

16-AP 16-(9-anthroyloxy)palmitic acid

6-AS 6-(9-anthroyloxy)stearic acid

12-AS 12-(9-anthroyloxy)stearic acid

C6-NBD-PE 2-(6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoyl-1-

hexadecanoyl-sn-glycero-3-phosphoethanolamine

CNPase 20,30-cyclic nucleotide-30-phosphohydrolase
DMPC dimyristoyl phosphatidyl choline

DPH 1,6-diphenyl-1,3,5-hexatriene

EPR electronic paramagnetic resonance

GP generalized polarization

Laurdan 6-dodecanoyl-2-dimethylaminonaphthalene

PC phosphatidyl choline

PI-PLC phosphoinositide-specific phospholipase C

PLC phospholipase C

PPI polyphosphoinositides

PS phosphatidyl serine

ROS reactive oxygen species

TBARS 2thiobarbituric acid-reactive substances
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1. ALUMINUM AND RELATED CATIONS: GENERAL PROPERTIES

Aluminum (Al) is a heavy metal present in high amounts in the earth’s crust,

where it represents 8% of the total components. Even when the bioavailability of

this metal is low due to the formation of Al-silicate complexes, certain environ-

mental and industrial factors could raise Al availability. Among other factors,

environmental contamination, acid rain, water purification treatment with Al com-

pounds, the use of Al as food additives, and certain pharmacological and ther-

apeutical treatments, could lead to an increased exposure of humans to this

metal [1].

In humans, Al could be absorbed through the gastrointestinal tract [2], the

olfactory and oral epithelium [3], and the skin [4]. Once absorbed, Al circulates in

the bound form mainly to transferrin and citrate [5] and could be deposited in

several tissues and organs. Specially, the brain has a high susceptibility to Al

toxicity. To avoid the inflow of this toxic metal, the brain has an active efflux of this

cation at the blood–brain barrier level, mediated by a monocarboxylate trans-

porter [6,7].

It has been proposed that Al deposition in tissues can determine the alteration

of numerous metabolic pathways. In this way, alterations in phosphoinositides

metabolism [8], in cholinergic [9] and glutamatergic [10] neurotransmission, in

microtubule-dependent transport [11], and DNA alterations [12] have been re-

ported both in vitro and in vivo.

Even when Al is a non-redox cation in biological systems, it can promote in vitro

lipid oxidation in the presence of a redox-metal (Fe2+) in liposomes, in micro-

somal membranes and in erythrocytes [13–15]. In vivo, the accumulation of Al in

the brain determines the increase in the amount of lipid peroxidation products

[16,17].

Al shares certain chemical and physical properties with other metals that be-

long to group III of the elements. This group is divided into two subgroups, the

first formed by scandium (Sc), yttrium (Y), and lanthanum (La), and the second

that includes gallium (Ga) and indium (In). In the ionic state, Sc and Y have the

highest similarity to Al since all these cations have an electronic configuration

similar to inert gases (Table 1). On the other hand, Ga and In have filled d orbital

that confers certain properties close to those of inert gases. As shown in Table 1,

these four cations have a lower charge density respect to that of Al, and there-

fore, they have a lower polarizing capacity. All these cations are amphoteric,

although Sc is slightly more alkaline than Al while Ga is more acidic. Finally,

beryllium (Be) is the first metal of the group II of the elements. Even when Be has

the same charge density and electronegativity than Al (Table 1), its lower atomic

charge and coordination number are important differences that could be reflected

in the behavior of this particular cation.

In the present work, we will summarize the investigations performed in our

laboratory in the last decade oriented to understand select mechanisms that
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could participate in Al toxicity. We specially focused on the possible interactions

between this metal and membrane lipids, and how these interactions could affect

membrane physical properties and subsequently, membrane-related processes.

We compared the effects of Al with those of other related cations, to elucidate if

they could exert similar actions on membrane rheology. The differential effect of

divalent and trivalent cations on membrane physical properties will be discussed.

2. EFFECTS OF AI AND RELATED CATIONS ON MEMBRANE
PHYSICAL PROPERTIES

2.1. Studies in synthetic membranes (liposomes)

Liposomes were used in these studies since they are a well-defined and con-

trolled system, in which the lipid composition can be defined by the user. In

liposomes, we investigated the effects on the interactions of Al and related cat-

ions with membranes and their consequences on certain membrane physical

properties. In most of the studies, liposomes composed of brain phosphatidyl

choline (PC) and brain phosphatidyl serine (PS) in a 60:40% molar ratio were

used. These two lipids were selected taking into consideration that:

(a) PC is the major phospholipid in brain membranes, representing a 40% of total

phospholipids [18].

(b) PS is also present in brain membranes although at a lower concentration

(13% of total phospholipids [18]). PS is the most abundant negatively charged

phospholipid in biological membranes and has two characteristics that were

relevant to understand the interaction of Al with membranes:

(i) The headgroup contains a serine moiety that, due to its negative charge,

constitutes a preferential binding site for cationic compounds through

electrostatic interactions [19].

(ii) In the nervous system PS is particularly enriched in polyunsaturated fatty

acids [20], substrates of oxidants-mediated lipid oxidation.

Table 1. Atomic properties of Al3+ and related cations

Cation Al3+ Ga3+ In3+ Sc3+ Y3+ Be2+ La3+

Ionic radii(Å) 0.51 0.62 0.79 0.73 0.89 0.35 1.51

Charge density(z/r) 5.66 4.84 3.80 4.11 3.37 5.71 1.99

Coordination number (4), 6 6 6 6 6–8 (3), 4 6

Electronic configuration IG(Ne) 3d10 4d10 IG(Ar) IG(Kr) IG(He) IG(Xe)

Electronegativity 1.5 1.6 1.7 1.3 1.3 1.5 1.1

IG, inert gas electronic configuration.
Reproduced with permission from Environmental Health Perspectives [1].
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(c) PC and PS mixtures spontaneously form planar bilayers [21] due to the tu-

bular shape of these phospholipids. Therefore the obtained vesicles resemble

biological membranes.

Working with liposomes composed of PC and PS at a 60:40% molar ratio, we

performed two kinds of studies, evaluating the inter-vesicle interactions (trans-

interactions) and the intrinsic properties of the bilayer (cis-interactions).

2.1.1. trans-interactions

First, we investigated the effects of Al and related cations on membrane aggre-

gation and fusion. Liposomes are stable structures that do not spontaneously

interact, specially the negatively charged liposomes that have an important elec-

trostatic repulsion between the charged headgroup of phospholipids. Therefore,

vesicles will aggregate when a decrease in their electrostatic repulsion occurs

[22]. For example, liposome aggregation can occur in the presence of multivalent

cations, such as Ca2+, which neutralizes superficial charges, promoting the in-

tercrossing of PS molecules located in neighbor vesicles, and the partial dehy-

dration of the membrane surface [23,24].

In our experimental system, we found that Al, Sc, Ga, In, Be, Y, and La

significantly promoted membrane aggregation [25]. These metals had a higher

aggregating action than that reported for divalent cations, since the metal con-

centration required to attain a significant aggregation was approximately 60 times

lower than that reported for Ca2+. This difference could be ascribed to a higher

electrostatic interaction of the Al and related metals with the negatively charged

membranes.

Although vesicle aggregation precedes membrane fusion, aggregation per se

does not constitute a sufficient condition to promote fusion. For example, Mg2+

causes a massive liposome aggregation but in contrast to Ca2+, it does not pro-

mote membrane fusion [26]. To understand the differences between the behavior

of these two cations, it is necessary to consider that the fusion takes place when a

certain energetic barrier is overcome, barrier that is the resultant between the

electrostatic repulsion among lipid polar headgroups and their hydration forces

[23]. These two forces prevent the hydrophobic interactions between lipid bilayers.

Metals that can only neutralize membrane charges, but that do not dehydrate the

polar headgroups, such as Mg2+, will only cause membrane aggregation.

Our results showed that Al and related cations not only caused membrane

aggregation but also induced fusion [15,25]. Liposome fusion kinetics after the

interaction with these cations showed a biphasic behavior, with a fast initial phase

within the first minute of incubation, and a slower phase that reached a maximal

effect after 30min of incubation [25]. This result is in agreement with the kinetics

of metal-induced liposome aggregation, which was completed within the first

5min of incubation.
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Al and related cations had a maximal effect on liposome fusion at lower con-

centrations than those reported for other divalent cations. While for trivalent cations

the maximal fusion was observed at 20–100mM, for Ca2+ the required concen-

tration was higher than 9mM [27,28]. Our results indicated that, in order to obtain a

similar fusogenic effect, Ca2+, Zn2+, and Cd2+ had to be present in concentra-

tions that were 15–500 times higher than those for the trivalent cations [25].

2.1.2. cis-interactions

In the early stage of Ca2+ binding to the membrane, the cation forms cis com-

plexes with PS [29], resulting in the segregation of lipids in the lateral phase of the

bilayer. Through this mechanism, Ca2+ generates lipid microdomains enriched in

PS that constitute a nuclei to a number of molecular events that lead to the mem-

brane fusion, such as lipid dehydration and formation of trans complexes with PS,

among others [30]. In phospholipid binary mixtures, lateral phase separation could

be a result of a partial miscibility of the components [31], or due to changes in

thermodynamical conditions, such as temperature or ionic strength [32].

In PC/PS liposomes, we investigated whether Al and related cations could

promote lipid segregation, and the results were compared with those obtained in

PC/PS/galactolipid liposomes. In PC/PS liposomes, Al and related cations

(10–200mM) significantly promoted lipid lateral phase separation (Fig. 1) [33].

The extent of this Al-mediated effect depended on the amount of phosphatidyl

serine in the membrane (Fig. 1). Thus, liposomes composed exclusively of

phosphatidyl serine were more sensitive to Al-mediated effects on phase sep-

aration than PC/PS liposomes.

A significant and positive correlation (r2 ¼ 0:99, Po0.001) was observed between

the magnitude of the effects in PC/PS and in PS liposomes (See inset to Fig. 1)

suggesting that this process is driven by the interactions of Al with negatively

charged membranes. The presence of galactolipids in the membrane enhanced Al

(10–100mM)-mediated lateral phase separation [34]. In galactolipid-containing ves-

icles, a spontaneous lipid segregation was observed that depended on galactolipid

concentration in the membrane. This phenomenon was previously described by

Ruocco et al. [35], who demonstrated in DMPC liposomes that at galactolipids con-

centrations higher than 23mol%, two lipid phases coexist in the bilayer. The first

contains lipids in gel phase, where approximately a 23% of galactolipids are en-

trapped, and the second is mainly composed of galactolipids in crystal phase. Al-

though in our system, lipids are from brain origin, and therefore contain all the fatty

acids that are naturally present in the central nervous system (CNS), which favors

lipids miscibility, we also observed the spontaneous segregation of galactolipids. The

finding of a higher lateral phase separation effect of Al in galactolipids-containing

liposomes compared to liposomes devoid of galactolipids, suggest that this metal

could enhance the natural formation of lipid domains in the membrane. In the range

of galactolipid concentrations used for the experiments, Al could act at two different

P.I. Oteiza and S.V. Verstraeten84



levels: first, completing the formation of galactolipid-enriched domains spontane-

ously generated and second, acting on phospholipid-enriched domains where Al

could promote the separation of PS from PC.

As a consequence of the movement of phospholipids in the bilayer during metal-

induced lateral phase separation unspecific pores can be generated, through which

small molecules can leak, resulting in alterations of membrane permeability. This

effect is higher in sonicated vesicles, used in our study, since these liposomes

have a higher mechanical rigidity associated with a higher curvature radii [36].

Working with PC/PS liposomes we found that Al and related cations (10–100mM)

promoted the release to the external media of the fluorescent probe 5(6)-

carboxyfluorescein [15,25]. The capacity of Al to permeabilize membranes could

be particularly relevant in the cell damage associated with Al-intoxication, since this

metal accumulates in lysosomes [37]. Thus, Al could induce the liberation of the

lysosomal content to the cytoplasm, inducing cellular damage and/or death.
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Fig. 1. Effect of Al on lipid lateral phase separation. PC/PS (J) or PS (K) lipo-
somes containing the fluorescent probe C6-NBD-PE were incubated in the pres-
ence of Al (0–100mM), and the lipid lateral phase separation was evaluated as
the decrease in fluorescence intensity due to quenching. Results are shown as
mean7SEM of four independent experiments. Inset: Correlation between Al-
mediated lipid lateral phase separation in PC/PS (60:40molar ratio) and in PS
liposomes.
Data taken from Verstraeten [40].
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On the other hand, during lateral phase separation, phospholipids adopt an

energetically favorable disposition in the bilayer, releasing water molecules from

their headgroups. This newly adopted disposition could cause the immobilization

of the phospholipids involved in metal binding, effect that propagates into the

membrane hydrophobic core. Thus, we next investigated whether Al could pro-

mote membrane dehydration and rigidification.

Working with PC/PS liposomes containing the fluorescent probe Laurdan,

we evaluated the effects of Al and related cations on phospholipid hydration.

According to Parasassi and Gratton [38], the blue and red components of the

Laurdan fluorescence spectrum could be altered by a decrease in the polarity of

its environment. This effect is a direct consequence of a lesser penetration

of water molecules into the bilayer, affecting their interaction with the excited

state dipole of Laurdan. In our experimental system, Al and related cations

(10–200mM) promoted the displacement of water molecules from the hydration

shell of membrane phospholipids [39]. The finding of lower water content in the

membrane would per se, trigger the alteration of other membrane physical prop-

erties, including the interaction with neighbor vesicles. In fact, we observed a

positive correlation between metal-mediated membrane dehydration and the ca-

pacity of these cations to induce membrane fusion [40]. These results are in

accordance to those previously described for Ca2+, where the displacement of

water molecules from the bilayer decreases the repulsion between the charged

vesicles, and leads to membrane aggregation and fusion [23].

We also investigated the effect of these cations on membrane fluidity using

electronic paramagnetic resonance (EPR) and fluorescent techniques. First, work-

ing with PC/PS liposomes containing the fluorescent probe 1,6-diphenyl hexatriene

(DPH) we found that Al and related cations (10–100mM) significantly decreased

membrane fluidity, as evidenced by an increase in the DPH order parameter [25].

This effect was also observed in PC/PS:galactolipid liposomes, although in this

system a differential effect was observed [34]. In these liposomes, galactolipids

caused per se a decrease in membrane fluidity, due to its high content of saturated,

long-chain fatty acids. However, the addition of Al (100mM) significantly decreased

membrane fluidity, but only when galactolipids concentration was lower than

20mol% [34], while at higher galactolipids contents, Al did not affect membrane

fluidity. The lack of an additional effect of Al at higher galactolipids concentration

suggests that the rigidity of phospholipids domains had already reached the max-

imal value, or that, given DPH evaluates the average membrane fluidity with no

specificity for different lipid domains, the changes caused by Al in the phospholipids-

enriched domains would be masked by the higher rigidity in the galactolipids-

enriched domains.

As mentioned above, DPH homogeneously distribute in the bilayer and pro-

vides information on the global fluidity of the membrane. Given that Al promotes

lateral phase separation, and therefore generates PS-enriched domains in PC/

PS liposomes, we investigated the possibility that the fluidity in PS-domains could
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be lower than in PC-domains. For this purpose, we used two EPR probes, 7-doxyl

PS and 7-doxyl PC, inserted in PC/PS liposomes. In the presence of Al, we

observed a decrease in the membrane fluidity that affected both kinds of lipid

domains (Fig. 2). However, the effect of Al was significantly higher in the PS-

enriched domains [40] compared to PC-enriched domains, indicating that Al–PS

interactions could have a higher impact on membrane lipid organization.

We next investigated whether the lower membrane fluidity due to Al was

caused by the formation in the membrane of discrete lipids domains where the

fatty acids were in gel phase. DMPC/DMPS liposomes were used in order to

attain an homogeneous system where the only variable was the polar headgroup.

Both phospholipids are completely miscible, and in this system a unique transition

temperature is observed, close to 301C [39]. From the variation in the generalized

polarization (GP) of the fluorescent probe Laurdan, it is possible to estimate the

relative proportion of lipids in each phase [38]. In these liposomes Al (100 mM)
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Fig. 2. Effect of Al on membrane fluidity in PS- and PC-enriched domains. PC/PS
liposomes containing 1.5mol% of the spin probes 7-doxyl PS (K) or 7-doxyl PC
(J) were incubated for 5min at 221C in the presence of increasing amounts of Al
to attain an Al to phospholipid (PL) molar ratio within the range of 0.1–0.4. After
incubation, the EPR spectra were recorded and the order parameter calculated
as indicated in [69].
Results are shown as mean7SEM of three independent experiments. � is sig-
nificantly different from the values obtained using the probe 7-doxyl PC (Po0.01,
two-way ANOVA test).
Data taken from Verstraeten [40].
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caused a 20% increase in the amount of lipids in gel phase that corresponded to

a 21C displacement in the lipid transition temperature [38].

In contrast to DMPC/DMPS liposomes, brain PC/PS liposomes presented the

behavior characteristic of an homogeneous liquid-crystalline phase between 10

and 451C. In the presence of Al (10–200mM) and at 371C, Laurdan GP corre-

sponding to the excitation and emission spectra curves moved toward higher val-

ues with increasing Al concentrations. However, the shapes of the curves were

unaltered [40] suggesting that in these liposomes Al did not cause a detectable

variation in the lipid phase state. The lack of an Al-mediated effect on the phase

state of lipids could be related to the variety in the fatty acids composition of brain

phospholipids, both in length and saturation degree. Membranes formed by natural

phospholipids do not show a neat transition temperature, that could be lower than

101C [41]. In addition, using this methodology the coexistence of lipids domains

could be detected only when the molecular ratio of the gel and liquid-crystalline

phases is in the range from 30% to 70% [38]. Both below and above this range, a

single homogeneous phase is observed, with the properties of the more concen-

trated phase being slightly modified by the presence of the other [38].

The effects of Al on membrane lipid packing and lateral phase separation are

significantly more pronounced than those exerted by divalent cations. Even at

concentrations as high as 200 mM, calcium and zinc had no effects on membrane

lipid packing or lateral phase separation [42,43] while lead [42] induced lateral

separation but at a lower extent than Al.

2.2. Studies in biological membranes

As described above, Al is a neurotoxicant that produces a myriad of changes in

the physical properties of synthetic membranes. However, biological membranes

are more complex, containing a variety of molecules. Therefore, our interest was

next centered in how Al could affect the physical properties in different brain

membranes.

First, we worked with a human neuroblastoma cell line (IMR-32) to study the

interactions of Al with their plasma membrane. Taking into account that neuroglial

cells do not incorporate Al from the medium [44] in spite of the ionic bonds that

could be established between the metal and the cell plasma membrane, and that

the modification of membrane physical properties can be an early event that

could trigger neuronal dysfunction, we hypothesized that the consequences of Al-

plasma membrane interactions may have a profound biological relevance.

In non-differentiated IMR-32 cells we observed that Al (10–100mM) signifi-

cantly affected the fluidity of cell plasma membrane [45]. However, when the

experiments were performed using IMR-32 cells differentiated to a cortical neuron

phenotype, Al not only promoted the loss of plasma membrane fluidity, but the

magnitude of the effect was significantly higher than that of the non-differentiated

cells [45]. We found that differentiated cell plasma membranes were significantly
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more fluid than the membranes from the non-differentiated cells. In order to

understand these differences, we characterized their lipid composition. We found

that although no relevant differences were observed in phospholipid composition,

differentiated cells have a higher cholesterol content and a higher relative content

of polyunsaturated fatty acids [45]. Both cholesterol and unsaturated fatty acid

contents are important factors that modulate membrane fluidity.

Accordingly, when lipid phase state was evaluated using the fluorescent probe

Laurdan, Al caused a differential effect in both kinds of cells. In the presence of Al

(10–50mM), Laurdan GP curve corresponding to the excitation spectrum was

displaced toward higher values. In non-differentiated IMR-32 cells, the magnitude

of Al effect on Laurdan GP was significantly higher than that observed in dif-

ferentiated cells [45]. Again, the difference between both cell types could be

ascribed to the difference in the relative content of unsaturated fatty acids, since

as discussed in the previous section, saturated and unsaturated fatty acids have

a differential response to Al-mediated effects.

Even when Al promoted lipid lateral phase separation both in differentiated and

non-differentiated IMR-32 cells, the magnitude of the effect was similar in both

cell types. We can speculate that, if Al-mediated lateral phase separation results

from Al-binding to more than one acidic phospholipid that leads to their clustering,

the similar phospholipid composition in differentiated and non-differentiated cells

explains the lack of a differential effect due to Al.

Another membrane that could potentially be susceptible to Al-mediated effects

on bilayer physical properties is the brain myelin membrane. Myelin is a particular

membrane highly enriched in lipids, representing the 70% of membrane dry

weight. Therefore, this membrane could constitute an environment where Al-

induced changes in membrane physical properties would be favored.

To test this hypothesis, a model of chronic Al-intoxication in mice during ges-

tation and early development was used. The amount of Al administered in this

model was chosen taking into account the Al ingestion in humans submitted to a

chronic antacid treatment with Al(OH)3-containing compounds. This model was

previously reported to cause Al deposition in the brain, and a delay in the time

necessary for animals to acquire new abilities, but not on their capacity to perform

an already acquired skill [46].

We evaluated in this experimental model the impact of the amount of Al ad-

ministered to mice on enzymes from different cell types that could be inhibited at

high Al concentrations. In this regard, we measured the activity of glutamine

synthase (marker of glial cells), acetylcholinesterase (marker of neuronal cells)

and 20,30-cyclic nucleotide-30-phosphohydrolase (CNPase, marker of oligoden-

droglial cells). In this model, no alterations in the activity of these enzymes were

observed in Al-intoxicated animals [40]. The normal activity of acetylcholinest-

erase could be a parameter of a low or moderate Al-intoxication, since in severe

Al-intoxication an alteration in the cholinergic metabolism was reported, leading

to a decreased acetylcholinesterase activity [9,47].
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In mice, the formation of myelin in the CNS occurs in the postnatal period. One

of the main enzymes that are measured as an indicator of myelin maturation is

CNPase. The normal CNPase activity found in the Al-intoxicated animals sug-

gested that the amount of Al administered to these mice did not interfere with the

normal myelin deposition.

At day 40 postnatal, the amount of Al measured in brain myelin was higher in

the Al-intoxicated mice compared to control animals [48]. Similar to that previ-

ously observed in liposomes, Al treatment determined a lower membrane fluidity,

as evaluated from DPH fluorescence polarization [48]. Even when the increase in

DPH order parameter in Al-intoxicated mice myelin membranes was relatively

small (2.4%) with respect to control animals, this result is comparable to those

reported for erythrocyte membranes incubated in vitro in the presence of Al [49].

When myelin from Al-intoxicated and control animals was characterized for its

lipid and protein composition, several differences were found. In both experi-

mental groups, myelin protein and cholesterol content were similar [34]. However,

the concentration of phospholipids in Al-intoxicated mice was 37% higher, while

galactolipids content was 104% higher than those of control mice [34]. The find-

ings that Al toxicity can be associated with the presence of an abnormal myelin

suggests that changes in myelin composition could contribute to the lower learn-

ing ability found in Al-intoxicated mice [46]. As explained in the previous section,

galactolipids play a crucial role in the modulation of Al-induced changes in mem-

brane physical properties, causing a decrease in membrane fluidity and the

spontaneous segregation of lipids in the lateral phase of the bilayer [34], thus

facilitating the deleterious effects of Al on membrane rheology.

3. RELATIONSHIP BETWEEN AI-MEDIATED CHANGES IN
MEMBRANE PHYSICAL PROPERTIES AND MEMBRANE-
ASSOCIATED PROCESSES

3.1. Lipid oxidation

Oxygen has a key role in higher organisms, which use this gas for their normal

metabolic functions leading to energy production. However, it has been demon-

strated that the exposure to high oxygen concentrations (421%) is toxic to most

of the living organisms. This finding led Gershman and coworkers [50] to propose

that the noxious effects of oxygen are caused by the formation of free radicals,

molecular species that have a high reactivity. These and other active species are

called as a whole reactive oxygen species (ROS). ROS oxidize polyunsaturated

lipid molecules in a process usually called lipid oxidation.

Lipid oxidation can be triggered by different agents, such as redox-active met-

als (iron, copper), organic or inorganic compounds that could decompose ren-

dering free radical derivatives, UV light, ionizing energy, etc. In biological
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systems, the role of iron (Fe2+) is particularly relevant in the initiation of lipid

peroxidation, since this metal interacts with molecular oxygen forming superoxide

anion, which in turn, renders hydroxyl radical, the specie with the highest oxidant

capacity known until now. On the other hand, Fe3+ generated from Fe2+ ox-

idation, can also trigger lipid oxidation through its reaction with lipid hydroper-

oxides normally present in biological membranes. Through both mechanisms,

iron can initiate lipid oxidation reactions.

The CNS is particularly sensitive to ROS-mediated damage [51] since:

(a) The brain has a high oxygen consumption rate, representing approximately

20% of the total oxygen consumed by the organism.

(b) Brain membranes are enriched in polyunsaturated fatty acids that are pref-

erential substrates of ROS-mediated oxidation.

(c) In the brain, the activity of the enzymes responsible for detoxifying ROS

(catalase, superoxide dismutase, and glutathione peroxidase) is lower than

that found in other organs and tissues.

(d) The iron concentration in the brain is high [52], specially in the substantia

nigra, caudate-putamen, and globus pallidus. During certain processes that

involve cerebral tissue lesions, such as ischemia followed by reperfusion,

high amounts of iron are liberated from its stores, which can initiate the oxi-

dative damage to cellular components.

(e) Finally, many neurotransmitters are auto-oxidizable molecules. For example,

dopamine, its precursor L-DOPA, and noradrenaline could, by reaction with

molecular oxygen generate superoxide anion, hydrogen peroxide and active

quinones, and all of them could initiate oxidative damage to cells.

All these factors make the nervous tissue a preferential target for the noxious

action of ROS, which could be involved in a number of pathologies that affect the

CNS.

For the above reasons, we centered the attention on the possible interactions

between Al and two oxidant species: Fe2+ and melanine, a compound generated

from the auto-oxidation of dopamine.

3.1.1. Effects on Fe2+-initiated lipid oxidation

First, we investigated the effects of Al on Fe2+-initiated lipid oxidation evaluated

as the formation of 2thiobarbituric acids-reactive substances (TBARS). Results

were compared to those obtained for Al-related cations.

Working with PC/PS (60:40molar ratio) liposomes we observed that Fe2+-

induced lipid oxidation presented a biphasic behavior. We found a slow component

of TBARS formation during the first 60min of incubation at 371C, with a rate constant

of 0.01270.003nmol TBARS/mg phospholipid/min. This initial stage was followed

by a faster component, with a rate constant of TBARS production of 0.1470.02nmol
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TBARS/mg phospholipids/min that continued until 120min of incubation. It is im-

portant to stress that at least until 120min of incubation, TBARS production did not

reach a maximal value, indicating that during the incubation period, the substrates of

lipid oxidation were not exhausted.

The simultaneous addition of Al and Fe2+ stimulated the oxidant capacity of

Fe2+ per se [15,25]. Similarly, all the Al-related cations assessed stimulated

Fe2+-triggered lipid oxidation [25]. In this group, La showed the highest stimula-

tory capacity, reaching the maximal effect at a 20 mM concentration [25]. On the

other hand, Y and Al displayed their highest action at 50 mM concentration, while

Ga and Be did not reach a maximum effect in all the range of concentrations

tested (10–200 mM) [25]. Finally, Be, the only divalent cation of this group had the

lowest stimulatory capacity.

The stimulatory effect of Al and related cations on Fe2+-mediated lipid oxidation

showed a strong dependency on the pH of incubation media, being higher at acidic

pH [40]. Thus, we observed that at pH 5.5 the amount of TBARS measured in the

presence of these cations was between 2.6- and 4 times higher than that obtained

at physiological pH. Similar to Al, Sc, Ga, In, Be, Y, and La have acidic properties,

and therefore, at neutral pH the polyhydroxylated species of these metals are

predominant. As pH gradually decreases in the media, the raise in proton con-

centration displaces the equilibrium toward the formation of free cation (Men+).

The fact that the stimulation of TBARS production by the metals was higher at

acidic pH, which strongly suggests that the ionic specie involved in this process is

the free cation rather than the polyhydroxylated species [40]. In this way, Martin

[53] calculated that at pH 7, the amount of free Al is in the picomolar order and that

Al(OH)3 predominates. However, when in the media molecules are present with Al-

binding capacity, such as phospholipids, the phosphate and/or carboxylate groups

present in these macromolecules quelate Al and displace the Al(OH)3 hydrolysis

equilibrium toward the formation of the free cation. Consequently, the amount of Al

bound to the membranes at pH �7 is higher than the free cation concentration in

the aqueous media. This effect can be magnified at acid pH.

Interestingly, membrane disruption due to liposomes treatment with the non-

ionic detergent Triton X-100 did not affect the oxidant capacity of Fe2+. This

cation can interact with the membranes, cleaving the lipid hydroperoxides nat-

urally present in them, which, due to their hydrophilic nature, are located in the

water–lipid interface. Therefore, the accessibility of Fe2+ to these lipid hydro-

peroxides need not be limited by the presence of a detergent.

On the contrary, in liposomes treated with Triton X-100 the stimulatory effect of

Al and related cations was abolished [40]. This finding indicates that the capacity

of Al and related cations to stimulate lipid oxidation requires the presence of an

organized bilayer structure. As discussed above, it is in this context of an or-

ganized bilayer where these cations can exert their effects on membrane physical

properties, and those changes could create an environment where the propa-

gation of lipid oxidation will be enhanced.
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Supporting this, we observed that the presence of galactolipids in the mem-

branes enhances the stimulatory effect of Al on Fe2+-triggered lipid oxidation. We

found that in PC/PS and PC/PS/galactolipid liposomes, the magnitude of Fe2+-

initiated lipid oxidation was similar in both liposome populations (17.270.7 and

17.271.9nmol TBARS/mg phospholipid, respectively). The presence of Al

(100mM) significantly increased TBARS content in both types of liposomes. How-

ever, in galactolipid-containing membranes, the stimulatory action of Al on lipid

oxidation was significantly higher (4571nmol TBARS/mg phospholipids) with re-

spect to that in PC/PS liposomes (2972nmol TBARS/mg phospholipids) [34].

In our experimental model, positive correlations between the capacity of Al and

related cations to promote membrane aggregation (r2 ¼ 0:71, Po0.01, Fig. 3A),

fusion (r2 ¼ 0:80, Po0.005, Fig. 3B), and rigidification (r2 ¼ 0:91, Po0.001, Fig.

3C and D) and the stimulation of Fe2+-initiated lipid oxidation were observed. The

magnitude of metal action on lipid oxidation was higher in those membranes in

which the fluidity of the bilayer was low [33]. This finding is in accordance with

those reported by Cervato et al. [54] who demonstrated that arachidonic acid

inserted in dipalmitoyl-PC was oxidized by Fe2+ at a higher rate when liposomes

were incubated at temperatures lower than the transition temperature of the

lipids, and thus, at low bilayer fluidity. Supporting this, we observed a positive

correlation (r2 ¼ 0:89, Po0.01) between the changes in the relative propor-

tion of lipids in gel phase due to Al and related cations interaction with the

membrane and the magnitude of Fe2+-initiated lipid oxidation (Fig. 3E) [39].

Moreover, McLean and Hagaman [55], observed a higher oxidation of palmitoyl-

arachidonoyl-PC at temperatures below their transition temperature, effect that

these authors attribute to the decrease in membrane fluidity as well as to the for-

mation of microdomains enriched in oxidizable lipids. However, this effect was not

observed in cholesterol-containing membranes, which modulates their fluidity [56].

Finally, we also observed a positive correlation (r2 ¼ 0:90, Po0.005) between

the capacity of Al and related cations to induce lateral phase separation and to

stimulate lipid oxidation (Fig. 3C). This finding could be due to the fact that, during

the formation of acid phospholipids-enriched domains in the membrane, there is a

local increase in polyunsaturated fatty acids content, and their higher proximity

could cause an increase in Fe2+-induced lipid oxidation rates [55].

From our experimental results we proposed a mechanism to explain the

stimulatory effect of Al and related cations on Fe2+-initiated membrane lipid

oxidation that is summarized in Fig. 4.

Al and related cations interact with the polar headgroup of membrane

phospholipids forming cis- and trans-complexes. As a consequence of trans-

interactions, these metals promote, initially, the aggregation of the vesicles, fol-

lowed by their fusion.

cis-interactions, preferentially with negatively charged phospholipids, cause

their rearrangement in the lateral phase of the bilayer, resulting in the formation of

microdomains enriched in PS. Along this process, phospholipids adopt in the
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Fig. 3. Correlation between the capacity of Al and related metals to stimulate
Fe2+-initiated lipid oxidation and to induce liposome (A) aggregation, (B) fusion,
(C) rigidification, (D) change in lipid phase state, and (E) lateral phase separation.
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bilayer a more energetically favorable disposition, with liberation of water mol-

ecules that hydrate the polar headgroup of phospholipids. This newly adopted

disposition immobilizes the polar headgroups involved in metal–membrane bind-

ing, and this immobilization affects not only the water–lipid interface but prop-

agates into the hydrophobic region of the membrane.

Since a high percentage of fatty acids in brain PS are polyunsaturated, the

effects of Al and related metals causing a local increase in PS with decreased

lipid mobility could be the determinant of an increase in lipid peroxidation rates, by

favoring the propagation of lipid oxidation. In biological membranes, the extent of

Al effects on membrane rheology could be limited by the presence of proteins and

cholesterol. This latter molecule has two main properties that could limit the
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Fig. 4. Mechanism proposed for the stimulatory capacity of Al and related metals
on Fe2+-initiated lipid oxidation. J ¼ PC; K ¼ negatively charged phospholipid.
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propagation of lipid oxidation. First, cholesterol differentially modulates lipid or-

dering in membrane domains, increasing fluidity in those domains where lipids

are in gel phase, and decreasing fluidity in those with fluid lipids. On the other

hand, cholesterol also could act as a chain breaker of lipid oxidation.

Supporting this proposed mechanism, we found that both, in isolated brain

myelin and in myelin from Al-treated mice [48] a higher susceptibility to be oxi-

dized in the presence of Al. This higher susceptibility of myelin membrane could

not be explained in terms of a higher content of acidic phospholipids that could

act as Al-binding sites, or to a higher concentration of oxidizable lipids, or to a

deficiency in the amount of antioxidants [48]. On the contrary, the particular

susceptibility of myelin to be oxidized in the presence of Al could be attributed to

its characteristic composition in lipids and proteins. As discussed previously, in

this membrane the lipid to protein ratio is 70:30, while in other biological mem-

branes this ratio is generally the opposite. Therefore, the myelin membrane con-

stitutes an environment that could favor the effects of Al on membrane physical

properties. In this environment, Al could induce the loss of membrane fluidity and

the formation of acidic lipid clusters, and both effects would enhance the prop-

agation of lipid oxidation, similar to that observed in liposomes. This hypothesis is

supported by the finding that in vitro, Al and related cations stimulate lipid ox-

idation both in myelin and in liposomes with a similar pattern of effect (Sc, Y, and

La4Al, Ga, In4Be). On the contrary, in synaptic membranes where the relative

lipid content is lower (30%), not only the magnitude of the stimulation was lower,

but no differences were observed among the effects of the different metals.

Lead, although having a lower effect than Al, also interacts with negatively

charged liposomes and induces lateral phase separation. The capacity of lead to

stimulate Fe2+-initiated lipid oxidation is, as observed for Al, associated with its

capacity to bind to the membrane and to promote changes in membrane physical

properties that facilitate the propagation of lipid oxidation. This is also supported by

the dependence of the stimulatory effect of lead on lipid oxidation, on membrane

negative charge density and on the integrity of the bilayer [42]. In agreement with

the mechanism proposed for Al, related metals, and lead, zinc, that also bind to

negatively charged membranes but does not affect neither membrane lipid packing

nor lateral phase separation, acts inhibiting Fe2+-initiated lipid oxidation [43]. Zinc

acts as an antioxidant by occupying potential iron-binding sites in the membrane,

thus preventing the initiation/propagation of iron-triggered lipid oxidation [43].

3.1.2. Membrane-independent effects in the pro-oxidant action of Al

Al can also promote oxidative damage through a direct interaction between the

metal and oxidant species. Early work from Fridovich and coworkers proposed

that Al can enhance the oxidating capacity of superoxide by neutralizing its neg-

ative charge [57]. Recently, based on this and other experimental data [57,58], it

has been hypothesized that Al forms a superoxide semireduced radical ion [59].
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Al and iron accumulates at high concentrations in particular regions of the brain

in Parkinson’s disease [60,61]. Neuromelanin is a complex pigment mainly lo-

cated in neurons from the substantia nigra and locus coeruleus. The finding

that the highly melanized dopaminergic neurons are those that degenerate in

Parkinson’s disease suggests that melanin could be involved in the process of

neuronal degeneration and death. Melanins are redox-active polymers. The aut-

oxidation of semiquinone and hydroquinone residues present in melanin generate

superoxide anion and hydrogen peroxide, which in the presence of transition

metals can lead to the formation of highly reactive species. Significantly, high Al

and iron concentrations were found in melanized neurons of the substantia nigra

from patients with Parkinson’s disease [61].

On the basis of the capacity of Al to stimulate Fe2+-initiated lipid oxidation and

on the presence of high concentrations of both metals in neuromelanin, we tested

the capacity of Al and related cations to modulate oxidative reactions in the

presence of melanin [58]. In the experiments described in Section 3.1.1, the

magnitude of the stimulatory effect on Fe2+-initiated lipid oxidation was Y, Sc,

La4In, Ga, Al4Be. In the presence of melanin, Y, Sc, and La had no effect on

TBARS production and the order of magnitude of the effects of the other cations

was Ga4Al4Be. The differences in the observed effects of Al on liposome lipid

oxidation in the presence of the different initiators indicate that, in the case of

melanin, the effects of Al are not related to its capacity to induce changes in

membrane physical properties. On the basis of the capacity of melanin to aut-

oxidize and generate ROS, we investigated if Al could act stimulating melanin-

initiated lipid oxidation by interacting with melanin-generated oxidant species. To

test this hypothesis, different antioxidant substances and enzymes as well as

metal chelators were used to investigate the potential oxidant species involved.

Superoxide dismutase, which metabolizes superoxide anion, but not catalase,

which metabolizes hydrogen peroxide, inhibited TBARS formation, both in the

presence of melanin or melanin and Al (Fig. 5). Two scavengers of hydroxyl

radicals, mannitol and dimethyl sulfoxide, did not affect lipid oxidation. Two metal

chelators, desferal and EDTA completely prevented melanin-initiated TBARS

production in the absence or presence of Al (Fig. 5). This experiment supports the

involvement of transition metals (iron) in the generation of ROS by melanin and

on the involvement of an interaction Al-superoxide anion, with the generation of a

specie of higher oxidative capacity than superoxide anion per se, in the stim-

ulation by Al of melanin-initiated lipid oxidation.

This conclusion is supported by the finding that Ga, Al, and Be also stimulates

NADH oxidation promoted by Rose Bengal [58]. When illuminated, Rose Bengal

generates several different oxidant species including superoxide anion, hydrogen

peroxide, hydroxyl radical, and singlet oxygen. Similarly to the results obtained for

melanin, from the different antioxidants tested, only superoxide dismutase inhibited

the oxidation of NADH mediated by Al and rose Bengal, pointing again the

participation of an Al-superoxide anion specie with high oxidant capacity in the

Interactions of Al and Related Metals with Membrane Phospholipids 97



pro-oxidant action of Al [57–59]. A similar mechanism was found to occur for the

lead-mediated oxidation of NADH [42].

On the basis of the above results, we have proposed that the interaction among

melanin, iron, and Al can lead to oxidative stress in highly melanized do-

paminergic neuron, which could trigger neuronal dysfunction and/or death in

Parkinson’s disease.

3.2. Effects of Al on phosphoinositide hydrolysis

Several biological ligands, such as neurotransmitters, neuromodulators, and

certain hormones, exert their physiological actions through an intracellular sec-

ond-messenger system, in which the receptor–ligand complex stimulates the

turnover of polyphosphoinositides (PPI). This metabolic pathway is inhibited by

Al, both in vitro and in vivo [62–64]. The inhibitory effect of Al on phosphoinosi-

tide-mediated cell signaling cascade could be attributed to a metal interaction

with, at least, one of the major components of this system: the membrane

receptor, the G protein associated to the receptor, the enzyme phosphoinositide-

specific phospholipase C (PI-PLC), or with its substrates. The two first possibil-

ities were discarded by Shafer and Mundy [8], and we investigated the two

second mechanisms.
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Fig. 5. Effect of antioxidants on the stimulatory effect of Al on melanin induced
TBARS production. PC/PS (60:40molar ratio) liposomes were incubated at 371C
in the presence of 40 mg/ml melanin and 50 mMAl. After 90min of incubation, lipid
oxidation was evaluated as TBARS formation. Results are shown as the
mean7SEM of four independent experiments. ND ¼ nondetectable.
Data taken from Meglio and Oteiza [58].
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We hypothesized that Al could alter the physical properties of PPI-containing

membranes, causing a decrease in the accessibility of PI-PLC to its substrates.

To investigate this hypothesis, we first evaluated whether the presence of PPI

enhanced Al-mediated changes in membrane rheology.

Al-binding to PPI-containing liposomes was significantly higher compared to

PC liposomes [65]. In the latter, the recovery of non-bound Al was nearly a 100%,

suggesting that weaker ionic bonds are established between Al and the zwitter-

ionic phospholipid PC. Interestingly, in PPI-containing liposomes, Al remained

bound to the lipids even when the vesicles were disrupted by the addition on a

non-ionic detergent, which indicates the high-ionic bonds between Al and PPI

phosphate groups.

Another way to evaluate the interaction of a cation with a membrane is to

measure the changes in membrane surface potential after the addition of the

cation. In agreement with the fact that PPI have a net negative charge, the

surface potential of PPI-containing liposomes was lower than that observed in PC

liposomes [65]. As expected, Al (10–100mM) binding to the membrane caused an

increase in the surface potential of PC/PPI liposomes, an effect that not only

depended on Al concentration but also on PPI relative proportion in the bilayer

[65]. For example, 2.5 mM Al caused an increase in PC liposomes surface po-

tential of 0.05mV, while in PC/PPI (60:40molar ratio) liposomes the increase was

of 1.55mV.

In our experimental model, and similar to that observed in liposomes and in

cultured cells, Al interaction with PPI phosphate groups caused the segregation

of these lipids, forming clusters enriched in PPI. According to the higher Al-

binding to PPI-containing membranes, a higher extent of lipid lateral phase sep-

aration was observed in these membranes compared to PC liposomes [65], effect

that not only depended on Al concentration but also on the amount of PPI present

in the membranes. This could be explained in terms of the amount of potential

binding sites for Al, and the physical distance between PPI. In liposomes con-

taining only a 10molar% of PPI, a larger spatial separation between the PPI

phosphate groups could lead to the binding of Al to the membrane with a stoi-

chiometry of one Al per phospholipid. In contrast, in PPI-enriched membranes

(p. e. in 40molar% liposomes), Al could bind to phosphate groups present in

vicinal PPI moieties at an Al/phospholipid ratio of 1:2 or 1:3. This would enhance

Al-induced clustering of PPI in the lateral phase of the bilayer. Supporting this,

Al did not induce aggregation in this system, as evaluated from steady-state

light scattering, implying that in PPI-containing membranes cis-interactions

would be kinetically and thermodynamically more favorable than trans-

interactions.

Similar to the above-described results, in this experimental model Al caused a

decrease of membrane fluidity [65]. Again, the magnitude of the Al-mediated

membrane rigidification depended not only on Al concentration but also on PPI

relative amount in the bilayer. In this case, membrane fluidity was investigated
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using three fluorescent probes: 6-AS, 12-AS, and 16-AP. These probes sense

changes in membrane fluidity in their surroundings at different depths of the

bilayer. While 6-AS evaluates the fluidity in a region close to the water–lipid

interface, 12-AS and 16-AP locate in deeper regions of the membrane and sense

the fluidity in the hydrophobic core of the bilayer. Al caused a decrease in mem-

brane fluidity close to the polar headgroups of phospholipids, but this rigidifying

effect propagated into the hydrophobic region [65], being the magnitude of

the change higher in the deepest regions of the bilayer than in the liposome

surface.

We finally investigated how Al-induced changes on PPI-containing membranes

rheology could affect the activity of the enzyme PI-PLC. For the experiments, we

worked with PI-PLC isolated from bovine brain. The obtained protein had a lower

molecular weight than the three PI-PLC present in the brain, and was formerly

known as the a isoform of PI-PLC which corresponded to an active hydrolytic

fragment of the d isoform [66]. This enzyme did not affect PC, PI, or PIP con-

centrations, but specifically hydrolyzed PIP2 [65]. The activity of the enzyme

toward its substrate in intact liposomes was similar to that obtained after lipo-

somes disruption with a non-ionic detergent, indicating that the enzyme had

complete accessibility to its substrate in liposome membranes.

Al caused a significant and concentration-dependent decrease in PIP2 hydrol-

ysis by PI-PLC [65]. The apparent inhibitory concentration was 2.5 mM Al, slightly

higher than that reported for the d isoform of PI-PLC (0.2 mM) [67]. Interestingly,

the inhibitory effect of Al was abolished when liposomes were disrupted into

micelles. When Triton X-100 was added to PPI-containing liposomes, this de-

tergent determined the spatial separation of PIP2 molecules that were previously

clustered by Al. However, the strength of Al interaction with PPI phosphate

groups is high enough to remain bound even in the presence of a detergent.

Therefore, a possible interaction of Al with the catalytic site of PI-PLC that could

result in the enzyme inactivation was discarded. Also, the possibility that the

detergent could per se release Al from its binding sites, especially to those con-

taining extra phosphate groups, was ruled out.

Interestingly, when PPI-containing liposomes were incubated in the presence

of the enzyme PLC, Al had no effect on PLC activity [68]. This finding is in close

agreement with the fact that, although Al binds to PC, the strength of this binding

is lower, and therefore Al could be easily displaced from its binding to this

phospholipid.

Together, our experimental data (summarized in Fig. 6) suggest that Al-binding

to membrane PPI results in changes in membrane physical properties, such as

membrane surface potential, lipid clustering, and fluidity. Consequently, PI-PLC

has a decreased accessibility to its substrate, resulting in a decreased hydrolysis

of PIP2. Through this mechanism, rather than through a direct interaction of the

metal with the enzyme, Al could interfere with other PPI-associated processes

that occur in cells.

P.I. Oteiza and S.V. Verstraeten100



Al

Al

Al

Al Al

Al

Al

AlAl

AlAl

AlAlAl

AlAlAl AlAlAl

PIP2 hydrolysis

PIP2 hydrolysis

(A)

(B)
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CONCLUDING REMARKS

Al is a neurotoxic metal which has been implied not only in the pathological

effects associated with high Al exposure but as a factor contributing to the in-

itiation and/or progression of different neurological disorders. The mechanisms

involved in the deleterious effects of Al are not completely understood but the

high affinity of the metal for membrane lipids points biological membranes as a

major target of its damaging effect.

Evidence from other laboratories and ours has shown that Al can interact with

model membranes and promote liposome aggregation, fusion, lateral phase

separation, membrane rigidification, and dehydration of the polar head groups.

Any of these effects could per se affect membrane-associated processes. But

different aspects should be considered in the action of Al on biological mem-

branes: (a) the high affinity of the metal for negatively charged phospholipids

could determine high local concentrations of the metal in certain membrane do-

mains and/or lead to the accumulation of the metal in certain types of membranes

or organelles; (b) the presence of certain lipids, such as galactolipids, can mod-

ulate the local effects of Al on membranes; and (c) Al could have generalized

effects on biological membranes but, most probably, it will affect select processes

occurring in particular domains of the membranes.

The mentioned effects of Al on membrane rheology are not limited to model

membranes. They also occur in isolated biological membranes and in cellular

(neuroblastoma cells) and animal models of Al toxicity. This effect depends on

the composition of the biological membranes, which was evidenced by the dif-

ferential effects found in myelin and synaptosomal membranes and between

differentiated and non-differentiated neuroblastoma cells.

We have found that through its interaction with membranes Al affects two

membrane related processes: (a) the rate of membrane lipid oxidation, which can

alter the function and/or the physical properties of the bilayer, and also release to

the media products of lipid oxidation which can oxidize or modify distant mol-

ecules such as DNA, and (b) the hydrolysis of PIP2 which leads to the formation

of inositol-1,4,5-trisphosphate and diacylglycerol, which mediates an increase in

the intracellular Ca2+ concentration and activate protein kinase C, respectively,

and constitute the initiation of a number of relevant signaling events.

In summary, Al interaction with biological membranes and the associated al-

terations in membrane physical properties could be a key event in Al neurotoxic

effects. The consequences of Al interactions with membranes could be multiple,

considering the numerous events that occur at the membrane level, such as

membrane selective permeability, the transport of different molecules, the func-

tion of membrane associated proteins (enzymes, receptors), the modulation of

select signaling cascades, etc. Further research will help to elucidate this hy-

pothesis as well as to understand the potential contribution of Al to neurological

disorders.
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Abstract

The biological activities of plant polyphenols have been examined by various methods

in vitro and in vivo for prediction of their ability to prevent human diseases. Their activities

found in in vitro experiments with cultured mammalian cells should reflect the amount

incorporated into the cells during incubation. Since no transporter specific to plant poly-

phenols has been found in mammalian cells, it is supposed that most polyphenols are
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incorporated into the cells by passive transport and the amount incorporated is related to

the affinity of the polyphenol for the cell membranes. In general, measurements of the

amount of a polyphenol incorporated into the cell membranes or the cells are difficult and

inaccurate, because the amount is very low and some polyphenols are unstable and

metabolized immediately after incorporation. We developed a method to measure the

amount of polyphenols incorporated into the lipid bilayers of liposomes with a dense in-

ternal aqueous phase. The higher relative density of the liposomes than that of water

enabled to separate the medium and the liposomes by ultracentrifugation for a short time

after incubation. Consequently, the amount of a polyphenol incorporated into the sepa-

rated liposomes was selectively measured. With this method, the affinities of various kinds

of plant polyphenols, including phenyl propanoids, gallic acid esters, curcumin, flavonoids

and isoflavones have been investigated. In particular, interaction of tea catechins with lipid

bilayers has been investigated in detail. Epicatechin (EC), epigallocatechin (EGC), epic-

atechin gallate (ECg) and epigallocatechin gallate (EGCg) are the major components of

polyphenols in green tea infusions. EGCg is the most abundant among these compounds.

The reported biological activities of EC and EGC were often lower than those of their

corresponding gallic acid esters, i.e., ECg and EGCg. We clarified that EC and EGC had

lower affinities for the lipid bilayers of liposomes than ECg and EGCg. This indicates that

the interaction of tea catechins with the lipid bilayer partly governs their activities. In

addition to the presence of the gallic acid ester, the number of the hydroxyl groups on the

B-ring and the steric character of the C-ring affected the affinity of the catechins for the lipid

bilayers. Furthermore, the external factors such as salt concentration in an aqueous me-

dium of the liposome suspension, the electric charges of the lipid bilayers and the pres-

ence of EC governed the affinity of EGCg for the lipid bilayers. The interaction of EGCg

with a model membrane was also examined by solid state 31P and 2H NMR. These NMR

observations provide direct experimental evidence that EGCg molecule interacts with the

lipid bilayers. Using liposomes with a dense internal aqueous phase, we also clarified that

ECg and EGCg were located on the surface of the lipid bilayers and perturbed the mem-

brane structure.

1. INTRODUCTION

The biological activities of polyphenols contained in plant foods such as vege-

tables, fruits and teas have been examined by various methods in vitro and in vivo

for prediction of their ability to prevent human diseases. The activity evaluated in

experiments in vitro with cultured mammalian or bacterial cells should reflect the

amount incorporated into the cells. Some tea polyphenols tightly bound 67 kDa

laminin receptor [1] and inhibited sodium-dependent glucose transporter by a

competitive mechanism [2]. But, so far neither transporter nor receptor specific to

any plant polyphenols has been found in mammalian cells. It is supposed that

most polyphenols are incorporated into the cells by passive transport and the

amount incorporated is related to the affinity of the polyphenol for the cell mem-

branes. For example, some polyphenols suppress the cytotoxicity of hydrogen

peroxide toward mammalian and bacterial cells [3–7]. The structure–activity

relationships obtained from those experiments suggested that the amount of the

compounds incorporated governs the dose-dependency. Measurements of the

amounts of a compound incorporated into cells during a certain incubation period
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are difficult and inaccurate, because the amount is very low and some poly-

phenols are metabolized in the cells and/or excluded to the surrounding medium

immediately after incorporation. Thus, accurate methods to measure the

amount of polyphenols incorporated into model membranes are needed to

compare the affinities of a series of polyphenols. In the pharmaceutical sci-

ences, liposome-partitioning systems have been used to investigate the rela-

tionship between the biological activity of compounds and their interaction with

lipid bilayers. On the other hand, there have been a few reports on the affinity of

polyphenols for model membranes. Formerly, no quantitative method to analyze

a polyphenol incorporated into model membranes was established. One prob-

lem in measurement is the difficulty of separation of the liposomes from the

aqueous medium after incubation of the polyphenols. We developed a method

to measure the amounts of polyphenols incorporated into the lipid bilayers of

liposomes with a dense internal aqueous phase. The higher relative density of

the liposomes than that of the surrounding medium enabled to separate the

medium and the liposomes by ultracentrifugation for a short time after incuba-

tion. Consequently, the amount of a polyphenol incorporated into the liposomes

was selectively measured. With this method, the affinities of various kinds of

plant polyphenols, including phenyl propanoids, gallic acid esters, curcumin,

flavonoids and isoflavones were measured. In particular, interaction of tea

catechins with lipid bilayers has been investigated in detail to apply the methods

to the liposomes with a dense internal aqueous phase.

2. GENERAL METHODS

The methods to investigate the interaction of polyphenols with liposomes with a

dense internal aqueous phase and some general methods in this chapter were

described here.

2.1. Measurement of the amount of a polyphenol incorporated into
liposomes

Phosphatidylcholine from egg yolk (egg PC) (100mg) was dissolved in a small

amount of chloroform (Fig. 1). The solution was put in a round-bottomed flask and

evaporated using a rotary evaporator. The thin film of egg PC on the inner surface

of the flask was dried with a vacuum pump. Then, 300mM aqueous glucose

solution (10ml) was poured into the flask and the mixture was sonicated in an

ultrasonic cleaner. The resulting solution of multilamellar vesicles (MLV) was

transferred into a 50ml plastic centrifuge tube and bubbled with N2 gas. The

sealed tube was placed in water in the cavity of a sonicator with a cup-horn

and sonicated for 10min. The liposomal solution was diluted 10 times with phos-

phate-buffered saline (PBS) (pH 7.4), and untrapped glucose was removed by
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centrifugation at 130,000 g for 5min at 201C. The liposomes in the sediment were

suspended in PBS, pH 7.4 with the final concentration of egg PC in the liposomal

solution to 1mg/ml exactly. Since the density of the internal aqueous phase of the

liposomes, small unilamellar vesicles (SUV), was higher than that of the external

solution, all liposomes were sedimented readily by centrifugation. In a typical

experiment due to measure the amount of a polyphenol incorporated into the lipid

bilayers, a polyphenol solution in ethanol (0.1ml) was added to 0.9ml of the

liposome solution in PBS and the mixture was vortexed. After incubation for

20min at 201C, the mixture was centrifuged at 130,000 g for 5min. After being

suspended with PBS and centrifuged again, the liposomes containing the poly-

phenol were dissolved with 1ml of ethanol. The amount of the polyphenol in the

ethanol solution was measured by high-performance liquid chromatography

(HPLC) with a UV detector. The calculated amount of the polyphenol coprecipi-

tated with the liposomes is defined as the amount incorporated into liposomes,

which might also reflect the amount of the polyphenol bound to the surface of the

lipid bilayers. Except for catechins, the amount of a polyphenol incorporated into

the liposomes are proportional to its amounts added to the liposomal solution

in the range tested. Thus, the results are expressed as the percentage of the

incorporated amount to the added amount.

Fig. 1. The protocol of the measurement of a polyphenol incorporated in the lipid
bilayers.
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2.2. Measurement of where a polyphenol is located in lipid bilayers

Location of a polyphenol in the lipid bilayers of liposomes was estimated by

measurement of fluorescence of 2-(9-anthroyloxy)stearic acid (2-AS) or 12-(9-

anthroyloxy)stearic acid (12-AS) in the lipid bilayers. In the presence of 400 nmol

of 2-AS or 12-AS, 100mg of egg PC was dissolved in a small amount of chlo-

roform. The solution was put in a flask and the solvent evaporated off. The thin

film of egg PC on the inner surface of the flask was dried with a vacuum pump.

Then, 300mM aqueous glucose solution (10ml) was poured into the flask and the

mixture was vortexed. The MLV was prepared in the solution by freezing and

thawing repeatedly. The liposome solution was diluted 10 times with PBS, and

untrapped glucose was removed by centrifugation. The liposomes in the sedi-

ment were suspended in PBS. The final concentration of egg PC in the liposome

solution was adjusted to 1mg/ml. The final concentration of 2-AS or 12-AS was

4 mM. After incubation with a polyphenol for 10min, the MLV was purified by

centrifugation and suspended with PBS. The fluorescence of 2-AS (excitation:

362 nm, emission: 446 nm) or 12-AS (excitation: 381 nm, emission: 446 nm) in the

lipid bilayer was measured. The fluorescence intensity was calculated as percent

of the fluorescence intensity of 2-AS or 12-AS in the absence of the polyphenol.

2.3. Measurement of membrane damage caused by a polyphenol

Membrane damage of liposomes caused by a polyphenol was analyzed by the

amount of calcein that leaked from calcein-trapped liposomes. Egg PC was son-

icated in the presence of 300mM glucose and 100mM calcein to prepare SUV with

a dense internal aqueous phase containing calcein. The procedures of liposome

purification were the same as described in Section 2.1. The required amount of a

polyphenol was added to the liposome solution, and the solution was incubated at

201C for 1h. The external medium of the liposomes was collected by centrifugation

at 130,000g for 5min. Fluorescence of calcein leaking from the internal aqueous

phase to the external medium was measured with excitation at 488nm and emis-

sion at 520nm. The degree of calcein leakage was calculated as percent of the

fluorescence intensity of completely released calcein from the liposomes after

treatment with 1wt% Triton X-100 (polyethylene glycol mono-4-octylphenyl ether).

2.4. Partition coefficient

In the case of a hydrophilic polyphenol such as catechins, its solution in the same

buffer used for the liposome experiments such as PBS was vigorously mixed with

the same volume of 1-octanol. In the case of the lipophilic polyphenol, its solution

in 1-octanol was vigorously mixed with the same volume of the buffer. After

centrifugation at 200 g for 10min, the amount of the polyphenol in each layer was
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measured by HPLC. The partition coefficient of each catechin was then calcu-

lated. The results were expressed as common logarithms.

2.5. Colony formation assay for cytotoxic activity of a polyphenol

In order to clarify the correlation between the cytotoxicity and lipophilicity, the

cytotoxicity of a polyphenol was examined by a colony formation assay as an

index of a simple biological activity in vitro. Chinese hamster lung fibroblast V79

cells were seeded in Petri dishes (�100 cells/dish) and incubated in 5ml of a

minimum essential medium (MEM) supplemented with 10% heat-inactivated fetal

bovine serum (FBS) in a humidified atmosphere of 5% CO2 in air at 371C for 2 h.

After changing the medium to FBS-free MEM, a dimethylsulfoxide solution of a

polyphenol (50 ml) was added to the medium, but no polyphenol was added to the

control medium. The cells were incubated in these media for 4 h and subse-

quently in MEM supplemented with FBS for 5 days. Then, the number of the

colonies stained with a Giemsa solution was counted. The survival rate (% of

control) was calculated by dividing the number of colonies in the medium con-

taining the polyphenol by that in the control medium. Each result is expressed as

the mean and standard deviation of four separate cultures.

2.6. Colony formation assay for antioxidant activity of a polyphenol

Chinese hamster V79 cells were seeded in dishes (�100 cells/dish) and incu-

bated in a MEM supplemented with FBS. After the medium had been changed to

MEM without FBS, the cells were incubated with indicated concentrations of a

polyphenol. After being washed with HEPES-buffered saline HBS (pH 7.3), the

cells were incubated with 150 mM H2O2 in HBS. After 5 days of culturing, the

number of the colonies was counted. The cell survival (% of control) was cal-

culated by dividing the number of colonies of the cells treated with H2O2 and/or

the respective polyphenol by the number of colonies of untreated control cells.

3. AFFINITY OF POLYPHENOLS FOR LIPID BILAYERS

3.1. Gallic acid esters

The amount of lauryl gallate incorporated into the liposomes was the highest

among three gallic acid esters, followed by propyl and methyl gallates (Fig. 2) [8].

Gallic acid was not detected in the liposomes. This result indicates that the affinity

of a gallic acid ester for the lipid bilayers depends simply on the chain length of its

ester moiety. It has been already reported that 200 nM lauryl gallate, 20 mM propyl

gallate and 80 mM methyl gallate were necessary for complete protection against
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H2O2-induced cytotoxicity [3], and that lauryl gallate was the most effective

among the gallic acid esters for lowering the SOS induction raised by H2O2 [5].

These results support our hypothesis that gallic acid esters with higher affinities

exhibit biological activities in lower concentrations.

3.2. Caffeic acid esters

The incorporated amount of caffeic acid phenethyl ester was the highest among

the caffeic acid esters, followed by caffeic acid ethyl and methyl esters (Fig. 2) [8].

Caffeic acid was not incorporated into liposomes. The ethyl and methyl esters

suppressed H2O2-induced cytotoxicity and DNA single-strand breaks, but caffeic

acid did not [6]. Dose dependencies of the phenethyl ester, the ethyl ester and the

methyl ester on the protection against H2O2-induced cytotoxicity [9] indicate that

the phenethyl ester was the most effective, followed by the ethyl ester. Thus, the

R=CH3:caffeic acid methyl ester (6%)

R=CH2CH3:caffeic acid ethyl ester (16%)

HO

HO

COOR HO

HO

O
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Fig. 2. Chemical structures of gallic acid esters, caffeic acid esters, curcuminoids
and flavonols with their ratios incorporated into the liposomes. Source: Data were
taken from Refs. [8,11] with permission from the Publisher.

Interaction of Plant Polyphenols with Liposomes 113



biological activities examined in these studies reflect the affinity of the esters for

the lipid bilayers. The phenethyl ester is a natural caffeic acid ester found in some

kinds of propolis [10]. Inhibitory effects of the phenethyl ester on azoxymethane-

induced biochemical changes and aberrant crypt foci formation in rat colon,

growth of human leukemia HL-60 cells and activation of nuclear transcription

factor NF-kB have been reported (reviewed in ref. [9]). After the phenethyl ester

and other caffeic acid esters are supposed to be hydrolyzed by esterase, the

resulting caffeic acid should be the very compound exerting those inhibitory

effects in the cells, i.e., their affinities for the cell membranes should determine

their apparent biological activities.

3.3. Curcuminoids

Curcumin is the major yellow component of turmeric. Colorless tetrahydrocurcu-

min (THC) is a metabolite of curcumin. The affinity of THC was lower than that of

curcumin (Fig. 2) [8], which exhibited cytotoxicity in the cultured cells at concen-

trations lower than did THC [7]. The flexible and bulky structure of THC might

make its incorporation into the lipid bilayers difficult when compared to curcumin.

On the other hand, the high affinity for the lipid bilayers of curcumin should be

partly ascribed to its rigid and planar structure because of the conjugated system,

which also causes its yellow color. It is natural that the three-dimensional inter-

action of these compounds with the phospholipid bilayers of the liposomes sim-

ulate well with that of the cell membranes of cultured cells.

3.4. Flavonols

The affinity for lipid bilayers of the three flavonols, galangin, kaempferol and

quercetin, which respectively have no, one and two hydroxyl groups on the B-ring

was compared (Fig. 2) [11]. The percentage incorporated into the liposomes was

the lowest in quercetin, followed by kaempferol and galangin. These results show

that the number of phenolic hydroxyl groups on the B-ring was inversely corre-

lated with the lipophilicity of the flavonols. The cytotoxicity of these compounds by

using Chinese hamster lung fibroblast V79 cells was examined to clarify the

correlation between the lipophilicity and cytotoxicity. Among the three com-

pounds, galangin was the most toxic, followed by kaempferol and quercetin [11].

This suggests that the lipophilicity governed the amount of flavonol incorporated

into the cells and, consequently, the cytotoxicity.

3.5. Isoflavones

Isoflavones occurring ubiquitously in plants such as soybeans exhibit estrogen-

like activity. Consumption of isoflavones has been suggested to protect against
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hormone-related cancers and cardiovascular diseases [12,13]. The biological

activities of numerous isoflavones have been evaluated by various methods

in vitro with cultured mammalian cells, bacterial cells and low-density lipoproteins

(LDL). Some activities have been attributed to the affinity for estrogen receptors

[14]. Since the amount incorporated into cells or lipoproteins during incubation is

supposed to be another factor, the affinity of isoflavones and their glucosides for

lipid bilayers was investigated [15].

Figure 3 indicates that the proportion of an aglycone incorporated into the lipid

bilayers was higher than that of its corresponding glucoside. Biochanin A and

formononetin with a methoxyl group at 40-position of the B-ring showed higher

affinity for the lipid bilayers than the other aglycones such as genistein and da-

idzein. Among three glucosides, sissotrin with a methoxyl group at 40-position of

the B-ring showed the highest affinity. The difference of the structures of each

pair of compounds, i.e., daidzein vs. genistein, formononetin vs. biochanin A,

daidzin vs. genistin, is the absence vs. the presence of a hydroxyl group at

5-position of the A-ring. The percentage of the incorporated amount to the added

amount of genistein was higher than the corresponding value of daidzein. Similar

results were obtained in the cases of their derivatives with a methoxyl group at

40-position of the B-ring, i.e., biochanin A and formononetin. The higher activity of

genistein than daidzein has been ascribed to its higher affinity for the estrogen

receptors [14]. The antioxidant activities against LDL oxidation and inhibitory

effects on cell growth in the presence of genistein were stronger than those in the

presence of daidzein [16–21]. These results suggest that the affinity for lipid

bilayers also affects the activity in vitro, especially where the estrogen receptors

have no role. Hydroxyl groups are usually expected to increase hydrophilicity as

ORO

O
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ORO

O
OH
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O
OCH3

ORO

O
OCH3

OH

OH

R=H: daidzein (18%)

R=glc: daidzin (0%)

R=H: genistein (29%)

R=glc: genistin (1%)

formononetin (49%) R=H: biochanin A (76%)

R=glc: sissotrin (26%)

Fig. 3. Chemical structures of isoflavones with their ratios incorporated into the
liposomes. The ‘‘glc’’ represents glucosyl moiety. Source: Data were taken from
Ref. [15] with permission from the Publisher.
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in the case of flavonols described in Section 3.4. Thus, the results seem to be

peculiar to the hydroxyl group at 5-position of the A-ring of isoflavones. We

postulate that this hydroxyl group forms a six-membered aromatic ring as shown

in Fig. 4, resulting in the enhancement of the lipophilicity of the compound. For-

mation of a similar six-membered ring in the structure of quercetin has been

already proposed [22]. The cytotoxic activities of the four aglycones were com-

pared as follows [15]: biochanin A4formononetin4genistein4daidzein. This re-

sult indicates that the presence of a hydroxyl group at 5-position of the A-ring and

a methoxyl group at 40-position of the B-ring independently enhanced the cyto-

toxicity. This is in accordance with the increasing effects of both groups on the

proportion of the isoflavones incorporated into the lipid bilayers. Lower binding

affinities of formononetin and biochanin A for estrogen receptors a and b than

those of genistein and daidzein [14] indicate that these receptors have no role in

the cytotoxicity mentioned above. Thus, the cytotoxic activities of the isoflavones

estimated by the colony formation assay with V79 cells should be attributed to

their affinity for the lipid bilayers. In conclusion, the biological activities of is-

oflavones evaluated in vitro could be governed by their affinity for the lipid com-

ponents in the cases where the estrogen receptors have no role.

4. INTERACTIONS OF CATECHINS WITH LIPOSOMES

4.1. Factors affecting the affinity of catechins for lipid bilayers

4.1.1. Structure– activity relationships

Catechins are present in fruits and tea infusions. A wide range of biological

effects of tea catechins such as antimutagenicity, anticarcinogenicity, antitumori-

genicity, antioxidant, antihypercholesterolemia and antibacterial activities have

been reported. Usually, the order of the activity of various catechins differs in

each case. Some examples of the order of activity of the cis-type (epi type)

catechins reported previously are as follows. Growth inhibition of human

lung cancer cell line: epicatechin gallate (ECg)4epigallocatechin gallate

(EGCg)4epigallocatechin (EGC)4epicatechin (EC) [23]; inactivation effects on

OHO

OO

H
OH

4'

5

Fig. 4. The proposed six-membered ring in the chemical structure of genistein.
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human type-A influenza virus, ECg4EGCgbEGC [24]; inhibitory effects on the

oxidative modification of LDL, EGCg4ECg4EGC4EC or EGCg4ECgbEC4

EGC [25,26]; antibacterial activity against Clostridium botulinum, EGCg4ECg4

EGC4EC [27]. These results indicate that the gallic acid esters of catechins such

as EGCg and ECg always show higher activities than the catechins without the

galloyl moiety such as EGC and EC. Furthermore, it has been reported that

EGCg and ECg showed strong interactions with lipid bilayers [28,29]. We pos-

tulated that the differences in these activities were partly based on the amounts of

compounds incorporated into the lipid bilayers. Tea catechins are classified into

cis- and trans-type from the configuration of the two hydrogens at the 2- and 3-

positions on the C-ring (Fig. 5). Green tea infusion contains a large amount of

cis-type catechins and a small amount of trans-type catechins. Saeki et al. [30]

reported that EGCg showed higher apoptosis-inducing activity than GCg in

cultured cells. Tsuchiya [28,31] clarified by measuring fluorescence polarization

of liposomal membranes that cis-type catechins were more effective for reducing

membrane fluidity than trans-type catechins. These results suggest that a

cis-type catechin has higher affinity for the cell membranes than its correspond-

ing trans-type catechin. We compared the affinity of cis-type catechins, i.e., EC,

EGC, ECg and EGCg, and trans-type catechins, i.e., catechin (C), gallocatechin

(GC), catechin gallate (Cg) and gallocatechin gallate (GCg), for the lipid bilayers

[32,33].

Figure 6 shows the typical dose effects of tea catechins on the amount incor-

porated. Unlike other polyphenols, dose effects of catechins are not linear but

convex. In cis-type catechins, the amount of ECg incorporated was the highest,

followed by EGCg and EC. In trans-type catechins, the amount of Cg incorpo-

rated was highest, followed by GCg and C. The lower affinity of EC and EGC than

that of the corresponding gallic acid ester, ECg and EGCg, implies that the

presence of the ester bond contributes to the higher hydrophobicity of the gallic

acid esters. The affinity of ECg was higher than that of EGCg, and the affinity of

EC was higher than that of EGC. This indicates that three hydroxyl groups in the

B-ring of gallocatechins such as EGC and EGCg lowered their hydrophobicity

and consequently their affinity for the lipid bilayers in comparison with EC and

ECg that have two hydroxyl groups in the B-ring. Furthermore, the amount of ECg

incorporated was higher than that of Cg, and the amount of EGCg incorporated

was higher than that of GCg. Thus, the affinity of trans-type catechins with a

galloyl moiety for the lipid bilayers could be lower than that of the respective cis-

type catechins. The partition coefficients of tea catechins in an 1-octanol/PBS

system decreased in the same order (Table 1). The trans-type catechins tend to

have a lower partition coefficient than the cis-type catechins.

Figure 7 shows the stereochemical structures of ECg and Cg. The hydrophobic

domain of ECg is liable to protrude into lipid bilayers and lie in contact with the

inner lipophilic region, because other hydrophilic domains do not conceal the

hydrophobic domain. On the other hand, the hydrophobic domain of Cg is hard to
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protrude into lipid bilayers, because the hydrophobic domain is located at the

center of the molecule, and the hydrophilic domains of A-ring, B-ring and the

galloyl moiety interfere with the contact of the hydrophobic domain in the inner

lipophilic region of the lipid bilayers.
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Fig. 5. Chemical structures of tea catechins.
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4.1.2. External factors

The effects of the salt concentration of the medium, the electric charges of the

lipid bilayers, and the presence of other catechins were investigated [34]. The

amounts of EC, ECg and EGCg incorporated into the lipid bilayers increased as

the salt concentration was increased (Table 2). The partition coefficient of each

catechin evaluated with an 1-octanol/PBS system also increased as the salt

concentration was increased [34]. These results indicate that the partition coeffi-

cient and the affinity of the catechins for lipid bilayers strongly depended on the

salting-out effect of the aqueous medium. Thus, the in vitro activities of a catechin

can be expected to depend on the salt concentration of the medium.
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Fig. 6. Dose effects of (A) cis-type catechins and (B) trans-type catechins on the
amount incorporated into the liposomes. (A) J, ECg; K, EGCg; D, EC; m, EGC.
(B) J, Cg; K, GCg; D, C; m, GC.
(From Ref. [33] with permission from the Publisher.)

Table 1. Partition coefficients of tea catechins evaluated with an 1-octanol/PBS
system

cis-type catechins log P trans-type catechins log P

ECg 1.7970.05 Cg 1.6370.05

EGCg 1.4170.03 GCg 1.3570.07

EC 0.3070.01 C 0.3870.00

EGC �0.1070.00 GC �0.4070.00

Note: The results are shown as the mean value of four independent experiments with the
SD.
Source: From Ref. [33] with permission from the Publisher.

Interaction of Plant Polyphenols with Liposomes 119



The antibacterial activity of catechins is higher against Gram-positive bacteria

than that of Gram-negative bacteria [35–38]. The outer membrane of Gram-

positive bacteria consists of a thick peptidoglycan layer. Gram-negative bacteria

have an external membrane consisting of a phospholipid and lipopolysaccharide

outside a thin peptidoglycan layer. Ikigai et al. [38] reported that EGCg caused

leakage of 5,6-carboxyfluorescein, a fluorescence substance, entrapped in the

intraliposomal space and the amount of 5,6-carboxyfluorescein that leaked from

the liposomes with negative charge was lower than that leaking from the control

liposomes. They explained that the resistance of Gram-negative bacteria to

EGCg was attributed to the presence of negatively charged lipopolysaccharides.

(A) (B)

Fig. 7. Space filling model of (A) ECg (B) and Cg. Stereochemical structures
were depicted by CS Chem 3D version 6.0 software (Cambridge Soft, USA). A
restrained molecular dynamics method was used to calculate the energetically
minimum structures of the compounds. The colorless moiety is the hydrophobic
domain and the dark color moiety is the hydrophilic domain.
(From Ref. [33] with permission from the Publisher.)

Table 2. Amount incorporated into the lipid bilayers of tea catechins in various
concentrations of PBSa

Tea catechin

Incorporation into lipid bilayers (%)b

1/4 PBS 1/2 PBS PBS

EGC 0.070.0 0.070.0 0.070.0

EC 9.270.4 16.370.6 28.870.4

EGCg 38.070.0 44.570.8 46.970.1

ECg 53.270.4 56.670.0 68.174.0

a PBS (pH 7.4) diluted 1-, 2- and 4-fold with water was used as PBS, 1/2 PBS and 1/4
PBS, respectively, and contained 0.9%, 0.45% and 0.225% NaCl, respectively.
b Each result is shown as the mean7 value SD of four independent experiments.
Source: From Ref. [34] with permission from the Publisher.

T. Nakayama et al.120



To verify their explanation directly, we investigated the effect of the electric

charge of the membrane on the affinity of tea catechins for the lipid bilayers [34].

The control liposomes prepared from PC alone do not have net electric charge.

On the one hand, the liposomes containing 10% phosphatidyl serine (PS) or

dicetylphosphate (DCP) have negative charge, and those containing stearyl

amine (SA) have positive charge. The amounts of ECg and EGCg incorporated

into the lipid bilayers containing PS or DCP were distinctly lower than those

incorporated into the control liposomes (Table 3). On the other, their amounts

incorporated into the lipid bilayers containing SA were similar to those incorpo-

rated into the control liposomes. These results indicate that electrostatic repulsion

between each catechin and the membranes with negative charge in the presence

of PS or DCP lowered the affinity.

The constituents of the green tea extracts had a synergistic or additive effect on

cancer preventive activity, because the green tea extract had a stronger effect

than the same amount of each catechin [39,40]. On the assumption that these

synergistic effects were due to enhanced incorporation of the catechins into the

cells, the affinity of a catechin for the lipid bilayer in the presence of other cate-

chins was examined. Figure 8 shows that the amount of EGCg and ECg incor-

porated into the lipid bilayers was increased by the addition of EC. Similar

enhancing effects of EC on the partition coefficient of ECg or EGCg in an

1-octanol/PBS system were also observed [34]. Suganuma et al. [39,40] reported

that EC dose-dependency enhanced apoptosis of the PC-9 human lung cancer

cell line induced by EGCg and that the [3H] EGCg incorporation into PC-9 cells

was significantly enhanced by EC. Our results indicate that the enhancement of

EGCg incorporation into the cells by EC should involve a simple physicochemical

process.

Table 3. Amount of tea catechins incorporated into the lipid bilayers with various
electrical charges

Tea catechin

Incorporation into lipid bilayers (%)

Control 10% PS 10% DCP 10% SA

EGC 0.070.0 0.070.0 0.070.0 0.070.0

EC 9.270.4 3.770.0 6.070.0 8.470.2

EGCg 36.970.7 4.670.2 7.170.5 37.870.3

ECg 53.270.4 11.170.1 21.170.2 56.570.6

Note: Each catechin solution (100 nmol) in PBS was added to liposomes of PC in the
presence or absence of 10% PS, DCP or SA. The mixture was incubated (201C for 20min)
and centrifuged. The proportion (%) was calculated by dividing the amount incorporated by
the amount added. The liposomes-containing PC alone were used as the control. Each
result is shown as the mean7SD of four independent experiments. Source: From Ref. [34]
with permission from the Publisher.
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Fujimura et al. [41] reported that EGCg bound to the cell surface and highly

associated with plasma membrane microdomains, lipid rafts, on the human

basophilic cells. They suggest that the lipid rafts may also play a possible role in

the interaction of EGCg with mammalian cells.

4.2. Location of catechin in the lipid bilayers

The location of catechins incorporated into liposomes was investigated by flu-

orescence quenching of 2-AS and 12-AS with catechins. Kitano et al. [29] in-

vestigated the location of EGCg incorporated into MLV by fluorescence

quenching of 2-AS and 10-AS. They concluded that EGCg was located on the

surface region of the lipid bilayer, because EGCg quenched the fluorescent of

2-AS more strongly than that of 10-AS. This effect by fluorescence quenching of

2-AS and 12-AS with cis- and trans-type catechins was confirmed by the method

described in Section 2.2. If a catechin is present in the lipid bilayers, the fluo-

rescence of 2-AS or 12-AS is quenched according to the location of each cate-

chin. The anthroyl group of 2-AS should be located on the surface of the bilayer

membrane, while that of 12-AS in a hydrophobic core of the membrane (Fig. 9).

Consequently, if a tea catechin locates on the surface of the lipid bilayers, it

quenches the fluorescence of 2-AS. On the other hand, if it locates in the hy-

drophobic core of the lipid bilayers, it quenches that of 12-AS. Figure 10 [33]

shows that the quenching effect of ECg on the fluorescence of 2-AS was the

highest among cis-type catechins, followed by those of EGCg and EC, and the

quenching effect of Cg on the fluorescence of 2-AS was the highest among trans-

catechins, followed by those of GCg and C. EGC and GC had no quenching

effect on the fluorescence of 2-AS. These results indicated that ECg, EGCg, EC,

Cg, GCg and C located on the surface region of the lipid bilayer. Furthermore, the

quenching effect of trans-type catechins was lower than that of the corresponding

of cis-type catechins. Thus, the degree of fluorescence quenching was closely
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correlated with the amount of compound incorporated into the lipid bilayers, which

is partly attributed to the stereochemical structure.

4.3. Membrane damage caused by catechins

The membrane structure may be altered by the catechins present in the lipid

bilayers. Membrane damage of liposomes, caused by a catechin, was analyzed

by the method described in Section 2.3. The catechins with galloyl moiety

dose-dependently increased calcein leakage (Fig. 11). The effect of ECg was

greater than those of EGCg. No effect of EC and EGC was observed. These

results suggest that the ratio of calcein leakage, as an index of the membrane

damage, also reflects their incorporated amounts. Effects of ECg and EGCg on

the physical properties of phospholipid model membranes and the correlation

with their antibacterial capacities was examined in detail [42].
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Fig. 9. Chemical structures of 2-AS and 12-AS.
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Fig. 10. Effects of (A) cis-type catechins and (B) trans-type catechins on the
fluorescence intensity of 2-AS or 12-AS. The ratio (%) was calculated by dividing
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(From Ref. [33] with permission from the Publisher.)
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4.4. Antibacterial activity of (+)-catechin derivatives and their
interaction with liposomes

The antibacterial activity of various teas and tea catechins has been investigated

[43–50]. In these studies, it was found that tea catechins with a galloyl moiety

have higher activity than those without a galloyl moiety. It has been suggested

that the mechanism of antibacterial activity is associated with the membrane

injury activity including effects on the membrane fluidity. Thus, the intensity of the

antibacterial activity of tea catechins can partly be explained by the findings

described in Section 4.3. It has been reported that the antibacterial activity of EC

derivatives with alkyl chain has higher than that of EC [47]. The studies using

these derivatives indicated that the antibacterial activity was related to the par-

tition coefficients of these derivatives [51]. We prepared the derivatives with alkyl

chain at the 6- and 8-positions of the A-ring of (+)-catechin by the reaction of

(+)-catechin with various aldehydes in the presence of methyl mercaptan [52].

These (+)-catechin derivatives were termed C1–C10, according to the carbon

number of the reacted aldehyde (Fig. 12).

The antibacterial activity of (+)-catechin derivatives was assayed by the liquid

dilution method [53] against six kinds of Gram-positive bacteria (B. cereus,

B. circulans, B. subtilis, S. aureus, S. xylosus and E. faecalis) [52]. Since the

minimum inhibitory concentration (MIC) changes, by respective derivatives, were

quite similar against all six bacteria, Figure 13 shows a typical result, that is the

MIC against B. subtilis. The MIC of (+)-catechin, C1 and C2 for all tested bac-

teria was above 400 mg/ml. The MIC decreased with elongating the alkyl chain

lengths of the derivatives C1–C4. The antibacterial activities of compounds
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C4–C7 were very strong. In the case of compounds C9 and C10, the exact

antibacterial activity at concentration higher than 100 mg/ml could not be eval-

uated, because of their low solubility in the medium. Therefore, the effects of

C1–C7 on the interaction with the liposomes were investigated further.

The percentage incorporation of the (+)-catechin derivatives into liposomes

increased with elongating the alkyl chain lengths of the derivatives (Table 4). The

antibacterial activity of (+)-catechin derivatives also increased with elongating the

alkyl chain lengths of the derivatives (Fig. 13). The results shown in this table

can be summarized as follows. Antibacterial activity: (+)-catechinoC1oC2o

C3oC4oC5, C6, C7; amount incorporated into the lipid bilayers: (+)-catechino

C1oC2oC3, C4, C5, C6, C7; ratio of calcein leakage: (+)-catechin, C1, C2,

C3oC4oC5oC6oC7. These results indicate that the antibacterial activity of the
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(+)-catechin derivatives and their interaction with the bacterial membrane are

closely correlated. The percentage incorporation of C3–C7 into the liposomes

was almost 100%, but the antibacterial activity of C3 was weaker than those of

C4–C7. Table 4 shows that C4 or more caused significant calcein leakage, but C3

did not. Thus it is presumed that the antibacterial activity of the (+)-catechin

derivatives is associated with both the affinity for the lipid bilayer and the disruption

of the membrane structure.

5. DIRECT EVIDENCE OF INCORPORATION OF EGCG INTO LIPID
BILAYERS BY SOLID-STATE NUCLEAR MAGNETIC RESONANCE

The findings obtained by the experiments described so far indirectly show that the

polyphenols were incorporated into and/or interacted with the lipid bilayers. In order

to directly verify the incorporation of catechins into lipid bilayers, the interaction of

EGCg with dimyristoylphosphatidylcholine (DMPC) bilayers was investigated by

solid-state 31P and 2H NMR spectroscopy [54]. 31P NMR of the phosphocholine

head-group of DMPC provided information about the behavior of the surrounding

bilayers when EGCg is incorporated. Further, the orientational and motional prop-

erties of [4-2H]EGCg, deuterium-labeled at 4-position of EGCg (Fig. 14), incorpo-

rated into DMPC liposomes were analyzed by the solid-state 2H NMR.

Figure 15(A) shows the 31P NMR spectra of EGCg incorporated into DMPC

bilayers at temperatures between 40 and 101C, together with (B) the spectra of

DMPC bilayers without EGCg in the right panel. An axially symmetrical powder

pattern, which is characteristic of the liquid crystalline phase, was observed

Table 4. Percent incorporation of (+)-catechin derivatives into liposome and
their effects on calcein leakage

Test compound % Incorporation

% Calcein leakage

(60 mM)

% Calcein leakage

(10 mM)

(+)-catechin 13.470.4 7.170.1

C1 57.172.0 5.672.8

C2 81.371.7 10.272.2

C3 101.470.1 8.473.6

C4 101.070.5 26.372.0

C5 100.070.0 56.871.9 32.575.4

C6 99.170.4 39.771.6

C7 100.070.2 54.676.5

Note: Each result is shown as the mean value of four independent experiments with the
SD. The concentrations of the test compounds to examine the calcein leakage are 60 mM
for (+)-catechin and C1–C5, and 10 mM for C5–C7. A small amount of calcein leakage
(6.271.1%) was observed even in the absence of catechins.
Source: From Ref. [52] with permission from the Publisher.
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irrespective of the phase transition temperature at 231C. It is worth of note that
31P chemical shift anisotropy of DMPC in the presence of EGCg was decreased

as compared with that in the absence of EGCg (Table 5) at the same temper-

ature. These findings suggest that EGCg is actually incorporated into the lipid

bilayers and affects the head-group motion of the phospholipids. EGCg is as-

sumed to be located on the surface of the lipid bilayers by fluorescence quench-

ing of 2-AS in Section 4.2. The 31P NMR study also indicates that EGCg is

located in the head-group region of the phospholipids in the lipid bilayers.

On the one hand, Fig. 16(a) shows the 2H NMR spectrum of [4-2H]EGCg in

DMPC bilayer. On the other, Fig. 16(b) shows the 2H NMR spectrum of

[4-2H]EGCg in the solid phase. The observed 2H spectrum in DMPC bilayers

consists of two components. The central line arises from the residual HDO (half-

deuterated water consisting one hydrogen, one deuterium, and one oxygen) sig-

nal or free EGCg molecule in aqueous solution. The other component shows the

quadrupole splitting, indicating that EGCg is incorporated into DMPC bilayers.

The observed 2H quadrupole splitting (Dq) of [4-2H]EGCg incorporated into

DMPC bilayer, 30 kHz, is much smaller than that in the solid state 125 kHz.

Obviously, such reduction of the quadrupole splitting is associated with the pres-

ence of accompanied large amplitude motions of EGCg within the lipid bilayer.

In general, the 2H quadrupole splitting Dq for a certain direction of C–2H band is

related to the angle of the principal axis of the electric field gradient tensor (C–2H

vector) with respect to the applied magnetic field (y)

Dq ¼ 3

4

e2qQ

h

� �

3cos2y� 1
� �

ð1Þ

Where e2qQ/h is the quadrupole coupling constant, 167 kHz for sp3 hydridized

C–2H pair [55]. For rigid polycrystalline solids, all values of y are possible and we

obtained a powder pattern 2H NMR spectrum with a splitting of 125 kHz for the

perpendicular component. Actually, the 2H ‘NMR spectrum of [4-2H]EGCg in

the solid state gave rise to the characteristic deuterium quadrupole splitting of

ca. 125 kHz. On the other hand, the reduced quadrupole splittings in 2H NMR

OHO

OH

OH

OH

O

OH

OH

OH

O

OH

2H

Fig. 14. Chemical structure of [4-2H]EGCg. [4-2H]EGCg deuterated at the 4-
position in the C-ring.
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spectrum of [4-2H]EGCg in DMPC bilayer arises from motional averaged split-

tings due to the presence of anisotropic molecular motion as expressed by

3 cos2 y �1 in contrast to the case of the static state in equation (1). The presence

of single 2H quadrupolar splitting is consistent with the previous observation for

12-O-[20-2H]tetradecanoylphorbol-13-acetate in DMPC bilayer [56]. This means

that there exists at least one kind of EGCg molecule with rotational motion in lipid

bilayers. Alternatively, such splitting could be explained by the asymmetric elec-

tric field gradient, which was created by partial molecular motion [57]. In any

50 0 -5050 0 -50

40°C

30°C

20°C

10°C

ppm

(B)

ppm

40°C

30°C

20°C

10°C

(A)

Fig. 15. 31P NMR spectra of DMPC liposomes at various temperatures: (A) in the
presence of EGCg; (B) in the absence of EGCg. For 31P NMR measurements,
5mg of EGCg and 148mg of DMPC were dissolved in chloroform/methanol (1:1,
v/v) with an EGCg-to-DMPC molar ratio of 1:20, and the solvent was subse-
quently evaporated in vacuo, followed by hydration with 1ml of Tris buffer (20mM
Tris, 100mM NaCl and pH 7.5). 31P NMR spectra were recorded at the reso-
nance frequency of 161.99MHz under static conditions. A single-pulse excitation
method with dipolar decoupling was used to obtain 31P NMR spectra using a
recycle delay of 2 s and proton decoupling field of 50 kHz. The number of scans
was typically 1200. An exponential multiplication with a 20Hz Lorentzian line
broadening was applied to all 31P free induction decays prior to Fourier trans-
formation. The chemical shifts of 85% H3PO4 served as the reference for 31P
NMR spectra.
(From Ref. [54] with permission from the Publisher).
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Fig. 16. 2H NMR spectrum of [4-2H]EGCg (a) in DMPC liposomes and (b) in the
solid phase. For 2H NMR measurements, [4-2H]EGCg and deuterium-depleted
water were used instead of EGCg and Tris buffer, respectively. A freeze–thaw
cycle was repeated for several times until a homogeneous suspension of lipo-
somes was obtained. These samples were placed in glass sample tubes and
sealed with glue to prevent dehydration. 2H NMR spectra were recorded at the
resonance frequency of 61.4MHz using the quadrupole echo pulse sequence
(901–t–901–t–echo) at 30 1C. Typical acquisition parameters were a 901 pulse
length of 2.5ms, a pulse interval of 60ms and a recycle delay of 500ms. The
number of scans was typically 180,000. The time domain data were left-shifted to
the echo maximum, and Lorentzian line broadening of 2 kHz was applied before
Fourier transformation.
(From Ref. [54] with permission from the Publisher).

Table 5. Chemical shift anisotropy for phosphorus at the head-group of DMPC

Temperature(1C) EGCg/DMPC (ppm) DMPC (ppm)

40 43.8a 45.2a

30 44.9a 46.7a

20 44.6b 46.6b

10 49.8b 52.3b

a Chemical shift difference with an uncertainty of 70.3 ppm.
b Chemical shift difference with an uncertainty of 70.5 ppm.
Source: From Ref. [54] with permission from the Publisher.
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case, the results of 2H NMR are consistent with the view that EGCg is incor-

porated into the lipid bilayers.

6. CONCLUSION

(1) We developed several methods to investigate interaction of polyphenols with

lipid bilayers using liposomes with a dense internal aqueous phase. After

incubation of a polyphenol in the medium-containing liposomes, the supe-

rnatant was easily separated from the precipitate by centrifugation. This en-

abled us to measure the amount of a polyphenol incorporated into the

liposomes, investigate its location in the lipid bilayers and estimate its activity

to cause the membrane damage, more selectively and precisely than before.

(2) Following factors governing the affinity of polyphenols for lipid bilayers were

elucidated by the measurement of the amount of a polyphenol incorporated

into the liposomes: chain length of alkyl moiety, number of hydroxyl groups,

position of hydroxyl groups, presence of galloyl moiety in catechins, steric

effect, ionic concentration in the medium, electric charges of a polyphenol,

electric charges of lipid bilayers, presence of glycosides in the structure and

presence of other polyphenols in the medium. The orders of the affinity of a

series of polyphenols for the lipid bilayers correlate well with the orders of

their biological activity evaluated by in vitro experiments.

(3) Tea catechins locate on the surface of the lipid bilayers.

(4) Some catechins cause membrane damages, which correlated to their anti-

bacterial activity.

(5) Interaction of EGCg with lipid bilayers was directly proved by solid-state NMR.
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Abstract

Cationic liposomes constitute a new class of bilayer, which are able to form complexes with

nucleic acids (DNA or RNA), help to cross the cellular membranes, and then deliver them

into cells. This interesting property opens several applications for cationic liposomes, in

particular in gene therapy, vaccination and biotechnology. The aim of this chapter is to

review the structural properties of these liposomes and to describe the methods of char-

acterization as well as methods to observe their pathway in cells after the passage through

the cellular barrier. After the description of chemical structures of cholesterol-based cat-

ionic lipids investigated in our laboratory, their formation into liposomes, their interaction

with nucleic acids and the internalization of complexes in cells will be dealt with. The

cytotoxicity and the transfection level are outlined, and applications of cationic liposomes

for transfer of interest DNA are illustrated.

ABBREVIATIONS

AMPGD [3-4(-methoxyspiro(1,2-dioxetane-3,20-tricyclo(3.3.1.1)

decane-4-yl]phenyl-b-D-galactopyranoside
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BSA bovine serum albumin

CMV cytomegalo virus

DAC-Chol 3b-(N-(N,N0-dimethylaminoethane)-carbamoyl)

cholesterol chloride

DAPI 40, 6-diamidino-2-phenylindole

DOPE dioleoyl phosphatidyl ethanolamine

DC-Chol dimethyl aminoethane carbamoyl cholesterol [3b(N-(N0,N0-

dimethylaminoethane)-carbamoyl)cholesterol]

DDAB dimethyldioctadecylammonium bromide

DMEM Dulbecco’s-modified Eagle medium

DMF N,N dimethyl formamide

DMRIE 1,2-dimyristyloxypropyl-3-N,N-dimethyl hydroxyammoni-

um bromide

DMSO dimethylsulfoxide

DOGS Dioctadecylamidoglycyl spermine

DOTAP N-(1-(2,3-dioleyloxy)propyl)-N,N,N-trimethylammonium

methylsulfate

DOSPA 2,3-dioleyloxy-N-(2(spermine carboxamido)ethyl)-N,N-di-

methyl-1-propanaminium trifluoroacetate

DOTMA N-(1-(2,3-dioleyloxy)propyl)-N,N,N-trimethylammonium

chloride

DTT dithiothreitol

Fab fragment antigen binding

EGFP enhanced green fluorescent protein

FCS fetal calf serum

FITC fluorescein isothiocyanate

FTIR Fourier transform infrared spectroscopy

GAG glycosaminoglycans

Lip(+) cationic lipid

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-

mide

NBD-PE 7-nitrobenzo-2-oxa-1,3-diazole labelled

phosphatidylethanolamine

O.D. optical density

ODN oligodeoxynucleotide

OptiMEM Opti minimum essential medium (Eagle)

PBS phosphate-buffered saline

pCMV-b plasmid containing b-galactosidase gene, promoter

cytomegalovirus

PEI polyethyleneimine

PG proteoglycans

PONC peptide-oligonucleotide conjugate

QLS quasi-elastic light scattering

RLU relative light unit

SDS sodium dodecyl sulfate
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TEAPC-Chol (3b(N-(N0,N0,N0-triethylaminopropane)-carbamoyl)choles-

terol iodide)

TEAEC-Chol (3b(N-(N0,N0,N0-triethylaminoethane)-carbamoyl)cholesterol

iodide)

TMAPC-Chol (3b(N-(N0,N0,N0-trimethylaminopropane)-carbamoyl)

cholesterol iodide)

TMAEC-Chol (3b(N-(N0,N0,N0-trimethylaminoethane)-carbamoyl)

cholesterol iodide)

TEM transmission electron microscopy. X-gal, 5-bromo-4-

chloro-3-indolyl b-D-galactopyranoside. p16INK4a is also

known as MTS1, cdk4i or cdkN2.

1. INTRODUCTION

Since 15 years, there is an increase in the development of a new kind of synthetic

amphiphiles, the so-called cationic lipids, which present an interesting ability to

complex with nucleic acids and to deliver them into cells [1–5]. Positively

charged, cationic liposomes easily form lipoplexes with nucleic acids by electro-

static interaction. The efficacy of liposomes to complex with DNA, evaluated by

gel electrophoresis retardation showed that the total amount of nucleic acid,

either short oligonucleotides or long plasmids, should be considered when the

charge lipid/DNA molar ratio was appropriately chosen. The lipophilic character

then allows the passage across the cellular membrane and the delivery of nucleic

acids.

In comparison with viral carriers, which are efficient but potentially hazardous

for health, the non-viral method for gene transfer using cationic liposomes is

very attractive and promising. Their main advantages are their low cytotoxicity

and an apparent tolerance by the immune system, their versatility and their

ease of use. Another advantage of cationic lipids over viral methods of cellular

gene delivery is their ability to carry large pieces of DNA and the facility in the

fabrication. They are usually pre-formed, very stable and can be added at any

desired ratio to DNA [4,5].

The techniques of delivery are often necessary because of the low penetration

of nucleic acids across cellular membranes. If the efficiency of cationic lipids of

the first generation is still relatively small, several studies on new lipids and

formulations showed much higher transfection abilities both in vitro and in vivo.

A cationic lipid molecule is typically composed of a hydrophobic part bound to a

hydrophilic cationic part by a linker or other designed molecules. The hydrophobic

moiety is generally constituted either by aliphatic chains or by a cholesteryl tail. In

liposomes, the cationic lipid is usually associated with a colipid such as dioleoyl
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phosphatidyl ethanolamine (DOPE) to form stable liposomal bilayers. Such lipo-

somes instantaneously interact with DNA and form complexes commonly known

as lipoplexes. Incubated with cultured cells, most prepared in excess of positive

charge, liposome/DNA complexes interact with the negatively charged plasma

membrane. The lipoplexes are internalized by endocytosis, even if fusion with

plasma membrane cannot be excluded. Cell surface proteoglycans (PG) also

participate in the internalization process. Probably due to the effect of the cationic

lipid and of the fusogene colipid in endosomal acidic conditions, a destabilization

of the endosome occurred, allowing the release of DNA into the cytosol. After this

step, with appropriate lipids, the nuclear localization of DNA was observed and

with suitable targeting, the internalization of DNA in mitochondria occurred.

Since the first transfection by lipofectin in 1987, cationic lipids have been ex-

tensively studied [3–6]. It was shown that DNA can be efficiently transferred by

cationic lipids and cationic liposomes in a variety of cell lines in culture. Attempts

for transfection in vivo were successful and cationic lipid-mediated transfection

has shown promise for vaccination and gene therapy clinical trials [7,8]. While the

ultimate goal was to have more efficient lipids and to find optimal conditions for

their use, investigations have helped in the understanding of physical and chem-

ical processes from which cellular transfection can result.

The central question was the process through which DNA is delivered in cells.

Such a delivery should proceed in four essential steps: (i) elaboration of a carrier,

(ii) loading of nucleic acids by the carrier, (iii) the passage through the cell mem-

brane barrier and (iv) the release of DNA inside the cell. Through these steps the

transported nucleic acid must be protected against destruction by various agents,

such as nucleases outside or inside the cells, and the competition by negatively

charged proteins or other components in the culture medium or in the blood.

For the elaboration of such carriers, after the cationic liposomes prepared from

N-(1-(2,3-dioleyloxy)propyl)-N,N,N-trimethylammonium chloride (DOTMA) [1]

several other cationic lipids were intensively designed [2,9–17] and a number

of these have been commercialized. Most cationic lipids contain acyl double

chains as the hydrophobic part. Acyl chains are natural components of cellular

membrane lipids facilitating their internalization into cells [1,18–20]. Using the

same idea, a second family of cationic lipids were developed deriving from cho-

lesterol, which is an other natural component of biological membranes [21,22].

Among lipids with the cholesteryl ring constituting the hydrophobic part, the most

studied is dimethyl aminoethane carbamoyl cholesterol (DC-Chol), which was

successfully used for in vivo assays [4,23,24]. DC-Chol contains a tertiary amine

with two methyl groups in the polar head, linked to the cholesteryl moieties by a

carbamoyl and two carbons in the spacer. Recently, other cholesterol-based

cationic lipids have been developed [25–31]. The direction of the development of

these derivatives was essential to modify either the structure of the polar head or

the linker to affect binding with negatively charged DNA. There were suggestions

that the structure of the positively charged amino group plays not only a role to

A. Cao et al. 139



form complexes with DNA, but also with other agents being able to bind to the

cationic group, affecting the stability of the complexes with respect to pH.

The liposome formulation, the uptake of DNA and their implication in the

transfection process were intensively investigated. Hence, the complexation

yield, the characterization of the lipoplexes and their stability have been studied

[8,32–44].

About the internalization in cells, there are an increasing number of works to

investigate the cellular pathway of DNA/lipid complexes [37,45–52]. The fate in

cells of DNA vectorized by cationic lipids called for investigations to elucidate the

ways by which DNA/lipid complexes after their entry into cells in order to un-

derstand the expression observed. Most reports supports endocytosis to be the

route for the passage of these complexes across the cell membrane.

[37,44,47,48,51,52]. However, there are different views among the reports about

the route of DNA after the release in the cytosol. Investigating the pathway

of oligonucleotides carried by monocationic liposomes prepared from

dimethyldioctadecylammonium bromide (DDAB) and polycationic liposomes from

2,3-dioleyloxy-N-(2(sperminecarboxamido)ethyl)-N,N-dimethyl-1-propanaminium

trifluoroacetate (DOSPA), Lappalainen et al. [48] have observed microscopic

patterns showing different routes for oligonucleotides depending on liposomes

used. For plasmids carried by liposomes prepared from N-(1-(2,3-dioleyloxy)

propyl)-N,N,N-trimethylammonium chloride (DOTMA/DOPE), Friend et al. [47]

described vesicular and reticular intranuclear membranes probably resulting from

the fusion of liposomes with the nuclear envelope. It appears that the cellular

pathway of DNA/lipid complexes depends on the nature of the lipid used, and the

cells to be transfected. In the paper of Friend et al. [47], the presence of DNA in

the nucleus has not been mentioned whereas with various techniques, plasmids

were observed only in the perinuclear area [37,50,51]. This important question

remained obscure knowing that the expression was generally observed in most

studies using reporter genes transferred into cells by cationic liposomes. It is

clear that in the nucleus-containing chromatin, exogenous DNA must be labelled

to be distinguished from the endogenous DNA. For long circular plasmids, the

labelling was known but still is rarely used. As a result of recent developments,

DNA can be marked with digoxigenin (DIG) or other labels allowing its immuno-

gold labelling and therefore its detection at ultrastructural level by electron mi-

croscopy [51,53]. With transmission electron microscopy (TEM), following the

staining by uranyl acetate, we observed the penetration of complexes into cells

by endocytosis, their internalization in endosomes, followed by their release into

the cytosol and their presence in the perinuclear area. However, the observation

of un-labelled plasmids in nuclei not being possible, the delivery of functional

plasmids into cell nuclei has been observed by means of an immuno-gold

labelling and attested by expression of transgenes [54].

To date, the efficiency of liposomes used in vivo is still relatively low and

investigation of the limiting factors in order to improve gene delivery level is
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necessary. Besides the upstream factors such as the chemical nature of the lipids

and the formulation of liposomes including the conditioning of liposomes and

lipoplexes, several other factors such as the molar lipid/DNA charge ratio, the

effect of serum in the blood, etc. affect the delivery efficiency. In most of the cited

experiments, transfections were made in media exempt from serum and the

transfection efficiency in vivo is still low [55,56]. Therefore, more progress is

necessary to overcome this drawback.

Efforts have been deployed to establish relationships between the physico-

chemical basis of cationic lipids and their biological effects, but they were often

limited to in vitro investigations [14,27,57,58]. In vivo investigations have begun to

highlight those factors that determine liposome-mediated gene transfer efficiency

[31,55,56,59–64]. These efforts were deployed either to change the formulation

of the liposome composition or to design new cationic lipids. At present, attention

is generally focused on the role of the hydrophobic part or of the polar head and

rarely on the role of the spacer though that appears not negligible. In the first

cationic lipid DOTMA (1), double acyl chains are linked to a quaternary ammo-

nium polar head by ether bonds. Although this lipid is effective in transfecting a

variety of mammalian cells in vitro and in vivo, it exhibits toxicity for some cells

due to the ether bonds in the molecule [22]. Recent works showed that not only

the amino group and the hydrophobic tail but also the linker between them affects

the stability and the cytotoxicity of cationic lipids. After DC-Chol, Huang and

collaborators [21,22] synthesized other derivatives of cholesterol with amide and

carbamide linkers. It was suggested that these linkers facilitate biodegradability

and reduce cytotoxicity.

The stability of the carriers or the complexes is another factor contributing to

the delivery efficiency. It has been proved that the storage conditions affect their

stability for which the lyophilization (freeze-drying) is often pharmaceutically rec-

ommended. Attempts to address the physical instability of these complexes in-

volved variations in solution conditions and methods of preparation. Steric

stabilization and lyophilization to improve physical stability have recently received

more attention. There were proofs that mixing with polyethylene glycol (PEG) or

lyophilization may reduce the aggregation resulting in maintenance of biological

activity [33]. Till date, cationic liposomes are generally stored in liquid form at 4 1C

as recommended by manufacturers, while freezing was required for shipping.

Lyophilization was suggested only for phospholipid liposomes [67] or DNA/cat-

ionic lipid complexes [33,68]. Lyophilization of the complexes implies the pre-

determination of their formulation (DNA, charge ratio, etc.) and this parameter

cannot be adjusted as per requirement. Moreover, even for one cell line, the

optimal lipid/DNA ratio is different and depends on in vitro or in vivo transfection.

Thus, in order to have flexibility of choice, it may be more useful that stable lipid

and DNA are available separately just before use.

In this context, this chapter is devoted to reviewing various methods for in-

vestigating each transfection step, from the synthesis of cationic lipids and the
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formation of liposomes, till their use in cells in vitro and in vivo. The chemical

composition and physical characteristics of liposomes are determined by spec-

troscopy methods and microscopy. Transfection efficiency is assessed by light or

electron microscopy and by inhibition of protein expression using antisense

oligodeoxynucleotide (ODN), or genes incorporated into plasmids. Transfection

level is evaluated by luminometric measurement or cytological detection of the

protein expressed by reporter genes as b-galactosidase, luciferase or green flu-

orescence protein. For applications, a signal peptide-coupled oligonucleotide has

been helped by cationic liposomes to cross the cellular membrane and be de-

livered into mitochondria of human fibroblast cells [69]. Finally, DNA of interest as

tumour suppressor genes p16 have been delivered by cationic liposomes and

evaluated by their final biological effect [70].

2. CATIONIC LIPIDS AND CATIONIC LIPOSOMES

2.1. Chemical structure of cationic lipids

Typically, a cationic lipid molecule is an amphiphilic molecule containing a hy-

drophobic part linked to the positively charged polar head by a linker via a spacer.

Corresponding to each one of these parts, there are properties characteristic of

the lipid molecule. It is generally believed that ionic interaction between the pos-

itive charges of lipids and the negative charges of the phosphate groups in DNA

is involved. Otherwise, the chemical structure of the polar head, of the hydro-

phobic part and of the spacer between them is always an important point to be

conceived and thus inspires new designs.

For cationic lipids in the first generation, the linkage is of the head-to-tail type,

hydrophobic and hydrophilic parts occupying two separate domains [1,11,18].

While the positive charge should favour the complexation with negatively charged

DNA and facilitate to go close to the negatively charged plasma membrane, the

hydrophobic part of the lipid permits an easy permeation across the plasma mem-

brane and thus allows the internalization of the DNA–lipid complex in the cell.

The hydrophobic part of cationic lipids can be an acyl double chain or a

cholesteryl group to which the name of the lipid is usually attached. DOTMA, N-

(1-(2,3-dioleyloxy)propyl)-N,N,N-trimethylammonium methylsulfate (DOTAP),

1,2-dimyristyloxypropyl-3-N,N-dimethyl hydroxyammonium bromide (DMRIE)

and DOSPA are typical examples of cationic lipids of the first kind [1,14], and

DC-Chol of the second kind [21,26,71]. Recently, other cationic lipids have been

synthesized for which the hydrophobic part may be derived from 1,4-dihydropyri-

dine [72], N-t-butyl-N0-tetradecyl-3-tetradecylaminopropionamidine [20] or car-

bobenzyloxyglycine [73]. Moreover, the double acyl chain can be symmetric or

asymmetric [72]. Although there were not systematic comparative studies of the

effect of these hydrophobic parts on the cytotoxicity and on the transfection level,
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some evidences have suggested that the length effect seems to be in the order

C144Coleyl4C164C18 [14,72].

The polar head of most cationic lipids contains a mono-, a polyamine group or a

tertiary or quaternary ammonium ion. These lipids can be derived from known

molecules such as spermine, spermidine, poly-L-lysine [72] or ornithine [74],

which easily interact with nucleic acids. It seems rational to predict that polycat-

ionic lipids have more potential to bind to DNA. However, the strength of this

binding must match two constraints: it must be sufficiently tight to carry DNA

through the process, but sufficiently weak to release DNA inside the host cell.

Therefore, depending upon the nucleic acid to be carried and upon the cell to be

transfected, monocationic lipids such as DMRIE-C or polycationic lipids such as

DOSPA (lipofectamine) showed comparable levels. Recently, it was shown that

under some particular conditions, a better interaction with DNA can be obtained

with a polar head possessing not an amine but a phosphine or an arsenine [75].

The linker in a cationic lipid also plays an important role. It is related to the

cleavage of the molecule and then associated to the biodegradability of the lipid

once the transport process is achieved. Linkers are usually of five types: ether

(–O–); carbonyl (–CO–); ester (–OCO–); amido (–CONH–) or carbamoyl

(–OCONH–). The fragility is directly related to the digestion of the lipid mole-

cule, and therefore its biodegradability or the cytotoxicity depends then on the

linker. It has been shown that an ether linker is very stable and, consequently, of

relatively high toxicity. A carbamoyl linker is more biodegradable [22].

It is to be noted that other molecules were elaborated [76–81], in particular with

facial amphiphilicity [82] in which the hydrophobic part may be derived from cholic

acids.

Although not directly concerned in the transport process of nucleic acid, coun-

terions of cationic lipids seem to contribute to the transfection level in cells.

Results found by Bennett et al. [83] showed that levels observed in vivo (Balb/C

mice lung) using cytofectins prepared with various counterions are in the order:

bisulfate ¼ triflate4iodide4bromide4acetate4sulfate.

2.2. Elaboration of cholesterol-based cationic lipids

In our work, liposomes were prepared from cholesterol-based cationic lipids. The

efficiency of these liposomes in both in vitro and in vivo transfection has been

shown in previous studies [52,84–86]. The cationic lipids studied contain either a

trimethylated, triethylated or hydroxyethylated polar head with a spacer of either 2C

or 3C. A comparative study was undertaken to investigate the effect of the structural

change on the yield of the liposome–DNA complex formation, the cytotoxicity of the

complexes as well as on the efficiency of cellular and intratumoral gene transfer.

A series of five cationic lipids (I), (II), (III), (IV) and (V) was synthesized. These

lipids differ with regard to their polar heads from the well-known cationic lipid DC-
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Chol [21]. The syntheses have been described in earlier works [69,84–86]. The

purity was monitored by chromatography after repeated recrystallizations.

(I) TMAEC-Chol: (3b[N-(N0,N0,N0 trimethylaminoethane)-carbamoyl] choles-

terol) iodide. Chol–O–CO–NH–(CH2)2–N
+(CH3)3, I

�

(II) TMAPC-Chol: (3b[N-(N0,N0,N0-trimethylaminopropane)-carbamoyl] choles-

terol) iodide. Chol–O–CO–NH–(CH2)3–N
+(CH3)3, I

�

(III) TEAPC-Chol: (3b[N-(N0,N0,N0-triethylaminopropane)-carbamoyl] cholesterol)

iodide. Chol–O–CO–NH–(CH2)3–N
+(C2H5)3, I

�

(IV) TEAEC-Chol: (3b[N-(N0,N0,N0-triethylaminoethane)-carbamoyl] cholesterol)

iodide. Chol–O–CO–NH–(CH2)2–N
+(C2H5)4, I

�

(V) DMHAPC-Chol (3b[N-(N0,N0,N0-dimethylhydroxyethylaminopropane)-car-

bamoyl] cholesterol) iodide. Chol–O–CO–NH–(CH2)2–N
+(CH3)2

(CH2)2–OH, I
�

In this series, TEAEC-Chol and TEAPC-Chol differ from TMAPC-Chol and

TMAEC-Chol in that they have three ethyl groups instead of three methyl groups

in the polar head; DMHAPC-Chol contains 3C and a hydroxyethylated head

group.

2.3. Cationic liposomes

Cationic liposomes, multilamellar or unilamellar, are generally pre-fabricated and

then mixed with DNA at any desired ratio to obtain lipoplexes. They can also be

prepared in the presence of DNA, which will be entrapped inside the liposomes

and shielded against DNAses [87].

2.3.1. Liposome preparation

Cationic liposomes can be prepared according to standard methods. Usually,

depending upon the type and size of liposomes needed, vortexing, sonication or

extrusion are used and liposomes of diameter 100–200nm are obtained. Vor-

texing, even vigorously, gives multilamellar liposomes (MLV), moderated soni-

cation by bath gives unilamellar liposomes while with extrusion, homogenous

distribution in sizes can be expected [14,74,87].

Typically, for experiments in our laboratory, cationic liposomes were formed

employing the cationic lipids formulated with the neutral co-lipid DOPE [85]. Cat-

ionic lipid and DOPE at desired ratio were dissolved and mixed in chloroform and

the solution was dried in a rotating evaporator. Solvent trace was removed under

vacuum overnight. The following day, sterile water was added and the mixture

was sonicated for 1 h in cycles of 15min (13min followed by 2min rest) to clarity.

Centrifugation was used to eliminate aggregates. The preparations can be ex-

truded throughout bicarbonate membranes with chosen pore diameter. Usually,

liposomes with homogeneous sizes are obtained.
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The liposomes size was characterized by quasi-elastic light scattering using

polystyrene latex spheres of 109 nm in aqueous solution for the calibration. Cat-

ionic lipid concentrations were monitored by UV spectroscopy at 226 nm and

adjusted to the final concentration of 1.50mM before use.

For some experiments, the liposome suspension was lyophilized by freezing at

�80 1C and drying under vacuum in a freeze-drier before re-hydrating at the same

concentration. In another method, after the freezing, dry liposomes were pre-

warmed at a temperature higher than the transition point of the lipid and rehy-

drated. This is known as dehydrated–rehydrated vesicles (DRV) [87]. This method

was shown to be efficient to entrap drugs or DNA when drugs or DNA are present

in the rehydration step, but in any case, as will be shown below, the yield is smaller

than that in the complexation of pre-fabricated cationic liposomes and DNA.

2.3.2. Conditioning

Cationic liposomes are usually preserved in aqueous medium at 4 1C. Their size

is very stable over time. If freeze-drying is used, liposome characteristics change,

but advantageously for DNA delivery, as can be seen in Section 4.3.

2.4. Formation of complex with nucleic acids: lipoplex

Cholesterol-based cationic liposomes easily form complexes with DNA of various

lengths. The complexes formed are commonly known as lipoplexes. Theoreti-

cally, there is no limit of DNA length to complex with cationic liposomes and to be

delivered into cells. Assays in our laboratory were made with oligodeoxynucleo-

tides (ODN) and interferent RNA (siRNA) of 10–30 bases or plasmid DNA of

5–7 kb. These nucleic acids were chosen for evaluating either the transfection

level or a biological effect.

2.4.1. Nucleic acids

Oligodeoxynucleotides: One of the ODN used for results presented in this paper

was a short oligomer (28 bases with the sequence 50-FG3AG2AG2AG2CG2A-

G2AG2A2GAG2A) to inhibit the expression of HER2/neu [52]. For fluorescence

microscopy, ODN were labelled at the 50-end with FITC (green fluorescence). For

mitochondrial delivery, ODN was coupled with a signal peptide (pep-

tide–oligonucleotide conjugate, assigned thereof by PONC) [69].

Plasmids: Plasmid DNA used for assays in our work are usually plasmids con-

taining a reporter gene encoding b-galactosidase (pCMV-bgal), luciferase (pCMV-

luc) or green fluorescent proteins (pEGFP-N1) [52,84–86]. Plasmid pCMV-bgal

was a plasmid of 7.164 kb containing the b-galactosidase reporter gene sequence

under the control of the cytomegalovirus promoter (pCMV)). The plasmid coding for

enhanced green fluorescent protein (pEGFP-N1) was purchased from Clontech.

The concentration of plasmid was measured by UV absorption at 260nm and
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plasmid DNA purity was controlled using agarose gel electrophoresis and A260/A280

ratios. pUT650 was a plasmid of 5.149kb containing the firefly luciferase reporter

gene sequence under the control of the promoter CMV. Plasmids were conditioned

in Tris-EDTA buffer (pH 8) except pUT650, which was conditioned by lyophilization

and rehydrated with sterile water as recommended.

2.4.2. Complexation with DNA

Typically, for the formation of DNA/liposome complex at any desired lipid/DNA

molar charge ratio, stock solutions of DNA (ODN or plasmid DNA 1mg/mL) and

liposomes (1.5mM cationic lipid) were separately diluted in equal volumes of

sterile water and then DNA was dropped into the liposome. The lipoplexes formed

instantaneously and were used within 30min for transfection. The order to mix

DNA with liposomes is very important to avoid the aggregation of the complexes.

In some applications for particular cell lines, this protocol has been modified to

enhance the transfection level by a pre-condensation of plasmids by polycations.

So, for mesothelioma cells, plasmids were mixed with spermine before com-

plexation with cationic liposomes. b-Galactosidase activity in cells was highest

when spermine was added to plasmids before complex formation, at ratios

3–4 nmol/mg DNA, depending on the cationic liposome used.

3. PROPERTIES OF CATIONIC LIPOSOMES AND LIPOPLEXES

3.1. Characterization of cationic liposomes

3.1.1. Determination of lipid concentration

Knowledge of the concentration is necessary for an accurate preparation of com-

plexes with DNA at a desired molar charge ratio. Because of a usual lack of

absorption in the UV region, the measurement of cationic lipid concentration be-

came a severe problem. To resolve this difficulty, an indirect measurement of

cationic lipid concentration can be used [86]. This simple and original method

consists of measuring DOPE concentration by a colorimetric technique [88] and

determining the cationic lipid/DOPE molar ratio by FTIR using a calibration curve

established prior to measurements. The calibration plot represents the peak–height

ratio corresponding respectively to the carbonyl groups of cationic lipid and DOPE

as a function of known molar ratios. This two-step method becomes a relatively

simple routine handling, easier than the evaporative light scattering detector, one of

the rare published methods used to detect cationic lipid [89].

3.1.1.1. Determination of the DOPE/cationic lipid ratio
Typically, DOPE/DMHAPC-Chol ratio in the liposomes was monitored by FTIR

spectroscopy. The DOPE content was calculated from the ratio of the intensity of
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a band associated with the carbonyl stretching at 1743 cm�1 to that of the band at

1712 cm�1, corresponding to the carbonyl of DMHAPC-Chol. A calibration curve

was established from spectra of DOPE/DMHAPC-Chol mixtures with various ra-

tios. For these FTIR experiments, DOPE and DMHAPC-Chol were mixed in

chloroform at desired ratios and the solution was placed directly on a zinc se-

lenide trough and evaporated. Infrared spectra were acquired on a Perkin Elmer

2000 spectrometer equipped with a Deuterium triglycine sulfate (DTGS) detector

at ambient temperature. For each spectrum, three scans were collected with a

final resolution of 1 cm�1. A linear function was used to fit the baseline in this

region prior to the determination of the absorbance. To characterize samples with

unknown DOPE/DMHAPC-Chol ratios, the aqueous lipid suspension was

lyophilized and dissolved in chloroform.

An example of this method is given with DOPE/DMHAPC-Chol liposomes. Two

calibration plots were established, one corresponding to the DOPE quantification

(Fig. 1A) and the other representing the variation of the ratio between the IR

absorption peak heights at 1712 and 1743cm�1 of, respectively, the carbonyl

groups in DMHAPC-Chol and in DOPE as a function of the DOPE/cationic lipid

ratio (Fig. 1B). For samples used, the concentration of DOPE was typically 2.1mM,

as determined by the colorimetric method of Stewart so that the concentration of

cationic lipid DMHAPC-Chol was 2.5mM with an accuracy of about 10%.

3.1.2. Sizing and ultrastructure of cationic liposomes

Liposomes and complexes at various ratios with plasmid DNA were characterized

by quasielastic light scattering (QLS) and TEM after negative staining using ur-

anyl acetate.

3.1.2.1. Size characterization by quasielastic light scattering
QLS results indicated a size distribution of liposomes with a mean value between

104 and 129 nm, depending on the cationic lipids and a polydispersity factor (a

parameter indicating the width of the size distribution) between 20 and 30%

(Table 1). The liposome size was practically defined by the preparation condi-

tions. There was little difference in these characteristics from one preparation to

another. These liposomes were very stable and could be preserved at 4 1C for

many months without noticeable alteration in size distribution.

For complexes DMHAPC-Chol/DOPE liposomes with pCMV-b, sizes varied

from 80 nm for uncomplexed liposomes to 180 nm for complexes, with maximum

size and scattered intensity observed for cationic/DNA molar change ratio

X ¼ 1.5.

3.1.2.2. Ultrastructure observed by TEM
There has been an increasing number of investigations to elucidate the ultra-

structure of the DNA/lipid complexes [34,90–92] and the correlation between the
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ultrastructure of these complexes with the transfection efficiency. There is

evidence that the ultrastructure of the DNA/cationic lipid complexes depends on

the charge ratio, and that the transfection level varies as a function of charge

ratio. However, the results found in the literature are not entirely in accordance

with the structure of the DNA/cationic lipid complexes. While Zabner et al. [37]

showed various types of complexes prepared with the same lipid/DNA ratio,
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Fig. 1. Determination of the cationic lipid concentration. (A) Calibration curve
used to estimate the DOPE content in CHCl3 solutions following the colorimetric
method of Stewart. The absorbance was measured in the organic solution at
468–472 nm for binary DMHAPC-Chol/DOPE (1:1) mixtures with known DOPE
concentrations. (B) Calibration curve plotted to determine the DOPE content in
the DMHAPC-Chol/DOPE mixtures. I1712/I1743 represents the height ratio of the
carbonyl band attributed to DMHAPC-Chol over the carbonyl band attributed to
DOPE in the FTIR spectra of anhydrous DMHAPC-Chol/DOPE mixtures. Each
result represents the mean 7 SE of three spectra. (Reprinted from Percot et al.
[86]. Copyright 2004, with permission from Elsevier.)
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Sternberg [90] found a spaghetti-like shape of DNA coated with lipids. Yoshikawa

[93] observed a nucleosome-like structure with DNA wrapping the cationic lipids.

It seems that the structure of complexes with DNA also depends on the nature of

the cationic lipid used. Concerning cholesterol-based cationic liposomes elabo-

rated in our laboratory, complexes containing beads with size same as of lipo-

somes were observed [52,86].

Typically, TEM results on complexes of TMAEC/DOPE liposomes with 28-mer

oligonucleotides at molar charge lip+/PO�
2 ratio X ¼ 2 showed that the lip-

oplexes are rather globular with sizes of about 180 nm, i.e., slightly larger than

liposomes [52]. Assuming a diameter of about 1 nm and a length of 9.52 nm for

each oligonucleotide and taking into account the hydration layer, it can be spec-

ulated that short DNA such as oligonucleotides are simply adhered onto the

surface of the liposomes.

Figure 2 depicts liposomes and complexes of TEAPC/DOPE liposomes with

plasmids pCMV-b [31]U At various molar charge ratios X of lip+/PO2
� ranging

from 0.5 to 4, it was shown that for X ¼ 0.5, the lipoplexes are rather globular with

sizes varying from 260 to 520 nm [52]. If short oligonucleotides form globular

lipoplexes, plasmids form complexes with different structures depending on the

charge ratio X–globular shape with Xo2 and showing a blackberry feature for

higher values. It is important to note that if the liposome structure was conserved,

the neutral charge ratio lip+/PO2
� should be 2 because there is only half the

number of lipid molecules in the outer side of liposomes exposed to DNA. On the

contrary, if the liposome structure was destroyed, all the cationic lipid molecules

would be associated with DNA, the neutral charge ratio must be 1. In the light of

the above, we suppose that with charge ratios in the range of 1–2, there would be

formation of a heterogenous distribution of complexes. The variation of shape

and size of aggregates of TMAEC-Chol/DOPE liposomes and plasmids is similar

to the variation of aggregation of anionic liposomes induced by the presence of

polycation, such as polylysine [94]. Such a variety of complex types was also

observed by Zabner et al. [37] with DMRIE/DOPE and DOSPA/DOPE cationic

liposomes. However, a more thorough examination of the micrographs showed

Table 1. Size and polydispersity of liposomes characterized by QLS

Average size (nm) Polydispersity factora

TMAEC-Chol/DOPE (1:1) 121 0.20

TEAEC-Chol/DOPE (1:1) 128 0.30

TMAPC-Chol/DOPE (1:1) 112.6 0.23

TEAPC-Chol/DOPE (1:1) 104 0.23

DMHAPC-Chol/DOPE(1:1) 80 0.27

DC-Chol/DOPE (1:1) 129 0.28

a Polydispersity factor is a dimensionless parameter indicating the width of the size dis-
tribution of liposomes.
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that in these aggregates there are smaller ‘‘beads’’ with size of about 90–100 nm,

practically the same size as of liposomes. These findings indicate that in the

complexes of cationic liposomes TMAEC/DOPE and plasmids pCMV-b, the lip-

osomal structure is more or less preserved [52,86].

DNA in complexes was observed by the immuno-gold labelling technique [86].

With this technique, although the entire shape of DNA was not observable keep-

ing in mind the difference of two orders in their sizes, liposomes with 100 nm in

diameter and DNA with 2 nm in section, simultaneous observations of the pres-

ence of DNA and liposomes were possible in the same field scale. We observed

that in both cases (untreated and lyophilized liposomes), plasmid was detected

on the surface of the global substructures. These results support the hypothesis

of an aggregation between liposomes with DNA as a bridge [86].

3.1.3. z-potential measurement

Because of the electrostatic nature of interaction with DNA, the surface potential

or z-potential is one of the most interesting characteristics of cationic liposomes

and lipoplexes. z-potential can be measured using laser Doppler spectroscopy or

electrophoretic light scattering [44,95]. z-potential is related to the apparent pro-

ton binding, and then its value depends on pH and ionic strength of the medium

[44,96]. Its value is generally calculated using a model where the size and the

shape of the surface must be taken into account. As cationic liposomes are

usually in serum-free medium and slightly saline buffer must be used [97], the

Fig. 2. Ultrastructures observed by TEM. (A) Cationic liposomes TEAPC-Chol/
DOPE (1:1), and (B) complexes with plasmid in the molar charge ratio X ¼ 2.
Samples were spread on Formvar/C grids, treated with a solution of bacitracin
(1mg/mL), stained with uranyl acetate (0.75mg/mL) and observed using an
EM300 Philips microscope operating under a voltage of 60 kV. Scale bar, 200 nm.
(Reproduced with permission from Reynier et al. [31].)
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weak ionic strength should not change the liposome size. For cholesterol-based

cationic liposomes such as DC-Chol, z-potential is positive, about 60mV in water

and 5mV in serum-free medium [98–100]. Its value is decreased and becomes

negative when liposomes are complexed with DNA (�59.3mV for the liposome/

DNA ratio of 0.67). The variation was in the range from +40 to –40mV for

DOTAP [97]. The z-potential is annulled when neutral complexes are obtained

approximately with the lipid/DNA molar charge ratio being between 1 and 2,

depending on the cationic liposome composition [38]. It seems that the geometry

of the system liposomes/DNA can play a role to prevent DNA from coming close

to the cationic sites of the liposome. In contrast to in vitro transfections where

positively charged lipoplexes are believed to be efficient, it was shown that in vivo

transfection was favoured when lipoplexes with negative z-potential was used

[31,98].

3.2. Uptake of nucleic acids by cationic liposomes

Depending upon the size of DNA, various techniques can be used to determine

the uptake by cationic liposomes and allow the determination of the lipid/DNA

ratio for which the totality of DNA was taken. With short oligonucleotides, filtration

allows to obtain unbound DNA after mixing with liposomes. With plasmids, gel

retardation electrophoresis can be used.

3.2.1. Efficiency of the oligonucleotide/liposome complex formation

As an example, the interaction of TMAEC/DOPE liposomes and phosphodiester

oligodeoxynucleotides was monitored by QLS and UV spectroscopy [52]. QLS

results showed that the mean size and the polydispersity factor were only slightly

changed. Oligonucleotides in complexes were indirectly determined by the titra-

tion of oligonucleotides unbound to liposomes. After mixing 20 nmol of oligonuc-

leotides and the desired amount of liposomes, the mixture was filtered through a

Millipore filter with the MW lower cut-off of 30 kDa. Only unbound oligonucleotides

could pass through the filter and were titrated. UV spectra were recorded and the

absorbance relative to the peak at approximately 260 nm was determined. This

allowed the determination of the complex formation efficiency. Blank assays were

made with oligonucleotides of the same concentration, titrated before and after

filtration using Millipore filters.

If C
1
(constant) is the molar concentration of nucleotides before the mixing, C

2

and C those of lipids and unbound nucleotides, respectively, the plot in Fig. 3

represents the variation of the C/C
1
fraction of oligonucleotides passed in the

filtrate as a function of the C
2
/C

1
lipid/oligomer molar charge ratio between the

cationic TMAEC-Chol lipid concentration and that of oligonucleotide, expressed

in nucleotide or PO2
� molar concentration. The percentage was calculated relative
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to the concentration of oligonucleotides when pure oligonucleotides were filtered.

For small contents of liposomes, the plot shows a linear concentration depend-

ence of the unbound oligonucleotide fraction. When there were many more lipo-

somes, the amount of unbound oligonucleotides is decreased. At charge ratios

higher than 2, results indicated no unbound oligonucleotides–this means that

oligonucleotides were entirely adhered to the liposomes and retained by the filter.

The straight line of Fig. 3 can be fitted by the equation C/C
1
¼ 1�kC

2
/C

1
with

k ¼ 1/2. This can be explained as follows: one nucleotide (assuming with one

negative charge) was bound to one cationic lipid molecule (with one positive

charge) on the external surface of the liposomes and therefore only one half of

the number of cationic lipid molecules is necessary. This result indicates the

electrostatic behaviour of the binding of phosphodiester oligonucleotides to

TMAEC/DOPE liposomes.
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Fig. 3. Efficiency in complex formation of TMAEC-chol/DOPE liposomes with
oligonucleotides. The plot represents the percentage of unbound oligonucleotides
as a function of the molar charge ratio X between cationic lipid and nucleotides.
Oligonucleotides: 20 nmol was mixed with liposomes before filtration. See text for
other details of the preparation of complexes. (Reproduced with permission from
Cao et al. [52].)
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3.2.2. Gel retardation control of the plasmid/liposome complex formation

Formation of complexes between pCMV-bgal plasmid DNA and cationic lipo-

somes results in a retardation of DNA electrophoretic migration and can be

monitored by gel retardation control, which allows to estimate the yield of complex

formation with different cationic liposomes. Figure 4 indicates changes in the

pattern of plasmid DNA electrophoretic migration when pCMV-bgal plasmid DNA

is mixed with liposomes at different Lip+/DNA molar charge ratios X ranging from

0.5 to 2. Migration of pCMV-bgal is gradually slowed down when the cationic lipid/

DNA (Lip+/DNA) charge ratio X is increased from 0.5 to 1.3. Beyond the charge

ratio of 1.3, no migration was observed as indicated by other lanes in Fig. 4A. In

lane 5 there are traces of plasmids that are not entirely retained by liposomes but

there is no sign of free plasmids in lane 6, indicating a complete complexation of

plasmids with liposomes when the molar charge ratio of lip+/DNA is greater than

1.3. Gel electrophoresis showed similar patterns of DNA migration indicating

similar ability of the cationic liposomes to complex plasmid DNA.

These results indicate once more the electrostatic behaviour of the binding

between DNA to TMAEC/DOPE liposomes assuming one positive electronic

charge for each cationic lipid molecule on the outer side of the liposome and one

negative charge for every nucleotide of DNA. The uptake of DNA is affected by

the presence of serum as shown in Fig. 4B where the lipid/DNA ratio for total

uptake of DNA is higher than 2. In any case, the yield of the formation of lipo-

some–DNA can reach 100% for plasmids when the molar charge ratio was ap-

propriately chosen, as for ODN.

1     2     3    4      5     6     7     8     9 1    2   3     4    5   6    7

(A) (B)

Fig. 4. Gel retardation assay of DNA/liposome complexation. (A) In medium
without serum. Lane 1, molecular weight marker (lambda Hind III); Lane 2,
plasmid DNA alone; Lanes 3–9, plasmid DNA complexed with TEAPC-Chol/
DOPE at molar charge ratio X ¼ 0.5 (Lane 3); X ¼ 1 (Lane 4); 1.3 (Lane 5);
X ¼ 1.5 (Lane 6); X ¼ 1.7 (Lane 7); X ¼ 2 (Lane 8) and X ¼ 4 (Lane 9). (B) In
medium containing serum. Lane 1, molecular weight marker (lambda Hind III);
Lane 2, plasmid alone; Lane 3, fetal calf serum (13%); Lanes 4–7, plasmid com-
plexed with TEAPC-Chol/DOPE in the presence of fetal calf serum (13%) at
charge ratio X ¼ 0.5 (Lane 4); X ¼ 1 (Lane 5); X ¼ 2 (Lane 6) and X ¼ 4 (Lane
7). (Reprinted from Lesage et al. [84]. Copyright 2002, with permission from
Elsevier.)
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This result should be in relation to the effect of charge ratio on the transfection

level of B16-F10 cells in culture (Section 3.2). Indeed, in vitro results indicated

high level of transfection with TEAPC-Chol/DOPE (1:1) in the cationic lipid/DNA

molar charge ratio of 2. At a higher X ratio, the transfection level decreased,

probably because the cationic lipid in excess significantly altered the net charge

of the membranes and affected cellular metabolism or adhesion properties

[57,101]. For cells in culture, in the presence of serum, optimal transfection was

obtained with an increase in charge ratio compared to that observed in the ab-

sence of serum (at about X ¼ 6). This is undoubtedly in relation with the results

by gel retardation, indicating that a complete association of DNA with liposomes

can be obtained with a higher Lip(+)/DNA charge ratio. Yang et al. [32] and

Lesage et al. [84] have also showed that the increase in charge ratio allowed to

overcome the inhibitory effect of serum. This revealed competition between neg-

atively charged DNA and anionic components of serum for binding to positively

charged lipids, leading to dissociation of the complex [102].

3.3. Techniques for investigation of cationic liposomes

Besides the currently used techniques QLS and TEM described above, cationic

lipids and complexes with DNA have been investigated by various physical tech-

niques [60,101–105] such as isothermal titration, differential scanning calorimetry

(DSC), fluorescence, NMR and FTIR spectroscopies, cryo-electron microscopy,

atomic force microscopy (AFM) and small-angle X-ray scattering (SAXS) [33–44].

3.3.1. NMR and FTIR spectroscopy

These techniques give information about the structure of the lipids or DNA, and

insights on their interactions. All lipids were characterized by FTIR and 1H-NMR

spectroscopy [85,86]. Results can be used to analyse a mixture of cationic lipid

with DOPE. Typically, for DMHAPC-Chol, the comparison of dry cholesterol and

cationic lipid FTIR spectra revealed the disappearance of a band at 1052 cm�1

corresponding to the C–O stretching of the alcohol group of the cholesterol and

the apparition of two bands at 1250 and 1712 cm�1 corresponding to the C–O

stretching of the ester group and to the carbonyl stretching of DMHAPC-Chol.

FTIR spectroscopy, commonly used in the 1980s as a tool for investigation of

phospholipid bilayers, was recently introduced by Choosakoonkriang et al. [41] to

study cationic liposomes. Changes of IR absorption bands, concerning lipids, in

three spectral regions corresponding to hydrophobic methyl and methylene

groups, to the carbonyl bond C ¼ O and to the PO2
� or the N+(CH3)3 groups were

investigated. The wave frequencies of the peaks of the bands at about 2850 and

2920 cm�1 indicated the gel or crystalline state of the hydrophobic part of lipid

molecules, while those at 1740 cm�1 indicated the existence or absence of in-

teraction with the carbonyl bond C ¼ O, or more precisely, showed this bond in
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the hydrated or dehydrated state. FTIR also gave indications in conformation

changes of plasmid DNA in interaction.

NMR, considered as more effective than FTIR, is a technique to characterize

cationic lipid molecules by their characteristic peaks from which groups in the lipid

molecule are identified. 1H-NMR spectra were obtained for DHMAPC-Chol cat-

ionic lipid where peaks are assigned to different groups of the molecule [86]. For

the colipid phosphatidylethanolamine (DOPE) or phospholipids, 31P NMR can be

used to explore the structure of the PO2
� group. Hafez et al. [42] have investigated

the interactions of cationic lipid DOTAP and anionic phospholipids mimicking

endosomal membranes. Their results suggested the adoption of the HII phase in

anionic phospholipids/cationic lipids equimolar mixtures.

3.3.2. Atomic force microscopy

Liposomes and lipoplexes can be imaged with AFM, using a multimode scanning

probe and operating in the tapping mode under constant tapping forces. Samples

are usually deposited on freshly cleaved mica surface for a few minutes exposed

to air after absorbing excess solution using a paper filter. Images are shown at

height mode or amplitude mode [44,101].

3.3.3. Small-angle X-ray scattering

Important insights into the structural organization of cationic lipid–DNA complexes

have been obtained by SAXS. In liposomes prepared with pyridinium amphiphiles

(SAINT), depending on the absence or the presence of the helper lipid DOPE,

either a lamellar or a two-dimensional hexagonal lattice (HII) organization was

observed [40,105]. X-ray diffraction experiments performed with both macroscop-

ically oriented and capillary-mounted powder samples of DM-TAP indicated that

the lamellar crystalline phase is a highly ordered and substantially dehydrated

structure in which the hydrocarbon chains are essentially immobilized [102].

3.3.4. Differential scanning calorimetry

The thermometric phase behaviour of lipid membranes can be monitored by

DSC [102]. For acyl-based cationic lipids, this technique provides information

about the transition point and the enthalpy characteristic of the lipidic system

phase transition.

3.3.5. Fluorescence resonance energy transfer

Fluorescence resonance energy transfer (FRET) between a donor/acceptor of

fluorophores such as fluorescein isothiocyanate (FITC) and Texas Red contrib-

uted to investigating the preservation of short ODN [106,107]. Indeed, such a

transfer is operational when the distance between the donor and the acceptor is
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not longer than a critical length of a few nanometers, so that the integrity of a

doubly labelled ODN molecule in cells after transfection can be assessed

when the donor is excited in the blue and the red fluorescence of the receptor is

observed [108].

3.3.6. Lipid mixing

Lipid mixing during the formation of the lipoplex can be measured using the

double label of Rhodamine-labelled phosphatidyethanolamine (Rh-PE) and 7-

nitrobenzo-2-oxa-1,3-diazole labelled phosphatidylethanolamine (NBD-PE) for

cationic liposomes [97]. Labelled and non-labelled liposomes are mixed. Because

of the fluorescence energy transfer between this couple donor/acceptor of flu-

orophores, NBD emission was greatly reduced in close proximity to Rh-PE. When

DNA was added to cationic liposomes, lipid mixing between labelled and unla-

belled liposomes resulted in the dilution of the fluorescence label and thus an

increase on the NBD-PE fluorescence. The fraction of lipid mixing can be cal-

culated from the maximum dequenching of the NBD emission, the observed

fluorescence and the NBD emission intensity. Moreover, this technique was used

to monitor the fusion between cell membranes and lipoplexes and study the

mechanism of cellular internalization of the latter [44].

4. DELIVERY OF DNA IN CELLS: LIPOFECTION

Transfection of adherent cells can be obtained by simple addition of lipoplexes

solution. Usually serum-free OPTIMEM or culture medium must be used for at

least 3–6 h before being replaced with serum-containing culture medium. De-

pending upon the concentration of added lipoplexes, the internalization of lip-

oplexes can disturb the cell life.

4.1. Cytotoxicity of cationic liposomes

Cytotoxicity is one of the most important characteristics of a carrier. Therefore,

prior to investigating its transfection potential, a study of its toxicity is necessary.

For this purpose, usually viability of transfected cells is undertaken by MTT test.

This test is based on the formation of coloured formazan by reduction of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reagent in the pres-

ence of mitochondrial dehydrogenases of viable cells. The tested cells include

human breast carcinoma cells MCF7, human cultured skin fibroblasts, me-

sothelioma cells, rat gliosarcoma cells 9L and murine melanoma cells B16-F10.

Typically, sub-confluent cells were trypsinized, harvested and re-suspended.

The following day, cells were transfected for 48 h. Later, cells were washed with

medium and a solution of MTT was added for a further 3 h. The formazan crystals

were dissolved in dimethylsulfoxide (DMSO). Absorbance was measured
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at 570 nm on a P450 microplate reader (Bio-Rad, Hercules, CA, USA), which

allowed the determination of the cationic lipid concentration IC50 at which 50% of

cells were viable, compared with untransfected cells.

Viability of B16-F10 melanoma cells after incubation in the absence or in the

presence of cationic liposomes at various concentrations was detected by MTT

test. In B16-F10 cells, statistical analysis of results showed an order of toxicity

which was TMAPC-Chol o TEAPC-Chol ¼ TMAEC-Chol o DC-CholoTEAEC-

Chol. The comparison of the IC50 between the two opposite chemical structures

indicates a factor of 3.5 (Table 2). It seems that a lipid with quaternary ammonium

in the polar head is more toxic with three ethyl groups than with three methyl

groups. Likewise, three carbon atoms appear to be better than two carbons in the

spacer with no meaningful difference between TMAEC-Chol/DOPE and TEAPC-

Chol/DOPE [85].

For hydroxyethylated DMHAPC-Chol/DOPE liposomes, with a given cationic

lipid concentration, plasmid DNA at different doses has no effect on the cell

viability [86].

4.2. Delivery of nucleic acids: transfection efficiency

Transfection efficiency was evaluated from the measurements of transfection

level by chemiluminescence and of transfection yield by counting the number

of transfected cells. These measurements also indicate the functionality con-

servation of the transported gene. For this purpose, plasmids containing a

reporter gene coding for an enzyme, such as b-galactosidase (b-gal), lucif-

erase (luc) [109] or green fluorescence protein (GFP) [110] were used and the

activities of the expressed protein measured either by chemiluminescence or

by colouring obtained with an appropriate reagent. Using a luminometer, the

transfection level is measured for the whole ensemble of expressed proteins

extracted from cells. Microscopy, or flow cytometry method allows the indi-

vidual counting of the transfected cells and then furnishes the ratio of pos-

itively transfected cells.

Table 2. Comparison of cytotoxicity in B16-F10 cells for liposomes prepared
from different cationic cholesterol derivatives and DOPE

Transfection reagents IC50 (mM)a

TMAEC-Chol/DOPE 61.570.7

TEAEC-Chol/DOPE 28.070.7

TMAPC-Chol/DOPE 86.071.1

TEAPC-Chol/DOPE 54.970.6

DC-Chol 47.370.7

a IC50 was defined as the cationic lipid concentration corresponding to 50% of cell viability.
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4.2.1. Measurements of transfection level

In order to determine the transfection levels, usually cells were seeded in a six-well

Falcon plate (3� 105 cells/well) on the day preceding transfection. Just before

transfection, culture medium was replaced with 1mL OPTIMEM without serum, then

plasmids (3nmol), liposomes alone or liposome–plasmid complexes at desired charge

ratio were added. After 6h, OPTIMEM was removed, replaced with culture medium

containing serum and cells and incubated at 37 1C. After the desired incubation time,

cells were washed twice with PBS and the transfection level was measured using the

chemiluminescence of luciferase or b-galactosidase. Detection kits are available.

For luciferase, transfection level was measured using chemiluminescence in

the presence of ATP and luciferin substrates with a Tropix kit (Applied Biosys-

tems, Bredford, MA, USA). Following the procedure of the supplier, after lysing

the transfected cells with a lysis solution containing 1mM of dithiothreitol (DTT)

freshly added, 20 mL of the cell extract was incubated with 100 mL of the reagent A

before 100 mL of the reagent B was added. Immediately after mixing, lumino-

metric measurement was made using a BCL luminometer (Govteyron Technol-

ogies, Vals de Puy, France) operating at integration mode for 10 s. Protein was

titrated by using the Bio-Rad DC Protein assay kit, in order to normalize results

expressed in relative light unit per mg of protein (RLU/mg).

For b-galactosidase, a similar protocol was used with the Tropix kit b-galacto-

light along with using the chemiluminescence of b-galactosidase in the presence

of [3-4(-methoxyspiro(1,2-dioxetane-3,20-tricyclo(3.3.1.1)decane-4-yl]phenyl-b-D-

galactopyranoside (AMPGD). The noise or endogenous b-galactosidase level of

untransfected cells was measured and subtracted.

The total chemiluminescence of luciferase, represented in RLU, was measured

in B16-F10 melanoma cell lysates after gene transfer [31]. In vitro, our previous

works showed that no transfection level was detected with naked plasmid DNA and

that luciferase activity was optimal with a charge ratio X of 2. Results showed that

the transfection level obtained with the cationic lipids presenting three carbons in

the spacer is better than the group of cationic lipids with two carbons. The

transfection efficiencies of TMAPC-Chol and TEAPC-Chol were, respectively, 2.5

and 7.8-fold significantly higher than that of DC-Chol, the best-known cholesterol-

based cationic lipids. Thus, the chemical structure of the polar head seems to

influence gene transfer. The transfection level obtained with TEAPC-Chol with

three ethyl groups in the polar head was 3.2-fold higher than that obtained with

TMAPC-Chol with three methyl groups. So, among the group of cationic lipids with

the spacer 3C, which could take an important place in gene transfer, a quaternary

ammonium with three ethyl groups for the polar head offers the best results [31,85].

4.2.2. Evaluation of transfection yield

Two techniques are usually used to determine the transfection yield of cells. The

first one uses the cytoenzymatic detection of b-galactosidase, the X-gal test
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consisting of colouring the expressed protein with the reagent X-gal (5-bromo-4-

chloro-3-indolyl b-D-galactopyranoside) followed by counting under a microscope.

The second one uses the expression of GFP gene and counting by flow cytometry.

4.2.2.1. b-Galactosidase expression and X-gal test
The presence of expressed b-galactosidase was observed by the blue staining

with X-gal reagent. For this test, a four-well permanox Lab-Tek plate (Nunc) was

seeded with 4� 104 MCF7 cells/well. Plasmids pCMV-b (0.5 or 1mg) and cationic

liposomes at X ¼ 2 were complexed and incubated with cells for 48 h at 37 1C in

5% CO2. After the incubation time, cells were washed with PBS, fixed with para-

formaldehyde (1%) and glutaraldehyde (0.02%) for 3min before the X-gal rea-

gent was added. After 6 h, they were observed under a microscope.

The transfection efficiency of TMAEC-Chol/DOPE in MCF7-cells was esti-

mated by X-gal test [54]. Untransfected cells were used as control, and showed

no blue stain due to endogenous b-galactosidase. Cells transfected with unvec-

torized plasmids present practically no fraction of blue-stained cells. The aspect

is very different with cells transfected with plasmids showing large blue blobs. For

cells transfected with 0.5 and 1 mg pCMV-b, vectorized by liposomes, the fraction

of blue-stained cells was estimated to be around 50% [54].

4.2.3. GFP expression and flow cytometry

GFP expression can be investigated by microscopy and/or by flow cytometry. For

fluorescence microscopy assay, after the desired incubation time, cells were

rinsed twice with PBS followed by a fixation step with 4% paraformaldehyde in

PBS and mounted in Mowiol before microscopy observation.

For flow cytometry, cells were seeded on six-well plates (3� 105 cells/well),

and plasmid pEGFP-N1 containing GFP gene was used. After the transfection

time, cells were detached with a non-enzymatic cell dissociation solution and

washed with PBS. After re-suspension, propidium iodide (PI) was added and only

IP-negative viable cells were gated to quantify GFP-positive cells. The cells were

incubated in the dark at room temperature for 15min before flow cytometric

analysis. For each sample, at least 75,000 events were analysed using an Epics

XL flow cytometer (Beckman Coulter, Miami, FL, USA) equipped with an argon

ion laser tuned at 488 nm wavelength used for excitation. The emission filters

used were 530730 nm band pass for green fluorescence of GFP, and 620 nm

long pass for red fluorescence of PI.

Transfection yields in B16-F10 cells were investigated [85]. The results were

obtained with 1 mg of pEGFP-N1 plasmid complexed with different cationic lipids/

DOPE (1:1) at the molar charge ratio of 2 after 24 h of transfection. The auto-

fluorescence of untransfected B16-F10 cells has been used as control to esti-

mate transfected cells, indicated by the shift of more than two magnitudes in

intensity shown in each panel. From at least 75,000 events marked in the ledger
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and analysed, with 1–5% of IP+-cells, the percentage of positively transfected

viable cells was determined and was found to be in the range between 25 and

30%. Compared with the control, the shift of GFP-positive cell distribution ob-

tained with TMAEC-Chol was of two magnitudes, while it was of three magnitu-

des with TEAPC-Chol. In spite of the difference in these distributions, the mean

values of fluorescence intensity of GFP were approximately equal for all lipids of

the series. The ability of TEAPC-Chol to deliver plasmid DNA with a high efficacy

was ideally correlated with transfection level results. These results by cytometry

were consistent with data of chemiluminescence [84,85].

4.3. Cellular trafficking

Cellular trafficking of lipoplexes is one of the most studied subjects

[52,54,106,111]. The information obtained is necessary for understanding the

transfection mechanism and then highlighting the parameters to be adjusted for

an optimal use of the carriers. Cellular pathway of lipoplexes can be observed by

appropriate labelling of DNA and liposomes, followed by fluorescence or electron

microscopy observation.

4.3.1. Fluorescence and confocal microscopy

For fluorescence or confocal microscopy, several markers can be purchased

from Molecular Probes but fluorescein isothiocyanate (FITC) and lissamine

rhodamine are often used for labelling of DNA and lipid, respectively. Lissamine

rhodamine-marked phosphatidylethanolamine is generally used as colipid. For

comparative observation and to locate the exogenous DNA or lipid with respect to

the nucleus, nuclear staining 40,6-diamidino-2-phenylindole (DAPI) can be used.

In the case of mitochondrial localization, rhodamine 123 is a good marker for

mitochondrial-specific fluorescent dye [112].

4.3.1.1. Delivery and pathway of lipid/oligonucleotides complexes
Observations of cellular internalization in MCF7 cells by 28-mer ODN or in fibro-

blasts by oligopeptides PONC by confocal microscopy are illustrated by Fig. 5

[52,69]. Cells were plated in a four-well Lab-Tek plate (4� 104 cells/well). After

24h, the medium was replaced with serum-free OPTIMEM for 20–30min at room

temperature. The FITC-labelled ODN or FITC-labelled PONC and the lissamine

rhodamine-labelled liposome were gently mixed in sterile water and then added to

the cells. After 6 h at 37 1C, the transfection medium was replaced with serum

containing culture medium and incubated for 24h at 37 1C. The cells were then

washed, fixed in 4% paraformaldehyde for 15min and then mounted in Mowiol.

Samples were observed using a MRC-600 Bio-Rad confocal laser scanning

microscope (CLSM). An Ar+ laser was used for double fluorescence of fluo-

rescein and rhodamine with excitation at 515 nm. A 540 DF 30 band pass filter
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combined with an EF 600 LP long pass filter was used for separation of the green

emission of fluorescein and the red emission of rhodamine lissamine. To show

the relative positions of the labelled liposomes or oligonucleotides with respect to

the cells, pictures of the same field were compared. For this purpose, an optical

set-up with a channel for green fluorescence and a channel for a red fluorescence

allowed to obtain separately the pictures of the same field, which could then be

superimposed. There are several advantages of using confocal microscopy: the

sample preparation is easy, the observation is quick and almost one can confirm

or not the penetration of lipoplexes inside the observed cells. Incorporation of

lissamine rhodamine-conjugated DOPE in TMAEC/DOPE liposomes and the use

of oligonucleotides 28-mers labelled with fluorescein allowed the observation of

(i) the internalization of TMAEC liposomes and of the oligo-liposome complexes

into cells; (ii) the dissociation of oligonucleotides from the vectors; (iii) the pen-

etration of oligonucleotides into the cell nuclei; (iv) the persistence of the

oligonucleotide with a resident time as long as 72 h in cells and (v) the degra-

dation of liposomes [52].

Naked oligonucleotides did not show transfection in MCF7 cells (results not

shown). In Fig. 5, the red fluorescence indicates the presence of lissamine

rhodamine-containing lipids, the green fluorescence is due to fluorescein-labelled

28-mer oligonucleotides and the yellow indicates the presence of colocalized

lipids and oligomers or complexes. The micrographs showed that complexes

penetrated in cells where oligonucleotides were delivered. With confocal micros-

copy facilities, cells were examined in Z-planes at different levels. This allowed

confirmation of the penetration of the oligomers inside the nuclei. The results (not

Fig. 5. Internalization of 28-mer oligonucleotides labelled with fluorescein and
delivered by TMAEC liposomes into MCF7 cells, observed by CLSM. 28-mer
HER2/neu oligodeoxynucleotides (50-FG3AG2AG2AG2CG2AG2AG2A2GAG2A)
were labelled with fluorescein (green fluorescence) and vectorized by TMAEC-
Chol/DOPE liposomes into MCF7 cells. The liposomes were labelled with rhoda-
mine (red fluorescence). One can observe the penetration of oligonucleotides (in
green) in the nucleus and they were dissociated from the liposomes (in red) in the
cytoplasm. See text for the transfection protocol and sample preparation. Micro-
graph was obtained at 24 h after transfection: picture of a Z-cut section of a
transfected MCF7 cell.

A. Cao et al. 161



shown) indicated that after 30min, or even earlier, the transfection was already

observable. However the peak fluorescence was observed very much later. At

24 h, while the red (or orange-yellow) fluorescence was observed in the cyto-

plasm, the pure green fluorescence was seen in the nuclei. It is observed that the

labelled lipids diffused throughout the cytoplasm, probably in the intracellular

membranes as attested by the reticulated pattern of the red fluorescence. On the

other hand, the pure green fluorescence in nuclei indicated oligonucleotides dis-

sociated from liposomes. Even after 72 h, the presence of oligonucleotides in the

nuclei was still observed [52]. The lipids were probably degraded or exocytosed.

This degradation or exocytose may contribute to the reduction of cytotoxicity of

the transfected cells.

4.3.2. Transmission electron microscopy

The fate of the DNA vectorized in cells by cationic lipids is an aspect not yet entirely

elucidated, and inspired investigations to understand the route taken by DNA/lipid

complexes after having been internalized in cells. TEM is a powerful tool to observe

details and offers better resolution than confocal microscopy. TEM was used to

observe the ultrastructure of liposome/plasmid complexes and their cellular route

after transfection of MCF7 cells. About the passage across the cell membrane,

most reports are in favour of endocytosis [47,48] even if excluding the possibility of

fusion of liposome/DNA complexes with the plasma membrane is not straightfor-

ward [44,45]. If the penetration of the DNA/cationic lipid in cells is the first condition

for an efficient transfection, it is also necessary for DNA and lipid to be dissociated

and DNA moves towards the target. Accordingly, the residence time of the trans-

ported DNA and the degradation or exocytosis of the carriers are other parameters

governing a successful transfection. For a transfer of reporter genes or DNA of

interest, the penetration into the nucleus is necessary [113].

For observation of the penetration of plasmids into cells, ultrathin-section EM

was done on transfected MCF7 cells. Cells were detached by a cell dissociation

solution (Sigma, C1594), pelleted at 1500 g for 10min, fixed with 3% glutaral-

dehyde in 0.1M cacodylate buffer (pH 7.4) at 4 1C and postfixed with 1% osmium

tetroxide for 1 h. Samples were stained with 1% uranyl acetate, dehydrated with a

series of ethanol dilutions and propylene oxide, and embedded in Epon 812 resin.

Thin sections of 100 nm thickness were cut using a Reichert ultramicrotome and

stained with lead citrate and uranyl acetate. Sections were viewed and photo-

graphed using a Philips transmission electron microscope operating at 60 kV. The

complexes were formed from mixtures of TMAEC-Chol liposomes and plasmids at

a charge ratio X ¼ 2, corresponding to the optimal transfection level observed in

the absence of serum. To follow the route and the fate of liposome/plasmid com-

plexes after transfection, cells were fixed after incubating for 15min, 30min, 1 h

and 2h. The micrographs in Fig. 6 showed the features of MCF7 cells exposed to

complexes. These micrographs indicate that the technique used allowed to clearly
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observe the cytoplasm and the nuclei. For transfected cells, the features of

cytoplasm are shown in Figs. 6A–E. Figure 6A shows complexes near coated

invagination of the plasma membrane indicating the beginning of an endocytosis

process. In Fig. 6B, vesicles with a thick wall formed by complexes and the

membrane coated with clathrin during the endocytosis process are seen. Figure 6C

shows many patterns of endosomal compartments in which dense particles are

seen. These particles are probable complexes with size varying from 80 to 130nm.

Figure 6D shows an opened endosome with complexes probably being released.

Figure 6E depicts a cell at 2 h after being exposed to complexes; there were not

many endosomal compartments with complexes inside at 2 h when compared with

that at 15min. This may indicate that after the uptake of complexes in endosomes,

the complexes were very likely to be released rapidly. Feature of complexes similar

Fig. 6. Cellular route in MCF7 cells of complexes between cationic lipids pre-
pared with TMAEC-Chol/DOPE (1:1) and pCMV-b observed by TEM. Arrowhead
highlights complexes. (A) Beginning of endocytosis. (B) and (C) Internalization
into endosomes. (D) Opening of endosomes. (E) Entry inside the perinuclear
membrane. Nu denotes the nucleus side and Cy the cytoplasm side. Bars rep-
resent 200 nm. (Reproduced with permission from Cao et al. [52].)
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to dense particles in endosomal compartments was observed in other cells, such

as COS-1 cells transfected with DMRIE/DOPE lipids [37] or CV-1 cells with DDAB/

DOPE lipids [47] and in endothelial cells [49]. Complexes already trapped in the

vicinity of the nuclear membranes were observed in Fig. 6E.

4.3.3. Observation of exogenous DNA internalized in the nucleus

To observe exogenous DNA in cells, it is advantageous to use a marker that

distinguishes it from endogenous DNA [54]. For TEM observation, several tech-

niques can be used. One of the most practical methods is to label DNA with

digoxigenin (DIG) and to use an anti-DIG antibody conjugated with gold nano-

particles. Commercial kits are available for this purpose.

Plasmids pCMV-b were labelled with DIG and detected by anti-DIG Fab cou-

pled with ultra-small gold particles. The size of gold particles was increased by

silver enhancement reagent. In a sterile vial, reactive DIG (DIG-Chem-Link from

Roche Diagnostics, Meylan, France) was added to pCMV-b plasmid. After in-

cubation for 30min at 50 1C in a waterbath, the reaction was stopped by adding

the stop solution. The preparation was controlled by gel electrophoresis and

results showed no perceptible difference compared to unlabelled plasmids.

Cells dissociated from the wells of plates were fixed at 4 1C for 20min with 1%

paraformaldehyde and 0.1% glutaraldehyde in 0.1M phosphate buffer (PB) pH

7.4. After washing, the cells were treated with 0.05% NaBH4 and 0.1% glycine in

PB for 10min, to block the free aldehyde groups and to permeabilize the cells.

The cells were then rinsed in PB and pre-incubated in 0.2% acetylated BSA

(BSA-C) in PB for 30min. They were then incubated for 2 h at room temperature

with diluted ultra-small gold-labelled anti-DIG antibody fragments (Fab) in 0.2%

BSA-C in PB. The cells were rinsed in 0.2% BSA-C in PB, then in PB and refixed

with 2.5% glutaraldehyde for 10min. After washing in PB, the samples were post-

fixed with 0.5% OsO4 in PB for 20min, washed in deionized water and treated

with the silver enhancement reagent. After washing in distilled water, samples

were stained with 0.5% uranyl acetate in 50% ethanol, dehydrated in a graded

series of alcohols, embedded in Epon resin, sectioned and examined with a

Philips EM300 transmission electron microscope operating at 60 kV.

Controls by untransfected cells treated with silver alone or with antibodies fol-

lowed by silver did not show any dark staining. The kinetics of plasmids carried by

TMAEC-Chol/DOPE liposomes was studied; TEM showed that after the cytoplas-

mic step DNA penetrate inside the nucleus as revealed by immuno-gold labelling.

The time course was respected: when cells were incubated with complexes at

15min, black gold particles were seen only at the cell surface or in cytoplasm but

no particles were observed in the nucleus. At 30 min of incubation gold particles

were observed only in the cytoplasm and not in the nucleus. Cell components

slightly stained by uranyl acetate do not contribute to these very dark patterns.

After 24h, there are many more plasmid copies, especially in the nucleus.
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The micrograph in Fig. 7A, devoted to a MCF7 cell transfected for 1 h, shows

numerous gold particles but only in the cytoplasm, and in electron-dense ves-

icles. No gold particle is seen in the nucleus. This indicates that there are already

plasmids, or at least plasmid/lipid complexes internalized in the cell. The dense

vesicles may be endosomes containing plasmid/lipid complexes. In the micro-

graphs describing cells after 5 h (Fig. 7B), particles are still present in the cy-

toplasm and a few begin to appear in the nucleus of some cells. Almost with all

cells observed at 24 h of transfection, there are many more plasmids in the

nucleus although there are still some gold particles outside the nucleus (Fig. 7C

and D). Occasionally, gold particles are still present in protrusions of the cell

surface. Magnifications of some portions of nuclei show several gold particles in

the nucleolus and nucleus (Fig. 7C and D). Most cells observed after 24 h of

incubation have an immunopositivity of their nucleus.

Nuclear localization of plasmids was also detected with liposomes prepared

from another lipid in the series. This indicates a similar behaviour of the series of

cationic lipids containing a quaternary ammonium group. The internalization of

Fig. 7. Cellular route in MCF7 cells of plasmids pCMV-b vectorized by cationic
liposomes TMAEC-Chol/DOPE (1:1) observed by TEM. Plasmids were labelled
with DIG, detected by antibodies conjugated with gold particles enhanced by
colloidal silver, indicated by arrows. (A) Cell transfected with plasmid vectorized
by liposomes, 1 h. (B) Cell transfected with vectorized plasmid, 5 h. (C, D) Cell
transfected with vectorized plasmid at 24 h. Bars represent 1 mm. (Reproduced
with permission from Briane et al. [54].)
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plasmids vectorized by TMAEC-Chol/DOPE liposomes was not limited to MCF7

cells alone; transfection has been observed also in gliosarcoma cells 9L [54,84].

Although liposomes were not labelled, the concentration of gold particles in the

dense vesicles observed in Fig. 7A undoubtedly corresponds to endosomes ob-

served previously with uranyl acetate-stained complexes. It appears that the

membrane of endosomal compartment was destabilized allowing the release of

DNA from the complexes and then the entry of DNA in the cytosol as shown by

separated gold particles revealing the presence of labelled plasmids. As in most

formulations of cationic liposomes [114–116], DOPE was used with TMAEC-Chol

and TEAPC-Chol. This destabilization of endosomal membranes may be

achieved by cationic lipids or by the colipid DOPE. In the present case, it was

not possible to visualize the dissociation of plasmids and liposomes as has been

observed with oligonucleotide/liposome complexes in previous work. However,

since it is already known that liposomes did not penetrate into the nucleus, it is

obvious that with plasmids detected in the nucleus here, the dissociation did

occur. At this point, it is necessary to emphasize that the dissociation from lipids

and the entry into nuclei was observed with modified oligonucleotides [106] as

well as with unmodified oligonucleotides transferred by TMAEC/DOPE liposomes

in MCF7 cells [52].

4.3.4. Mechanism of lipoplex delivery

The mechanism of lipoplex delivery is one of the most developed areas of re-

search which contributes to understanding of how DNA can be delivered into cells

and how the transfection can be monitored. Indeed, after the passage across the

cellular membrane, TEM indicated that lipoplexes entered in and then escaped

from the endosomes. This is a crucial step before complexed DNA was released

into the cytosol. In order to explain the escape of lipoplexes from endosomes,

Zelphati [106] and Hafez [42] have mimicked plasma and endosome membrane

by phospholipid liposomes and studied their interaction with lipoplexes.

ODN displacement from lipoplex was studied by FRET. Zelphati et al. [106]

showed that the release of DNA oligonucleotides was a rapid process, since

after 100 s fluorescein fluorescence increased to a plateau regardless of the

composition of the negatively charged liposomes. This was 2–3 times slower with

ODN/dioctadecylamidoglycyl spermine (DOGS) complexes but still is in the time

scale of an endocytic event. Three formulations of liposomes have been showed

efficient in releasing ODN: PG/DOPE/DOPC, PS/DOPE/DOPC and PI/DOPE/

DOPC. These anionic liposomes mimicked the cytoplasmic-facing monolayer of

the cell membrane. Their results also showed that the fluid phase of the lipo-

somes is required regardless of the physical state of the cationic liposomes. The

authors proposed that after internalization by endocytosis, lipoplex induces flip-

flop of anionic lipids from the cytoplasmic-facing monolayer. Anionic lipids lat-

erally diffuse into the lipoplex and form a charged neutralized ion pair with cationic
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lipids. This leads to displacement of the ODN from the cationic lipid and its

release into the cytoplasm.

Hafez et al. [42] studied the interaction of cationic lipids DODAC, DC-Chol,

DOTMA, DOTAP and lipid systems containing anionic phospholipid DOPS using
31P NMR. Their findings were that cationic lipids such as DOTAP/DOPE or DO-

TAP/cholesterol systems exhibit the ability to induce non-bilayer HII phase struc-

ture in anionic lipid systems. In particular, the helper lipids DOPE or cholesterol

also promote HII phase organization. Their results suggested that the ability of

cationic lipids to deliver DNA arises at least in part from an ability to destabilize

endosomal or plasma membranes by inducing non-bilayer lipid structures. An-

other lipid such as DOPC is not able to induce a HII phase structure and was

inefficient for transfection [114].

The internalization of lipoplex and the release of DNA can be modelled by the

following steps: (i) lipoplex moves close to the plasma membrane; (ii) end-

ocytosis; (iii) lipoplex is transferred to endosomal compartment; (iv) the mem-

brane of the lipoplex fuses with the endosomal membrane (this is due to the

tendency of positively and negatively charged membranes to adhere and fuse,

leading to lipid mixing between lipoplex and endosomal lipids); and (v) anionic

lipids from the endosomal membrane displace cationic lipids from DNA, leading

to DNA release [106] and further formation of non-bilayer structures [43].

After being released into the cytosol, DNA was observed in the nucleus. This is

proof of a necessary step for the expression of reporter genes. This passage

across the nuclear envelope may be due to various mechanisms. First, there may

be a machinery permitting the association of plasmids with nucleus-targeted

proteins, which carry DNA into the nuclei. For example, Dowty et al. [117] have

suggested a ‘‘facilitated process’’ by implying karyophilic proteins. The transport

across nuclear envelopes may also occur by signal-mediated factors as dis-

cussed in detail by Nigg [118]. Second, although it is generally considered that the

nuclear pores are too small (hole size of nuclear pores is about 9 nm) to allow the

free passage of macromolecules being the size of plasmids, a close examination

shows that this entry is possible. DNA may enter the nucleus during the mitosis of

the cell when the nuclear envelopes disappeared as demonstrated by Mortimer et

al. [119] and Tseng et al. [120]. This possibility is limited by the short time of the

mitosis, about 1 h compared with the total duration of about 48 h for the cell cycle.

Moreover, plasmids dissociated from lipids may be under a stretched supercoiled

conformation, which may allow them to have the minimum transverse size about

only twice the DNA section, and passing through the nuclear pores.

4.3.5. Endocytosis or fusion for lipoplex internalization?

For most studies including ours, using monensin to prevent endocytosis, with

experimental proofs from TEM, this question has been nearly resolved in favour

of endocytosis. However, recently, in using fusion inhibitor (100 mM Z-Phe-
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Phe-Gly) and that of endocytosis inhibitor (1 mg/mL of antimycin A, 10mM NaF

and 0.1% (w/w) sodium azide), Almofti et al. [44] showed that although the

transfection of A431 cells by lipoplexes formed by DC-6-14/cholesterol/DOPE

cationic liposomes was completely abolished in the presence of endocytosis in-

hibitor suggesting that endocytosis is the main route of lipoplexes, the lipofection

was also strongly inhibited by the fusion inhibitor suggesting that fusion process is

also necessary for lipoplex internalization. With lipid mixing assay, they showed

that fusion occurs mainly at the plasma membrane level and thus triggers end-

ocytosis process.

5. FACTORS AFFECTING LIPOFECTION

Lipofection is the result of several factors. In the above sections, we have seen

the effect of molar lip+/DNA molar charge ratio and that of DOPE in the for-

mulation. In this section, we discuss other important factors. Beside the chemical

nature and formulation of liposomes, charged components on the cell surface, in

the extra- or intracellular media, may be agents that affect the structure of lip-

oplexes and consequently are implied in the transfection level. In the sections

that follow, we will particularly deal with the chemical structure of the lipids, the

conditioning of liposomes and the role of cell surface PG.

5.1. Effect of chemical structure

Several comparative studies suggested that the chemical structure affects

transfection efficiencies [14,22,75]. First of all, the cationic lipid hydrophilic moie-

ties globally play a major role. It seems that chemical structure of the polar domain

affected the DNA delivery by influencing the cellular uptake of lipoplexes or the

escape of DNA from the endosome. Indeed, we have observed that the number of

transfected cells measured by cytometry in B16-F10 cell line using pEGFP-N1 was

not significantly changed with quaternary ammonium cationic lipids in the series

studied but was dramatically affected by a ternary ammonium polar head (DC-

Chol). Thus, the variation of transfection level observed by chemiluminescence from

a cationic lipid to the other in the series was probably due to the differences in the

intracellular fate of liposome–DNA complexes and especially to the ability of DNA to

escape from the endosome. In these events, the chemical nature of the polar head

seems to be determinant. Previous works have reported the cellular pathway of

plasmids vectorized by TMAPC-Chol and TEAPC-Chol and the presence of com-

plexes in endosome-like vesicles [52,54]. This was confirmed by the recent work of

Hasegawa et al. [30], who have highlighted the implication of the polar head group

on the release of DNA in cytosol and then on the transfection efficiency.

Changes in toxicity and transfection level were observed in assays with struc-

tural differences in the spacer length of the cationic cholesterol derivatives [85].
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From these data, it is interesting to note that the lipids showing the least cytox-

icity, TMAPC-Chol and TEAPC-Chol, gave the best transfection efficiencies, for

in vivo and in vitro respectively. These cationic lipids TMAPC-Chol and TEAPC-

Chol present the longest spacer (three carbons). Similar results were observed

by Floch et al. [75] with phosphonolipids, who have shown that the increase of

spacer length was correlated with a decrease in the cytotoxicity index in vitro and

in vivo. On the other hand, with the same spacer length, but different cross-

sectional area of polar domain, Reynier et al. showed that the substitution of

methyl groups by ethyl groups increased the toxicity and enhanced the transfect-

ion activity of the reagent in vitro [85].

With hydroxyethylated DMHAPC-Chol, the level observed at a charge ratio

X ¼ 0.5 was enhanced by a factor of 26-fold compared to unvectorized plasmid.

For comparison, we also measured the levels obtained with DC-Chol and four

cationic liposomes in the same series with trimethylated (trimethylaminoethane-

carbamoyl cholesterol iodide (TMAEC-Chol) or trimethylaminopropane-carbamoyl

cholesterol iodide (TMAPC-Chol)) or triethylated (triethylaminoethane-carbamoyl

cholesterol iodide (TEAEC-Chol) and triethylaminopropane-carbamoyl cholesterol

iodide (TEAPC-Chol)) polar heads, with spacers of 2C or 3C [86]. All the formu-

lations contain DOPE in equimolar proportion. While DC-Chol and the short lipids

TMAEC-Chol and TEAEC-Chol 2C spacers give low transfection levels, TEAPC-

Chol and TMAPC-Chol with 3C spacers increased 10- and 30-fold, respectively,

the transfection level with respect to the control. The results presented clearly

showed the superiority of the cationic lipids constituted by three carbons in the

spacer, i.e., TEAPC-Chol, DMHAPC-Chol and TMAPC-Chol and the probable

influence of the hydration of the polar head.

5.2. Effect of colipid DOPE on the lipofection

The helper lipid DOPE affected transfection levels in vitro and in vivo as observed

in tumour cells B16-F10. For three different liposome formulations with TEAPC-

Chol/DOPE in the ratios 1:0.5, 1:1 and 1:2 used to complex with 15 mg of plasmid

pUT650 at molar charge ratio X ¼ 0.5 before intratumoral injection in B16 tumour,

results showed that the formulation 1:1 allowed the best transfection level of DNA

inside tumour cells [31].

It is believed that DOPE plays a double role. On the one hand, DOPE stabilizes

most types of cationic lipids in a lipid bilayer and on the other, it allows DNA entry

into the cytosol by destabilizing the endosome membrane [114–116]. Intra-tissue

gene delivery using DOPE-containing lipoplexes has been shown to be very

efficient [121]. The TEAPC-Chol/DOPE (1:1) formulation offers the better com-

promise to transfer DNA directly inside tumour cells more than 10-fold than un-

vectorized DNA. In systemic delivery, it seems that DOPE decreases the in vivo

activity of lipidic vectors [9,62,122].
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5.3. Effect of conditioning (lyophilization) on hydroxyethylated
cationic liposomes

Assays in B16-F10 cells showed that lyophilization of liposomes prepared with

hydroxyethylated cationic lipid and DMHAPC-Chol cationic lipid improved DNA

delivery level. Till date, the effect of lyophilization on liposomes was only inves-

tigated from a structural point of view [8,65–67]. This surprising result in transfect-

ion may open a new way for pharmaceutical uses of cationic liposomes. The

lyophilization presents several advantages. First, lyophilization allows to avoid the

storage of liposomes under the liquid state, which is generally the cause of in-

stability. Second, it facilitates liposome shipping. Third, the storage of cationic

liposomes separately with respect to the storage of DNA will allow the complex-

ation with any DNA of choice and at any desired ratio, for use in a precise purpose.

Freeze–thawing of lipoplexes also gave an increase in transfection level. Both

lyophilization and freeze–thawing are associated with liposomes aggregation. In

the latter case, transfection is largely increased by this pre-treatment of the com-

plexes. During freezing of the complexes, a rearrangement of DNA and cationic

lipids in complexes may be responsible for the transfection improvement.

Results of electron microscopy showed that the unlyophilized liposomes are

relatively homogenous in size, while lyophilized liposomes present at least four

kinds of shapes, ranging from globular structures with the presence of spherical

units inside, to chain structures with liposomes fusing on the periphery [86].

5.3.1. Effect of conditioning on efficiency in vitro

The lyophilization of the liposomes and the freeze-drying of the complexes sub-

stantially influence the transfection efficiency of the lipidic carrier [86]. The con-

ditioning effect on DNA delivery of DMHAPC-Chol/DOPE was estimated for

lyophilized and rehydrated liposomes and for lipid/DNA complexes subjected to

three cycles of freeze–thawing prior to transfection. The results of b-galactosidase

expression 24h after transfer in B16-F10 cells are indicated in Fig. 8 as a function

of the molar cationic lipid/DNA charge ratio. Depending on the conditioning,

DMHAPC-Chol/DOPE liposomes showed a maximum transfection level varying

from X ¼ 1.5 for liposomes, X ¼ 2 for lyophilized and rehydrated liposomes and

X ¼ 1.5 for frozen and thawed complexes. The transfection level obtained with

lyophilized and rehydrated liposomes is 4- to 5-fold higher in comparison with

unlyophilized liposomes.

Transfection levels in B16-F10 cells of DMHAPC-Chol/DOPE liposomes were

compared with those of liposomes in the same chemical series and to commonly

known commercial reagents using protocols as recommended by the manufac-

turers. At the molar charge ratio X ¼ 1.5, lipoplexes subjected to three cycles of

freeze–thawing gave a transfection level up to fivefold greater than un-

freeze–thawed ones and this is similar for DMRIE-C. Results indicated that in

comparison to Transfast (Promega) and DMRIE-C (Invitrogen), unlyophilized
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DMHAPC-Chol/liposomes present a significantly lower level, but the lyophilized

and rehydrated liposomes gave a comparable level [86]. A similar enhancement

of transfection level was obtained by freeze–thawing of complexes DNA/lip-

ofectamine without cryoprotectant [33].

5.3.2. Effect of lyophilization on 31P NMR spectra

Changes induced by lyophilization from a molecular point of view were inves-

tigated by 31P NMR [86]. The phosphorous spectrum of pure dry DOPE powder in

CDCl3 showed one signal at 0.9 ppm, corresponding to the phosphate group

belonging to DOPE polar head. No change was observed when the sample was

lyophilized and re-dissolved in the same solvent. The 31P spectrum of the equi-

molar mixture DMHAPC-Chol/DOPE powder directly dissolved in CDCl3 pre-

sented only one peak at 0.62 ppm.

When the liposomes DMHAPC-Chol/DOPE (1:1) prepared in H2O were

lyophilized and then dissolved in CDCl3, two signals, one at 0.64 ppm, which

corresponds to the signal already found in CDCl3 and a new resonance at
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Fig. 8. Transfection level in B16-F10 cells of b-galactosidase plasmid delivered
by cationic liposomes DMHAPC-Chol/DOPE. 0.5 mg of pCMV-bgal plasmid DNA
containing the b-galactosidase gene was complexed with liposomes (light grey),
lyophilized and rehydrated liposomes (white) and frozen and thawed complexes
(dark grey). The charge ratios were ranging from X ¼ 0.5 to 3. Each result rep-
resents the mean 7 SE of three experiments. (Reprinted from Percot et al. [86].
Copyright 2004, with permission from Elsevier.)

A. Cao et al. 171



�1.07 ppm appeared. When DOPE lipid was first dispersed in H2O, lyophilized

and then dissolved in CDCl3, two large signals were also present in the 31P

spectrum at 0.88 and –0.32 ppm. The latter may be due to a modification of the

PO2
� group environment of DOPE in the bilayer during lyophilization and indicated

two different environments for DOPE phosphate groups in these samples, first

dispersed in H2O and then lyophilized.

Most cationic lipids do not form liposomes alone but need the presence of

DOPE. The ability of this lipid to form bilayers in La state or to exist in inverted

hexagonal phase was known [22,37,114]. It was suggested that DOPE helps cat-

ionic lipids to form bilayers and also once the liposome/DNA complex is internal-

ized in cellular endosomes, it destabilizes the latter to release DNA in the cytosol

[42,106]. This should be directly related to the transfection level. During the freez-

ing phase of lyophilization, probably ice was locally formed but heterogeneously so

that the environment of phosphate groups of DOPE was affected with different

hydration states [123], which conferred to the liposomes a structure favouring a

better transfection. After lyophilization, the rehydration may be incomplete for a

fraction of PO2
� sites, favouring the existence of DOPE in the hexagonal inverted

phase. This should be favourable for the destabilization of endosomal membrane

and the release of DNA in cytosol, which in turn enhance the transfection level.

5.4. Effect of serum on transfection level

As a complementary information about the behaviour of lipoplexes in physiolog-

ical environment, the level of transfection was measured in the presence of se-

rum [85]. At the optimal charge ratio used in vivo (X ¼ 0.5), TMAEC-Chol,

TMAPC-Chol and TEAPC-Chol were used to vectorize pUT650 plasmid DNA in

B16-F10 cells, in the presence of 0, 10 and 25% of serum (Fig. 9). Regardless of

the chemical structure of the cationic lipids, transfection levels were higher with

10 and 25% serum than that obtained without serum. The increase was maximal

at 10%. This stimulant effect on in vitro transfection could be explained by the

proliferative effect of the serum during the period of transfection. Other possible

mechanisms, such as endocytosis stimulation or endosomal destabilization,

could contribute to the enhancement of the transfection level [124].

It is to be noted that in vitro transfection results in the presence of 10 or 25% of

serum showed that the chemical nature of the polar domain strongly modulates

the ability of reagents to deliver DNA inside cells. Indeed, in vitro results showed

that the lipids with longer spacers presented an advantage for transfection. With

the same spacer length, the more hydrophilic head group favours the DNA

transfer. This is also true for in vivo transfection. Thus, the interactions with

serum play a major role on the ability of these lipids to transfect tumour cells in

vivo. In the presence of serum, TMAPC-Chol with a spacer 3C appeared as the

most efficient lipid in the series studied.
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5.5. Role of proteoglycans

PG are molecules consisting of a protein covalently associated with negatively

charged glycosaminoglycans (GAG) chains, including heparan, dermatan and

chondroitin sulfates; PG exist as linked membrane proteins at the cell surface and

also as major components of extracellular matrix of many tissues [125].

The roles for PG as cell receptors in liposomal gene delivery have been sug-

gested from studies about effect on transfection of cell surface alterations by in-

hibition of GAG sulfation with chlorate, by their enzymatic removal or by mutations

in their biosynthetic pathways [126,127]. However, the presence of free PG and

GAG in the extracellular medium of cell culture is known to limit the transfection

efficiency of cationic polymers and liposomes [128,129]. In some cases, the com-

petition effects of GAG cannot be explained only by the decreased cellular uptake

of complexes but also by an alteration of their intracellular behaviour, especially in

endosomes [128,130]. Moreover, these works showed that delivery systems with

endosomal buffering capacities (PEI, DOGS) were more affected by the inhibitory

effects of GAG on gene transfer than fusogenic liposomes with DOPE as colipid,

which were the most resistant carriers. In the same way, the types and the

amounts of the cell surface GAG can affect not only the uptake of DNA complexed

with cationic polymers or liposomes but also its pathway influencing the transgene

expression as shown recently [131].
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Fig. 9. Effect of variable amounts of serum on transfection level in cultured B16-
F10 cells. One microgram of pUT650 plasmid DNA containing the luciferase gene
was complexed with different cationic lipids/DOPE (1:1) formulations with the
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6. TARGETING

6.1. Targeting to receptors on cell surface

The main goal of the delivery is to selectively target the cell of interest, while

sparing the normal tissues. For cancer cells, the targeting seems to be favoured

by the expression of specific membrane proteins. It should be possible to use

these unique molecular cell surface markers as targets.

From this idea, several methods can be conceived. For a chosen cell type, the

first method was the use of Fab corresponding to the target surface protein. The

second method was to use small peptides. Comparing these possibilities, there

were arguments to favour the use of peptides as ligands. Despite target

specificity, the high molecular weight of Fab is a major drawback. Moreover,

peptides are nearly invisible to the immune system and are expected to cause

minimal side effect [132,133].

6.2. Intracellular targeting

Besides the natural mechanism discussed above (Section 3.3) which depends

upon the cell, DNA has been associated with appropriate peptides to be delivered

in nuclei [134] or in mitochondria [69]. In the frame of this chapter, we describe an

example of mitochondrial transfection.

6.2.1. Transfection of mitochondria

The mitochondrial respiratory chain catalyses oxidative phosphorylation, i.e., the

oxidation of fuel molecules by oxygen and the concomitant energy transduction

into adenosine triphosphate (ATP) [69]. Most of the proteins involved in this

process are encoded by nuclear genes; however, 13 of them are encoded by

mitochondrial DNA (mtDNA). Point mutations and large rearrangements of

mtDNA have been reported in patients with various clinical presentations [135]. In

most cases, both normal and mutant mtDNA molecules coexist – a phenomenon

called heteroplasmy – the phenotypic expression requiring a minimum threshold

number of re-arranged molecules.

To date, there were few studies to investigate mitochondrial transfection

[136–140]. A strategy for a therapy of mitochondrial genomes requires a specific

orientation of oligonucleotides or plasmids towards the anomalous mitochondria.

A cationic lipid was used to deliver an oligonucleotide targeting the mitochondria

into the cell.

For this purpose, a 50 fluorescein-labelled oligonucleotide (50-CTC-CCT-CAC-

CAT-TGG-CAG-CCT-A-30) was synthesized and then coupled to the C-terminal

of ornithine transcarbamylase mitochondrial targeting sequence (H2N-

MLFNLRILLNNAAFRNGHNFMVRNFRCGQPLQN-COOH, Eurogentec). The

peptide-oligonucleotide conjugate, assigned thereof by PONC, was conditioned
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in PBS. Complexes of PONC and TMAEC-Chol/DOPE liposomes are prepared

following the above standard protocol. Measurements showed that at the molar

charge ratio cationic lipid/PONC equal to 2, there is no unbound peptide

oligonucleotide conjugate.

6.2.2. Delivery and persistence of vectorized PONC in cultured cells

Cultured skin fibroblasts transfected with the PONC–liposome complex were

observed by confocal microscopy. It was observed that the rhodamine lissamine-

labelled liposome (red fluorescence) and the fluorescein-labelled PONC (green

fluorescence) were restricted to the cytoplasm of the cells, demonstrating effi-

cient transfection in these cells [69]. The diffuse and homogenous aspect of

rhodamine lissamine-labelled liposome suggests a large diffusion of the liposome

throughout the cytoplasm, probably in the intracellular compartments. Con-

versely, the fluorescein-labelled PONC showed a punctate fluorescence. More-

over, liposome and PONC are differently distributed in the cell, indicating

dissociation of PONC from liposome and delivery of PONC in the cytoplasm. No

fluorescence can be detected in the nucleus. To facilitate the observation of the

PONC, non-labelled liposomes were used. The fluorescein-labelled PONC

showed a reticulated aspect (Fig. 10) resembling that obtained with rhodamine

123, a vital dye currently used to selectively stain and visualize mitochondria (not

shown). The pattern observed with FITC-oligonucleotides strongly suggests a

mitochondrial localization of the PONC. Non-transfected skin fibroblasts as well

as fibroblasts incubated with PONC unvectorized by cationic liposome did not

Fig. 10. Mitochondria transfection in fibroblast cell. Peptide oligonucleotide
PONC was labelled with fluorescein and complexed to unlabelled TMAEC-Chol/
DOPE liposome. The transfection conditions are described in the text. Bar rep-
resents 25mm. (Reproduced with permission from Geromel et al. [69].)
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show any fluorescence, indicating that only PONC complexed to the liposome

can enter the cell.

It is important to note that the oligonucleotides were dissociated from the vec-

tors after entry into the cells but they penetrated into cell mitochondria. This is due

to the ornithine transcarbamylase signal peptide, recognized by the mitochondrial

protein import machinery. The import of such an oligonucleotide in human cul-

tured skin fibroblasts is the result of the combination of cationic liposomes, which

allowed the oligonucleotide to cross the cell membrane and the signal peptide,

which targeted it to the mitochondrial matrix.

7. LIPOFECTION IN VIVO

In vivo assays are a necessary step for the selection of a carrier. Such assays for

analysis of bio-distribution or biological effect can be investigated by intravenous

injection. In some particular cases, local inhalation or direct injection in the tumour

was usually undertaken.

7.1. Intratumoural injection of B16-F10 tumours in nude mice [31]

Tumours were inoculated into immunodeficient nude mice. When convenient tu-

mour volume was obtained, tumours were injected with lipoplexes (15 mg of

plasmid pUT650) prepared at various cationic lipid/DNA ratios X [31]. The lip-

oplexes were administered by central bolus and the same amount of naked DNA

was diluted in sterile water and injected as control. After 24 h post-injection, mice

were sacrificed and tumours were removed for analysis. They were crushed and

centrifuged. Then supernatants were collected for luciferase activity measure-

ments. As seen in in vitro assays, results confirmed that the charge ratio was a

critical parameter for transfection of solid tumours induced by B16-F10 melanoma

cells in nude mice. Results on the efficiency of TEAPC-Chol/DOPE to carry DNA

at different X molar charge ratios (0.5, 1, 2, 4 and 6) into tumours showed that

noticeable transfection level was detected for naked plasmid DNA pUT650.

The maximum level was obtained with X ¼ 0.5 and there was reduction in trans-

gene expression when the molar charge ratio was increased. Compared to non-

vectorized plasmid, the transfection level observed with X ¼ 0.5 was enhanced

by a factor of five.

It is interesting to note that the best transfection level in tumours was obtained

with a low charge ratio. In comparing this with gel retardation assay and in vitro

transfection in the presence of serum (optimal transfection level obtained with

X ¼ 6, data not shown), this was an unexpected result. This abnormal behaviour

may be due to multiple reasons. One of them is that assays in vivo were made

with high cationic lipid concentration (for 45 nmol nucleotide in 100 mL), colloidal

properties were modified with aggregation and precipitation of cationic Lip(+)/
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DNA complexes. The shift of the optimal charge ratio towards lower values

seems not to depend on cationic lipids or solid tumour model but could be a

general phenomenon, as observed by other authors as well [55,141,142]. Con-

cerning environmental conditions, Schatzlein suggested that lower ratios of pol-

ymer to DNA with less excess positive charge are used with an advantage for

targeting in vivo because positive charge in excess can form the basis for ex-

tensive non-specific interaction with cells, proteins, erythrocytes or other mole-

cules in vivo [5,32,143].

Results in our laboratory showed (i) the superiority of the cationic lipids

constituted by three carbons in the spacer, i.e., TEAPC-Chol and especially

TMAPC-Chol and (ii) the probable influence of the hydration of the polar head.

Transfection results with a hydroxyethyled lipid (DMHAPC-Chol) has shown

transfection level comparable with that obtained with methylated TMAPC-Chol [86].

7.2. Effect of erythrocyte haemagglutination by cationic lipids/DNA
complexes

To understand the in vivo comportment of cationic liposomes/DNA complexes

presenting a differential sensibility to physiological environment and particularly

to blood components, the interactions between cationic lipids/DNA complexes

and erythrocytes were analysed [85].

For haemagglutination assay, erythrocytes were prepared as reported by Sa-

kurai et al. [143]. Briefly, fresh blood from nude mice was collected with a he-

parinized syringe. Erythrocytes were washed three times with physiological buffer

on ice by centrifugation (1000 g for 10min) to remove mouse plasma and re-

suspended in 150mM NaCl, 10mM Hepes buffer. One volume of lipoplexes, at

variable charge ratios, was combined with 7.5 volumes of red blood cells and

incubated for 10min at 37 1C before fresh state observation using light micros-

copy.

The interactions of lipoplexes with erythrocytes were studied [85]. These are

the main blood cells and so they could interact with lipoplexes. Interaction be-

tween erythrocytes and the TMAPC-Chol/DOPE (1:1) liposomes was explored as

a function of the charge ratio. After 10min of incubation, no haemagglutination

and no significant change was observed when erythrocytes were incubated with

the lipoplexes at the charge ratio of X ¼ 0.5 and X ¼ 1. When the charge of the

lipoplexes was increased, haemagglutination was observed at X ¼ 2 and leading

to strong haemagglutination at X ¼ 4.

In the same study, the effect of DOPE formulated with TEAPC-Chol on ha-

emagglutination was highlighted. At two charge ratios (X ¼ 1 and 2), the pictures

depicted that haemagglutination increases with the amount of DOPE in the for-

mulation. We can note that this effect was more pronounced with X ¼ 2. Similar

results were obtained with other lipids in the series for the effects of charge ratio
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and DOPE. These results afford some insights into the transfection in vivo. In-

deed, the major barriers to cationic lipid-mediated gene transfer in vivo are up-

stream of the interactions lipoplexes/cells, i.e., all the non-specific interactions

with the tumour environment, such as anionic GAG of the extracellular matrix,

endothelial cells of neovasculature, tumour-infiltering lymphocytes and the whole

blood. In solid tumours, cancer cells often occupy less than 50% of a tumour

mass. One to 10% of the volume is made up by the vasculature [144] and the rest

of the tumour volume consists predominantly of collagen-rich matrix. Although for

in vitro transfection, the positive charge of lipoplexes is the main reason for the

superiority of cationic liposomes in comparison with anionic or pH-sensitive lipo-

somes [145], the best transfection levels in vivo have been obtained with neg-

atively charged lipoplexes [12,31].

It was shown that no interaction was observed between negatively charged

lipoplexes (low charge ratio, here X ¼ 0.5) and the red blood cells known to

expose sialic acid groups on the membrane surface. On the other hand, when the

complex charge became positive, haemagglutination processes occurred, clearly

due to the interaction between lipoplexes and negatively charged red blood cells.

This contributes to underlining the major role of the lipoplex charge on in-

tratumoural transfection. The haemagglutination decreases the number of lip-

oplexes available to the transfection that, in turn, diminishes the transfection

level. It seems that in this process the chemical structure of cationic cholesterol

derivatives is apparently not implied. Although the presence of DOPE favours

interactions between lipoplexes and erythrocytes as indicated by the above re-

sults and as reported by Sakurai et al. [143], the use of a small charge ratio made

it possible to avoid haemagglutination and to enhance the lipofection in vivo.

The non-specific interactions as mentioned above can be reduced using cat-

ionic lipids presenting a polar head with more hydrophilicity in the chemical

structure. Both TMAPC-Chol and TEAPC-Chol lipids having the same spacer

length but differing in nitrogen substituents exhibited different activity in transfect-

ion in vivo. The best cationic lipid-mediated gene transfer in vivo was obtained

with TMAPC-Chol. The chemical structure of the hydrophilic part of TMAPC-Chol

corresponds to the phosphatidylcholine (PC), a natural phospholipid of plasma

membrane. In TEAPC-Chol, the methyl groups were substituted by bulky and

more hydrophobic ethyl groups, which should be therefore less hydrated. So this

may affect the opsonization, a phenomenon that can trap the lipoplexes or de-

stabilize them and facilitate their elimination. Similar strategies have been in-

vestigated with the PEG used to make ‘‘stealth’’ liposomes in systemic

administration and minimize opsonization [146]. Recent works have shown that

cationic poly(ethylene glycol) lipids incorporated into pre-formed vesicles can

enhance binding and uptake to cells [147]. However, the best level was obtained

in vitro with the lipid having the less hydrophilic head, TEAPC-Chol. Castresana

et al. [148] have proposed that the lamellar–hexagonal transition was accompa-

nied by a weakening in the shell of hydrogen-bonded water, and thus hexagonal
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phase formation requires partial dehydration of the phospholipid phosphate

group. This should have a consequence on the destabilization of the endosomal

membrane and the delivery of DNA in the cytosol.

It seems that the beneficial effect of the lipid head group with less hydrophilicity

inside the cell is compensated in vivo by the non-specific interactions with ex-

tracellular compounds, which were reduced by a higher hydrophilicity. The ap-

parent contradiction between in vitro and in vivo results can be explained in part

in this way.

8. DELIVERY OF DNA OF INTEREST

With successful DNA transfer assays, a promising area of research is gene

therapy [2–6,149]. In the scope of this chapter, we illustrate this by a transfer of a

suppressor gene in a cell line of mesothelioma in which long exposition to as-

bestos is usually implied [150].

8.1. Transfer of suppressor gene p16 into mesothelioma cells

Actually, several studies on tumour suppressor gene (p16, BRCA1 and BRCA2)

replacement have been developed for the treatment of malignancies due to cells

deficient of these genes. Among the expressed proteins, p16INK4a is found to be

mutated or deleted in many transformed cell lines and some primary tumours

derived from multiple human tissues, including pancreas, skin, brain, bladder,

lung and pleura [150]. p16INK4a participates in controlling the G1–S cell cycle

checkpoint through its indirect interaction with pRb protein [151–153]. So far, the

suppressor gene p16INK4a had been transferred using viral vectors [154,155].

Although limited [156], tumour suppressor gene p16 has been imported suc-

cessfully in a human-cultured pleural mesothelioma cell line by using cationic

liposomes. This delivery was demonstrated by tests of its functionality and its

effect on the cell proliferation [70].

8.1.1. Delivery and persistence of gene p16 observed by immunofluo-
rescence

Mesothelioma cells transfected with pCMV-p16 plasmids complexed with

TMAEC-Chol/DOPE and TEAPC-Chol/DOPE liposomes are illustrated in micro-

graphs of Fig. 11. Untransfected cells did not show any presence of p16, indi-

cating that mesothelioma FR cells do not express p16 (Fig. 11A). Cells

transfected with unvectorized pCMV-p16 showed only low level of p16 in the

nucleus (Fig. 11C) whereas cells transfected with pCMV-p16 vectorized by

TMAEC-Chol/DOPE and TEAPC-Chol/DOPE cationic liposomes showed higher

labelling (Figs. 11E and 11G, respectively). Comparison with cells stained with
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Fig. 11. Transfer of p16 into mesothelioma cells FR, observed by immunoflu-
orescence using antibodies against anti-p16, labelled with fluorescein. Cells were
transfected in OPTIMEM with pCMV-p16 complexed with cationic liposomes for
24 h. (A) Control untransfected cells FR. (C) Control FR cells transfected with
pCMV-p16 unvectorized by liposomes. (E) FR cells transfected with pCMV-p16
complexed with TMAEC-Chol/DOPE liposomes. (G) FR cells transfected with
pCMVp16 complexed with TEAPC-Chol/DOPE liposomes. Amount of plasmids:
3 mg. Molar charge ratio cationic lipid/DNA: X ¼ 2. (B, D, F, H): same fields ob-
served with DAPI staining. (Reprinted from Piperno-Neumann et al. [70]. Copy-
right 2003, with permission from Elsevier.)
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DAPI, a nuclear staining (Figs. 11B, D, F and H), shows that the expression was

rather nuclear. The fluorescence is only slight, diffuse in the cytoplasm and much

more intense in the nucleus as expected. It seems that there is slightly more

expression of p16 with TEAPC-Chol/DOPE liposomes than with TMAEC-Chol/

liposomes. These observations were confirmed by Western blotting analysis.

Delivered by TMAEC-Chol/DOPE or TEAPC-Chol/DOPE liposomes, the trans-

gene p16 strongly expressed in the nucleus and slightly in the cytoplasm, as

attested by a pattern that was much more fluorescent inside than outside the

nucleus. Moreover, the nuclear fluorescence was diffuse and not punctate, sug-

gesting that the protein is not located in limited areas of the nucleus.

8.1.2. Dose and time effect on proliferation of transfected FR mesothelioma
cells

The efficacy of the delivered gene was assessed by the effect on cell prolifer-

ation. Three days after transfection, a dose-dependence effect was already ob-

served. An inhibition of about 30% was obtained in cells incubated with 8mg of

pCMVp16. This inhibition was only transient because cell growth attained the

level of the control after 6 days. However with repeated doses, the inhibition was

maintained and reached about 50 and 63% after 6 and 9 days, respectively [70].

This inhibition effect agreed with the deficiency of p16 in the FR cells studied by

which, the delivery of p16 prevented cell growth. This inhibition rate is in the same

order as that observed by Frizelles on cells incubated with p16 gene delivered by

the viral route [155].

8.2. Inhibition of Her2/neu

The efficacy of TMAEC-Chol to carry short DNA has been studied in using the

oligodeoxynucleotide 28C designed against the gene Her2/neu overexpressed in

tumoural cells MCF7. For this purpose, a kit neu/c-erb-2 ELISA of Oncogene

Research was used. Details of the protocol were described in Porumb et al. [157].

Results indicate that the maximum inhibition of Her2/neu in MCF7 cells was

observed after an incubation time 6h as reported in the previous paper, and the

inhibition obtained with oligonucleotides transported by TMAEC-Chol/DOPE lipo-

somes is 15% more efficient than with oligodeoxynucleotides transported by lipo-

fectin [52].
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Abstract

Liposomes are colloidal structures formed by the self-assembly of phospholipid molecules

in aqueous solution. It is widely accepted that liposomes, lipid bilayer membranes, are of

great importance as models for biological membranes. Recently, widespread applications

have been considered in the areas of drug delivery systems, food chemistry, cosmetics,

and so on, because they can encapsulate both water- and lipid-soluble molecules or even

macromolecules.

Many studies have been performed on the pharmacological aspects of liposomes in

vivo and/or in vitro. However, only a few studies have been done on the physicochemical

properties of liposomes, in particular the molecular interactions between phospholipid and

its related substances in a lipid bilayer membrane. Investigation of these interactions is of

great importance not only practically, but also theoretically.

In this chapter, we review the molecular interactions between phospholipid and related

substances such as nonionic surfactants, lipophilic substances, steroids, glycolipids,

mangostin, ceramides, metal ions, water-soluble polymers, and proteins in a lipid bilayer.

Moreover, we describe a novel liposome preparation method that allows us to prepare the
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liposomes in a single step using supercritical carbon dioxide instead of a toxic organic

solvent.

1. INTERACTION BETWEEN NONIONIC SURFACTANT AND
PHOSPHOLIPID

To enhance the functionality of liposomes (for example, targetability for a specific

organ and/or cell), a molecular recognition element such as an amphoteric com-

pound having good biodegradability should be incorporated into the lipid bilayers

of liposomes [1]. In this section, we have solubilized some nonionic surfactants

having different polyoxyethylene chain lengths into the bilayers as a model of

molecular recognition elements: the nonionic surfactants used were hexadecyl

polyoxyethylene ethers (C16POEn; n ¼ 10, 20, and 40).

The liposomes including nonionic surfactants were prepared according to the

following procedure. After L-a-dipalmitoylphosphatidylcholine (DPPC, Nihon Oil &

Fats Co. Ltd.) dissolved in a chloroform solution, multilamellar vesicle (MLV)

including 2mM of DPPC was prepared by the method of Bangham et al. [2]. The

obtained MLV was irradiated with ultrasonic waves for 5 h at 501C to form small

unilamellar vesicles (SUV), followed by the addition of a given concentration of

nonionic surfactants. These mixtures were stirred for an appropriate time (12 h)

with a thermostat at 301C to reach their equilibrium.

Figure 1 shows the effects of the concentration of various nonionic surfactants

on the particle sizes of liposomes. The particle size of the liposomes including
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Fig. 1. Effects of the concentrations of various nonionic surfactans on the particle
sizes of liposomes at 301C.
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nonionic surfactants with short-polyoxyethylene chains (C16POE10) was nearly

independent (about 30 nm) of surfactant concentration, whereas the particle size

of the liposomes including nonionic surfactants with long-polyoxyethylene chains

(C16POE20 and C16POE40) decreased less than 10 nm, as the surfactant con-

centration increased. As the minimum value of liposome size is generally known

to be 20 nm, above 0.5mM of nonionic surfactant having long-polyoxyethylene

chains, the DPPC liposome is unable to be formed; a molecular aggregate such

as micelles would be obtained instead. To ascertain this, the trapping efficiency

for Calcein (3,6-dihydroxy-2,3-bis[N,N0-di(carboxymethyl)-aminomethyl]fluoran),

which is the aqueous model material and that is encapsulated into an inner water

phase of liposomes, was determined. Although the trapping efficiency for the

C16POE10 system was little changed (only 10% reduced) by the addition of the

surfactant, those for the C16POE20 or C16POE40 decreased rapidly, as the

surfactant concentration increased and then became nearly zero above 1mM of

the surfactant. This means that the molecular aggregate forms without an inner

water phase, indicating the destruction of the bilayer structure formed by DPPC

above this surfactant concentration.

To ascertain whether C16POE10 molecules become incorporated into lipo-

somes or not, after ultracentrifuging (105G, 5 h, 401C), chemical analysis of the

precipitates was performed according to the method of Takayama et al. [3]. The

amount of DPPC was independent of surfactant concentration, and all the DPPC

molecules added existed in the precipitates. At the same time, all the C16POE10

molecules also existed in the precipitate. We also investigated molecular inter-

actions between C16POE10 and DPPC molecules in bilayers of liposomes by

differential scanning calorimetry (DSC) measurement; the cooperative effect of

the phase transition of DPPC molecules decreased because of the penetration of

the nonionic surfactant into the DPPC molecules.

Liposomes prepared only from phospholipid are unstable because of the lack

of charged materials on their surface. Liposomes usually contain dicetyl phos-

phate (DCP), which is a charged material, to prevent the coagulation of liposome

[4]. When liposomes are administered in the human body, those with negatively

charged materials have little toxicity [5]. Therefore, we prepared the liposomes

with DCP and then investigated the effects of the concentration of nonionic

surfactant on the zeta potential of liposomes. We found that every absolute value

of zeta potential decreased considerably with increasing nonionic surfactant

concentrations. Moreover, the degree of depression increased with increasing

polyoxyethylene chain lengths. It can be postulated that the alkyl chains of the

nonionic surfactant penetrate into the DPPC bilayers. The polyoxyethylene chain

hydrophilic moieties cover up the liposome surface.

In summary, the particle size and trapping efficiency of the liposomes decrease

rapidly with increasing concentration of nonionic surfactant possessing a long-

oxyethylene chain (C16POE20 and C16POE40), but show virtually no change in the

case of a short-oxyethylene chain (C16POE10). The cooperative effect on the
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physical properties of a bilayer caused by interaction among DPPC molecules

decreases with increasing concentration of the nonionic surfactant. The absolute

value of the zeta potential for the liposomes also decreases following the addition

of a nonionic surfactant. The addition of a long-polyethoxylated nonionic surfact-

ant to DPPC liposome solution induces structural changes of molecular assembly

and in particular, in the presence of excess amounts of C16POE20 and C16POE40,

the DPPC liposome with nonionic surfactant does not form. Recent interesting

findings related to liposomes with nonionic surfactants were achieved by Matsu-

moto et al. [6,7]. They reported that L-a-dimyristoyl phosphatidylcholine (DMPC)

liposomes with dodecyl polyoxyethylene ethers exhibit a highly inhibitory action

against the growth of tumor cells as well as intercellular responses against le-

ukemia cells (HL-60) related to apoptosis. The differences in the physicochemical

properties of the liposome including nonionic surfactants, which we revealed

might cause these attractive biological activities.

2. INTERACTION BETWEEN LIPOPHILIC SUBSTANCE AND
PHOSPHOLIPID

Liposomes are spherical molecular assemblies composed of a lipid bilayer mem-

brane and an inner water phase [8]. Thus, water-soluble (hydrophilic) molecules

can be incorporated into the inner water phase of liposomes, and at the same

time a hydrophobic molecule can also be incorporated into the lipid bilayer

membranes forming a hydrophobic moiety. In particular, numerous recent drugs

give rise to an enhanced utilization of lipid-soluble molecules.

In this section, we describe incorporation of lipophilic substances having differ-

ent hydrophilic groups such as octane, 1-octanol, and octanoic acid into the lipid

bilayer membrane. Preparation of liposomes including lipophilic substances was

almost the same as the method mentioned above (Section 1). The only differ-

ences were the composition of liposomes (DPPC/cholesterol/DCP ¼ 7:4:0.7) and

the total concentration of lipid (10mM).

First, we investigated the variation of absorbance of the liposome solutions

including lipophilic substances with incubation time. Figure 2 shows the relation-

ship between absorbance and incubation time of liposomes incorporating various

lipophilic substances (30mM) at 301C. Here, arrows indicate the time required to

attain a constant absorbance. As can be seen in Figure 2, the time required to

achieve constant absorbance decreased with increasing hydrophilicity of lip-

ophilic substances (octanoic acido 1-octanolo octane). We previously reported

[9] on the solubilization of lipophilic substances by surfactant micelles: octane,

being a nonpolar compound, is solubilized into the hydrocarbon core of the

surfactant micelles, whereas 1-octanol and octanoic acid, being polar sub-

stances, thrust the polar group out of the surface of the surfactant micelles

and their alkyl chains penetrate the palisade layers of the surfactant micelles.
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Moreover, 1-octanol, having a weaker hydrophilicity than octanoic acid, is deeply

solubilized into the palisade layers of the micelles. Furthermore, compounds

having strong hydrophilic groups offer little solubilization in micelles [10] because

of their strong interaction with water molecules. The addition of suitable amounts

of alcohols and/or fatty acids into the solutions containing surfactant molecules

promotes the formation of a molecular aggregate such as a microemulsion. Thus,

for lipophilic compounds having a cooperative effect for forming an aggregate

with DPPC molecules (in other words, strongly hydrophilic compounds), the time

to attain distribution equilibrium of lipophilic compounds between the inside and

outside of the liposomes is short, whereas for compounds without a cooperative

effect with DPPC (e.g. octane) the time for the establishment of equilibrium be-

comes longer.

Furthermore, the trapping efficiency measurement of glucose revealed that the

aggregates will change from a bilayer structure to a monomolecular structure

without an inner water phase at higher concentrations of 1-octanol and octanoic

acid. The trapping efficiency for the system with added octane without hydrophilic

groups became a constant (0.6%) above 100mM of octane, whereas that for 1-

octanol and octanoic acid with hydrophilic groups became nearly zero above

100mM of lipophilic substances. The trapping efficiency being zero means

an absence of an inner water phase in the molecular aggregate, as mentioned

previously.

The microenvironment, such as micropolarity determined by the fluorescence

probe method, is important in investigations of the solubilization sites of lipophilic
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Fig. 2. Relationship between absorbance and incubation time of liposomes in-
corporating various lipophilic substances at 301C.
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substances in the bilayer membranes of liposomes. Pyrene is a well-known typ-

ical fluorescence probe, like aromatic hydrocarbons, which exists in the hydro-

carbon region of a bilayer membrane. Pyrene monomer fluorescence shows five

predominant peaks. In the present case of pyrene, peak 3, which is strong and

allowed, shows minimal intensity variation with polarity. Peak 1 shows significant

intensity enhancements in polar solvents. Thus, the intensity ratio of peak 1/peak

3 serves as a measure of polarity [11]. Figure 3 exhibits the relationship between

the Il/I3 ratio of pyrene in liposomes and the concentration of lipophilic sub-

stances. Pyrene concentration was 12.5 mM. Here, the Il/I3 ratio of pyrene in the

bilayer membrane of liposomes was considerably larger than that in pure decane

(0.581). As shown in Fig. 3, the micropolarity (Il/I3) for the added octanoic acid

system was almost independent of the concentration of octanoic acid. On the

other hand, the micropolarity for the added 1-octanol system was slightly de-

creased, and that for the added octane system was considerably decreased with

an increasing concentration of the lipophilic substance. It can be postulated that

the Il/I3 ratio of pyrene solubilized in the bilayer membrane (micropolarity) is

dependent on the change of environment of pyrene solubilized and the influence

of water molecules existing both in continuous and inner phases. In other words,

when the lipophilic substances are incorporated into the hydrocarbon core of the

bilayers or are prevented from interacting with water molecules, the Il/I3 of pyrene

(in other words, micropolarity) will decrease. Namely, for the added octane sys-

tem, as the Il/I3 ratio decreased considerably with an increasing concentration of
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octane, which means that the octane exists in surroundings with the pyrene

molecules solubilized in the hydrocarbon core of liposomes, where the pyrene

is protected from interaction with water molecules. For the 1-octanol system, the

Il/I3 decreased slightly with an increase in concentration of 1-octanol, which

means the pyrene solubilized in the hydrocarbon core is slightly affected by water

molecules because of the extension of lipid bilayers caused by a deep penetra-

tion of 1-octanol molecules. For the added octanoic acid system, Il/I3 was nearly

independent of the concentration of octanoic acid, which means that the octanoic

acid molecules penetrate the bulky palisade layer of the liposomes and avoid the

pyrene solubilized in the hydrocarbon core of the liposomes.

From the results mentioned above, the solubilization site of lipophilic sub-

stances in the liposomes strongly depends on their hydrophilicity. The lipophilic

substance having higher hydrophobicity exists inside the bilayers, and that having

higher hydrophilicity exists near the liposome surfaces. Moreover, the excess

addition of substances having hydrophilicity is likely to cause a change of ag-

gregate structures. These facts should be considered when liposomes are used

in practice as carriers for lipophilic drugs.

3. INTERACTION BETWEEN STEROID AND PHOSPHOLIPID

Liposomes are generally composed of a phospholipid, DCP (a charged lipid), and

cholesterol (a steroid that serves to prevent coagulation) to minimize leakage of

the entrapped materials [12–14]. However, only a few studies have been done on

the physicochemical properties of liposomes, in particular, the molecular inter-

actions between phospholipids and some steroids in a bilayer membrane. In this

section, we describe the chemical and structural effects of steroids on the mo-

lecular interaction between phospholipid and some steroids.

The liposomes used in this section were prepared by the reverse-phase evap-

oration method [15]. Briefly, the DPPC, steroids, and DCP (7:3:1) were dissolved

in a mixture of diethyl ether and ethanol and then 0.28mol L–1 glucose solution

was added with a proper volume. The water in oil (W/O) emulsion was formed by

sonication (bath type; Branson B-220, Tokyo, Japan) for 10–20min. After the

solvent of the emulsion was removed using a rotary evaporator, a gel was

formed. Finally, reverse-phase evaporation vesicles (REV) were obtained after

being shaken on a Vortex mixer for several minutes.

First, we examine the surface pressure–area isotherms of the mixed DPPC/

steroid monolayers at the air–water interface because we have previously re-

ported that the two-dimensional (2D) intermolecular interaction in a lipid mono-

layer is corrected with the lateral interaction in a lipid bilayer [16]. As can be seen

in Fig. 4, each DPPC/steroid-mixed monolayer is found to form a condensed

monolayer for the different types of steroids. The compressibilities of the mixed

monolayer of DPPC with steroids (cholesterol, b-cholestanol, b-sitosterol, and

Molecular Interactions Between Lipid and its Related Substances 197



stigmasterol), which have the same hydrophilic group (OH group), were almost

the same, but that of the mixed monolayer of DPPC with 4,22stigmastadien-3-

one, which has a quinone group, was different from the others (Table 1). The

compressibility was determined by the cross point of the tangent line of the

surface pressure–area curves near the collapse pressure and the X-axis.

From the results of a limiting area, it can be postulated that the steroids having

a hydroxyl group (OH group) as a hydrophilic group orient vertically at the in-

terface, while the 4,22stigmastadien-3-one having a quinone group (O: group) as

its hydrophilic group slopes slightly at the interface, because the formation of

conjugated double bonds of quinone groups with steroid rings and steroid ring-

containing quinone groups form a planar molecule.

In the case of the mixed monolayer of DPPC/steroids having the same OH

group, the collapse pressure for the mixture of steroids having smaller side

chains as cholesterol or b-cholestanol was larger than for the mixture of steroids

having a branched side chain as b-sitosterol and stigmasterol. When the limiting

areas of the mixed monolayers are compared with steroids for which the collapse

pressure is almost the same, those for stigmasterol with a double bond in the side

chain are found to be larger than those for b-sitosterol without such a bond. This

may be attributed to the fact that, when a double bond exists in a side chain, the

rotation of molecules does not occur, leading to a loose orientation and an in-

crease in the limiting area. Meanwhile, the limiting area of cholesterol with a

double bond in the steroid ring and b-cholestanol without it had almost the same

values. The interaction of hydrophobic groups between DPPC and steroid
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Table 1. Limiting area, collapse pressure, and compressibility for steroid (DPPC/steroid ¼ 7:3)

Cholesterol b-Cholestanol b-Sitosterol Stigmasterol 4,22-Stigmastadien-3-one

Limiting area ( Å2/molecule) 48.1 46.4 52.0 55.5 77.9

Collapse pressure (mN/M) 47 48 43 42 41

Compressibility (mN/m)� 10–3 1.3 1.1 1.6 1.9 3.3
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increases with a decrease in the number of side chains and double bonds in the

order, cholesterol ¼ b-cholestanol4b-sitosterol4stigmasterol.

The permeability of the bilayer membrane was then estimated by a glucose

dialysis method. Figure 5 represents the time course of the glucose leakage from

the liposomes. The glucose leakage from the liposomes was decreased by the

addition of steroids, indicating that incorporation of steroids into a bilayer mem-

brane results in an increase in the stability of the liposomes. Moreover, the extent

of leakage depends on the kinds of steroids. It is clear that the order of the

stability of the bilayer membrane can be considered to be cholesterol4

b-cholestanol4b-sitosterol4stigmasterol. As this tendency is almost consistent

with the propensity, mentioned above, of the molecular interaction between

DPPC and steroids (cholesterol ¼ b-cholestanol4b-sitosterol4stigmasterol), the

permeability of a bilayer membrane is likely to increase with a decrease in the

interaction between DPPC and the steroids.

It was found that the molecular interaction between DPPC and steroids in the

hydrophobic membrane depends on the structure of the side chains of the ster-

oids, if the hydrophilic group of the steroids is the same, and the interaction

decreases with increasing branching and number of double bonds of the side

chains of the steroids. The permeability of water-soluble glucose through the

membrane depends on the interactions between lipid and steroid; consequently,

the permeability increases, while the interactions decrease.
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4. INTERACTION BETWEEN GLYCOLIPID AND PHOSPHOLIPID

For DDS, it has been reported that the orientation of carbohydrate groups on the

surface of a liposomal membrane provides target specificity for the internal or-

gans [17,18]. For example, terminal galactose residues of glycolipids are effective

for the liver [19]. In this section, liposomes composed of phospholipids (DPPC),

cholesterol (Chol), charged materials (DCP), and glycolipids having a terminal

galactose residue in the molecule were prepared to investigate the molecular

interactions between glycolipids and phospholipid in liposomes.

Liposomes including glycolipid were prepared by the Bangham method as

described in Section 1. The glycolipids used were 1,2-diacyl [b-D-galactopyra-

nosyl (10-3)]-sn-glycerol (monogalactosyl diglyceride, MG) and 1,2-diacyl [a-D-

galactopyranosyl (10S-60) b-D-galactopyranosyl (10-3)]-sn-glycerol (digalactosyl

diglyceride, DG).

We examined the effect of the glycolipids on the permeability of liposomes.

Figure 6 depicts the glucose leakage from the liposomes. In both liposome sys-

tems, i.e. with cholesterol (Fig. 6(a)) and without cholesterol (Fig. 6(b)), the re-

lease of glucose from the liposomes increased with time. Moreover, a two-stage

release of glucose molecules from the liposomes could be observed. Both with

and without cholesterol, the early stage was more rapid than the later stage. The

leakage of glucose from the liposomes without cholesterol, however, was more

rapid than that from those with cholesterol in both stages. Thus, in the absence of

cholesterol in these liposome systems, the bilayer membranes are less stable, as

mentioned in the above section. The glucose leakage in those liposomes includ-

ing DG was less than in those including MG. This means that the sugar chains in

the glycolipids inhibit permeability.

Some lectins can interact with specific saccharide molecules on the cell sur-

face. A galactose-specific lectin, Ricinus Communis agglutinin (RCA120), [20] was

used. A 1mL portion of 200 mgmL–1 RCA120 was added rapidly to a 1mL portion

of 0.5 mmolmL–1 liposomes including glycolipids. The mixture was vortexed and

immediately transferred to a submicron particle size analyzer. The agglutination

was determined by monitoring the increasing particle size with time.

Figure 7 shows the time required to increase the particle size of the liposomes

in the presence of RCA120. Both with and without cholesterol, the time course of

the liposome particle size without glycolipids was independent of RCA120 con-

centration, while that of the liposome particle size with glycolipids was fairly de-

pendent on the RCA120 concentration level.

The particle size was increased with an increase in the amount of glycolipids

added. In DG-including systems, an enlarging effect was observed upon the

addition of RCA120 to the liposomes; little effect was seen in MG-including sys-

tems. This increase in the liposome particle size may be caused by the agglu-

tination of galactose groups in the glycolipids when RCA120 molecules are
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involved. It can be postulated that increasing the numbers of galactose groups in

the glycolipids added to the liposomes results in an improvement in the recog-

nition of RCA120.

Next, the effect of sugar groups in the glycolipids on the zeta potential of the

liposomes was examined. The zeta potential of the liposomes without glycolipids

was about–29mV (with cholesterol) and �30mV (without cholesterol). These

negative zeta potentials are due to the ionization of DCP, which is a negatively

charged lipid. The absolute value of the zeta potential decreased with an increase
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in the mole fraction of the glycolipids. In DG-including systems, the absolute

value of the zeta potential was smaller than that in MG-including systems.

In summary, liposomal bilayer membranes are stabilized by the addition of

glycolipids. The sugar groups in the glycolipids can then improve the interaction

between the liposomes and lectin. The absolute value of the zeta potential of the

liposomes decreases with the addition of glycolipids, resulting in a decrease in

the dispersibility of the liposomes. The liposomes with glycolipid prepared in this

section would be effective for targeting the liver.
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5. INTERACTION BETWEEN MANGOSTIN AND PHOSPHOLIPID

Liposomes have a lot of advantages when they are applied as drug carriers [21].

For example, many highly toxic agents encapsulated in liposome show a reduc-

tion in normal tissue side effects. An improvement in the pharmacological effects

of various agents, which are poorly soluble or insoluble, can also be achieved.

Numerous agents, both synthetic and natural extracts, have been encapsulated

in liposomes. However, mangostin, a xanthone compound, extracted from the

fruit hull of the mangosteen (Garcinia mangostana, Linn. (Guttiferae)) with hex-

ane followed by extensive rapid column chromatography [22], has never been

studied in liposomes.

Several studies have revealed a number of pharmacological activities, i.e.

cardiotonic, antimicrobial, and anti-hepatotoxic effects, as well as an anti-inflam-

matory activity of mangostin and its derivatives. It was found that mangostin at a

dose of 50mg kg–1 exhibits pronounced anti-inflammatory activity in the car-

rageenin-induced paw edema, cotton pellet implantation, and granuloma pouch

models [23]. The entrapment of mangostin, a hydrophobic compound, in lipo-

somes can be of pharmacological advantage, since enhancement of the ab-

sorption through the biological membrane by entrapment or solubilization of

mangostin in the bilayers of liposomes is anticipated.

In this section, liposomes composed of phospholipids, cholesterol, charged

materials, and mangostin (1,3,6-trihydroxy-7-methoxy-2,8-bis-(3-methyl-2-bute-

nyl)-9-xanthenenone) were prepared to investigate the molecular interactions

between mangostin and phospholipid. Three types of liposome were prepared by

the Bangham method: uncharged liposomes (Unc.L) composed of DPPC and

Chol (molar ratio 1:1), negatively charged liposomes (Neg.L) composed of DPPC,

Chol, and DCP (7:3:1), and positively charged liposomes (Pos.L) composed of

DPPC, Chol, and stearyl amine (SA) (7:3:1).

First, the effects of the liposome formation on the addition of mangostin were

examined by measuring the amount of DPPC used for liposome formation. In the

case of Unc.L, up to the addition of 5wt.% mangostin, all the DPPC was able to

contribute to the formation of liposomes. Beyond this additive amount, not all the

DPPC was utilized. Similar to the case of Unc.L, the DPPC amount contributing to

the formation of liposomes was changed at the additive point of 15wt.% man-

gostin for Neg.L and 10wt.% mangostin for Pos.L.

The effects of mangostin on the microscopic state of the liposomal bilayer

membrane were then investigated. Fluorescent fatty acid probes were used in

this study to interpret the microviscosity at different depths in the membranes. It is

generally known that 2-(9-anthroyloxy)-palmitic acid (2-AP) can probe the region

close to the membrane surface, while 12-(9-anthroyloxy)-stearic acid (12-AS) can

probe the region near the bilayer center [24]. The microviscosity, which is related

to the fluorescence polarization, can be calculated using Perrin–Weber’s equa-

tion [25]. It is also known that fluorescence polarization increases with increasing

T. IMURA et al.204



microviscosity. The fluorescence polarization (P) was calculated using the fol-

lowing equation [24]:

P ¼
IP �GIV

IP þGIV
ð1Þ

Where Ip and Iv are the fluorescence intensities of the emitted light polarized

parallel and verticle to the exciting light, respectively, and G is the grating cor-

rection factor. Figure 8(a) (2-AP probe) and 8(b) (12-AS probe) denote the re-

lationship between fluorescence polarization and the amount of mangostin

added. In all types of liposomes, both the microviscosity at the region close to the

membrane surface of the bilayer membranes and at the region near the bilayer

center were increased with the addition of more mangostin. An increase in the

amount of mangostin added seems to correspond to an increase in the com-

ponent number of the liposomal bilayer. Mangostin solubilized in bilayers is found

to cause the fluidity of the acyl group to decrease and the microviscosity to

increase, owing to the tight packing of lipids.

We further examined the effects of mangostin on the permeability of liposomes.

Figure 9 displays the glucose leakage from the liposome. In each liposome

(Unc.L, Neg.L, and Pos.L or blank liposome and mangostin liposome), the leak-

age of glucose from liposomes increased with time. However, the glucose leak-

age for mangostin liposomes (in all types) was depressed compared with that for

blank liposomes. This is a result of the tight packing of the bilayer membrane,

which is caused by mangostin solubilized between lipids.

In this section, we reveal that there is a maximum additive concentration (MAC)

of mangostin for each individual liposome (Unc.L, Neg.L, and Pos.L). Liposomal

bilayer membranes are stabilized by the solubilization of mangostin in each lipo-

some type, which results in restriction of glucose leakage from liposomes. These

changes in the physicochemical properties of liposomes should be considered for

practical application of mangostin liposomes (liposome-solubilized mangostin).

6. INTERACTION BETWEEN CERAMIDE AND PHOSPHOLIPID

Liposomes are also very promising drug carriers in external drug application

because they remain on the skin or in the stratum corneum after application,

releasing effective amounts of enclosed drugs in a sustained manner [26–28,29].

Moreover, externally applied drug-including liposomes are reported to enhance

transdermal absorption of the drug [30].

Human skin consists of the epidermis, dermis, subcutaneous tissue, and stra-

tum corneum. In particular, the stratum corneum lipids construct the water-

permeability barrier, in which the control of water permeability is essential for

survival in any living system. The stratum corneum lipids are composed of 50%

ceramides, 5% cholesterol, 10% cholesterol esters, and 20% free fatty acids. A
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decreased level of ceramides in the stratum corneum of atopic dermatitis has

been found, suggesting that an application of a small amount of ceramides may

be effective for dry skin dermatitis [31]. The manufacturing of a ceramide product

is, however, a difficult problem because ceramides can barely be dispersed in an

aqueous medium. It is expected that the dispersibility of ceramides will be im-

proved by liposome formation with phospholipid.

In this section, the liposomes composed of phospholipids and ceramides were

prepared to examine the effects of ceramides on the physicochemical properties

of liposomes.
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The liposomes were prepared by the Bangham method and the composition of

liposomes in this section was as follows: DPPC/2S,3S, 4R-2-stearoylamide-

1,3,4-octadecanetriol (Ceramide 3)/DCP ¼ 10:(0�1.5):1. Ceramide 3 was cho-

sen as a ceramide since Ceramide 3 exists with higher concentration in the

epidermis and the stratum corneum.

The effect of Ceramide 3 on the formation of liposomes was examined by

measuring the amount of DPPC that forms liposomes. All the DPPC was able to

contribute to the formation of liposomes including Ceramide 3 up to 0.130mol

fraction of Ceramide 3, but not all the DPPC was utilized at higher mole fractions

of Ceramide 3. Agglutination of Ceramide 3 was also observed with optical mi-

croscopy for liposome solutions containing more than 0.166mol fraction of Cer-

amide 3.

The effect of Ceramide 3 on the microviscosity of liposomes was investigated

using 1,6-diphenyl-1,3,5-hexatriene (DPH) as a fluorescent probe. Figure 10

shows the relationship between the fluorescence polarization of DPH and tem-

perature. The fluorescence polarization of DPH in the DPPC bilayer membranes

without Ceramide 3 suddenly decreased above 421C, which agrees with the phase

transition temperature of DPPC. The phase transition temperature was raised by

the addition of Ceramide 3. The microviscosity of liposomal bilayer membranes in

the liquid crystalline state was increased with increasing mole fraction of Ceramide

3, while that in the gel state was independent of the mole fraction of Ceramide 3.

Ceramide 3 is likely to affect the microviscosity in the hydrophobic region of

liposomal bilayer membranes in the liquid crystalline state. The results shown in

Fig. 10 suggest that the intermolecular interactions in the liposomal bilayer
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membranes in the liquid crystalline state are strengthened and the packing density

in the membranes becomes rigid by the addition of Ceramide 3.

The DSC curves for the mixed DPPC/Ceramide 3 liposomal bilayer mem-

branes were then obtained by varying the mole fraction of Ceramide 3, and the

results are shown in Fig. 11. Ceramide 3 had no peaks for at least 0–1001C (the

DSC curve is not presented in Fig. 11). This phenomenon is consistent with the

fact [27] that Ceramide 3 forms only the liquid-condensed film, as observed for

the surface pressure measurement of the Ceramide 3 monolayer. An endother-

mic peak at about 411C corresponds to the gel–liquid crystalline phase transition

temperature of DPPC. The phase transition temperature of DPPC bilayer mem-

branes was shifted upward with the addition of Ceramide 3, indicating that the

liposomal bilayer membranes became thermostable by the addition of Ceramide

3. The shift of the main phase transition temperature to a higher temperature

implies a cooperative interaction between DPPC and Ceramide 3molecules, in-

dicating also that Ceramide 3 is miscible with DPPC. The phase transition be-

tween the gel and liquid crystalline phases observed for phospholipid bilayers is

related to the phase transition of phospholipid monolayers, from the liquid-ex-

panded film to the liquid-condensed film. An attractive interaction between Cer-

amide 3 and DPPC in the liquid-expanded films of the mixed DPPC/Ceramide 3

monolayers has been reported in our previous paper [27].

A sharp DSC peak observed for the pure DPPC system became broad in the

mixed DPPC/Ceramide 3 liposomal bilayer membranes. Furthermore, a DSC

peak was noted to split at higher mole fractions of Ceramide 3. The split peak is
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suggested to be caused by the phase separation in the liposomal bilayer mem-

branes. We have also published atomic force microscope (AFM) images of the

mixed DPPC/Ceramide 3 monolayers [27], in which elliptical domains and matrix

caused by the phase separation between the liquid-condensed and the liquid-

expanded films were found; the domains and the matrix observed for the mixed

DPPC/Ceramide 3 monolayers correspond to the liquid-condensed and the liq-

uid-expanded films. The DSC curves shown in Fig. 11 should be considered in

connection with the AFM images. As an example, in the DSC curve for the mixed

DPPC/Ceramide 3 system whose mole fraction of Ceramide 3 is 0.130, the peaks

at a lower temperature (about 461C) and at a higher temperature (about 541C)

may possibly correspond to the matrix and domains in the AFM images, where

the matrix and domains are poor and rich in Ceramide 3, respectively. The de-

crease in the calorie of the DSC peak at a lower temperature is also consistent

with the decrease in the matrix area at a higher mole fraction of Ceramide 3 in the

AFM images.

In summary, in the preparation of mixed DPPC/Ceramide 3 liposomes, all the

DPPC is able to contribute to the formation of liposomes up to 0.130mol fraction

of Ceramide 3. The microviscosity of the liposomal bilayer membranes in the

liquid crystalline state is increased with increasing mole fraction of Ceramide 3,

while that in the gel state is independent of the mole fraction of Ceramide 3. The

phase transition temperature of DPPC bilayer membranes is shifted upwards with
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the addition of Ceramide 3, indicating a cooperative interaction between DPPC

and Ceramide 3molecules. However, the sharp DPPC peak becomes broad in

the mixed DPPC/Ceramide 3 systems and is split at higher mole fractions of

Ceramide 3. The split peak is possibly caused by the phase separation in the

liposomal bilayer membranes. The split DSC peak for the mixed DPPC/Ceramide

3 bilayer membranes may possibly be related to the domain formation observed

for the mixed DPPC/Ceramide 3 monolayers.

In addition, the dispersibility of liposomes including Ceramide 3 is maintained

for at least 15 days: this indicates that the liposomes composed of DPPC and

Ceramide 3 could be available as a ceramide product.

7. INTERACTION BETWEEN METAL ION AND PHOSPHOLIPID

Divalent metal ions such as Ca2+ and Mg2+ are distributed in all mam-

malian cells and play important roles in biological functions [32–35,36]. The in-

teractions of these metal ions with the lipid membrane have been studied in

terms of the basic properties of lipid assemblies and possible physiological

implications of interest. The fusogenic activity of cations for phosphatidylserine

with cholesterol systems has been reported by Shavnin et al. [37]. The phe-

nomena mentioned above are interpreted according to the dehydration ability of

the metal ions.

In this section, attenuated total reflection (ATR) Fourier transform infrared (FT-

IR) spectroscopy and DSC are applied to liposome systems to elucidate the

interactions between metal ions and phospholipid bilayers.

Liposomes were prepared by sonication with a bath-type sonicator (Branson

B-220) in which phospholipids were suspended in N-Tris (hydroxymethyl) methyl-

2-aminoethanesulfonic acid (TES) buffer solution (100mM NaCl, 2mM N-Tris-

(hydroxymethyl)methyl-2-aminoethanesulfonic acid, pH 7.4) for 1 h at 501C. Two

kinds of phospholipids, DPPC and L-a-dipalmitoylphosphatidylglycerol (DPPG),

were used.

First, we examined the effect of divalent metal ions on the hydrophobic region

of DPPC and DPPG liposomes. Figure 12 depicts the change in the antisym-

metric CH2 stretching wavenumber for DPPC and DPPG liposome as a function

of the Ca2+ ion to phospholipid concentration ratio, at a temperature both above

and below the phase transition temperature (70 and 221C). In the gel phase, the

pure DPPC and DPPG liposomes showed the same wavenumber (2918 cm–1),

while in the liquid crystalline phase, the band of the DPPG liposome without ions

shifted to higher wavenumbers than that of the DPPC liposome (2923 and

2921 cm–1 respectively). These results imply that the DPPG liposome exists in a

more disordered state than the DPPC liposome in the liquid crystalline phase as a

result of the inflation of gauche conformers. Furthermore, the addition of Ca2+ to

the liposome solution caused the frequency shift to disappear in the DPPG
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liposome. It is considered that the hydrocarbon part of the fatty acyl chain of the

DPPG liposome changes to a highly ordered trans form by Ca2+-induced iso-

thermal crystallization [38]. From these results, a higher concentration of Ca2+

(molar ratio 10) is needed to the entire gel transition of the fatty acyl chain.

Frequency shifts of antisymmetric CH2 stretching were not observed by addition

of Mg2+ and Ba2+. On the other hand, the antisymmetric CH2 stretching band for

the DPPC liposome was independent of the metal ion concentration.
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The effect of divalent metal ions on the hydrophilic region of DPPC and DPPG

liposomes was then examined. Infrared spectra of the phosphate-stretching re-

gion of DPPC and DPPG liposomes with various metal ions at an ion to

phospholipid ratio of 10 in the liquid crystalline phase are shown in Fig. 13. The

antisymmetric and symmetric phosphate-stretching absorptions were observed

at 1223, 1087 cm–1 for DPPC and at 1215, 1091 cm–1 for DPPG, respectively.

The antisymmetric phosphate-stretching band for DPPC was observed at a sig-

nificantly higher frequency than for DPPG, suggesting that the phosphate group

for DPPC is restricted by other nearby molecules such as water and/or the cho-

line group in the neighborhood of the phospholipid molecule. The symmetric

(1067 cm–1) stretching mode of the C–O–C band overlapping the strong PO4
�

band was observed at the same frequency for DPPC and DPPG liposomes. In

the presence of Ca2+, the antisymmetric phosphate-stretching band of DPPC

was shifted to higher frequency. This frequency shift is due to loss of bound water

from the DPPC phosphate group. In the case of the DPPG liposome, the metal

ion effect was significant. With Ca2+, the C–O–C band frequency of the DPPG

liposome was shifted to lower frequency. This shift is due to intramolecular

nonequivalence of the two ester groups. Furthermore, the bandwidth of the
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antisymmetric phosphate-stretching peak narrowed and the wavenumber of the

symmetric one was observed at a higher side, reflecting the immobilization of the

phosphate group as a result of the Ca2+ ion binding. The symmetric phosphate-

stretching band was split into four bands in the presence of Mg2+, 1120, 1108,

1103, 1095, and 1090 cm–1. The split is attributed to the antiplanar–antiplanar

conformation of the torsional angles of the two P–O ester bonds [39]. These

splittings may reflect intra- and intermolecular nonequivalence of the ester

groups. In the presence of Ba2+, the phosphate band of DPPG was somewhat

sharpened. The effects of Ca2+ and Mg2+ on the DPPG liposome were cumu-

lative, while the effect of Ba2+ was not.

The metal ion concentration dependence of the infrared spectra of the sym-

metric phosphate-stretching region for DPPG liposome was then examined. The

DPPG liposome was revealed to be almost independent of Ba2+ concentration.

This indicates that there is no strong interaction or chelate formation between

Ba2+ and the phosphate group of DPPG molecules. Being at high Mg2+ con-

centration, the phosphate group remained in a somewhat hydrated state. The

symmetric phosphate-stretching band was sharpened due to complete dehydra-

tion by Ca2+ ion. From these results it can be seen that the ability of metal ions to

dehydrate the phosphate group decreases in the order of Ca2+bMg2+4Ba2+.

The phase transition temperature estimated by DSC measurement of DPPG

liposomes was gradually shifted to 901C with Ca2+, to 681C with Mg2+, and to

471C with Ba2+ (metal ion concentration 40mM). It may be noted that the tran-

sition temperature of the hydrated DPPG remains at 501C in high Mg2+ ion

concentration solution. This thermogram corresponds to the result of the infrared

spectrum of symmetric �PO4
� stretching band in which the –PO4

� remained in a

somewhat hydrated state with Mg2+. These results suggest that the dehydration

ability of the metal ion is a contributing factor to shifting the phase transition

temperature.

In summary, the infrared spectra revealed that DPPG liposomes are more

unstable than DPPC liposomes with changes in temperature and in the presence

of metal ions. The dehydration ability of metal ions decreases in the order

Ca2+bMg2+4Ba2+ in the phosphate ester group of DPPG. The effect of

increasing Ca2+ and Mg2+ concentration is cumulative; however, Ba2+ does not

demonstrate a concentration dependence. The infrared spectra and DSC

thermograms indicate that dehydration is the main cause of the transition tem-

perature shift of liposomes.

8. INTERACTION BETWEEN WATER-SOLUBLE POLYMER AND
PHOSPHOLIPID

When liposomes are used as drug carriers and administered into the blood, it is

possible to interact with cells and/or blood components [40–43]. The dynamic
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behavior of liposomes in vivo must be dependent on the interaction between the

cell and liposomes. However, only a few studies have been conducted on the

physicochemical properties of liposomes, particularly on the interactions between

lipid bilayers and cells from a molecular point of view. In fact, investigations on

those interactions are unequivocally of great importance, not only practically but

theoretically as well.

In this section, chondroitin sulfate (CS), a water-soluble polymer, was used as

one of the acidic mucopolysaccharides of the biological membranes [44], and the

molecular interactions between CS and phospholipid bilayers with different

charges were investigated.

Three types of liposomes were prepared by the Bangham method: uncharged

liposomes (Unc.L) composed of DPPC and Chol (molar ratio 7:3), negatively

charged liposomes (Neg.L) composed of DPPC, Chol, and DCP (7:3:0.7), and

positively charged liposomes (Pos.L) composed of DPPC, Chol, and stearyl

amine (SA) (7:3:0.7). The only difference from the liposomes used in Section 5

was the lipid composition. A liposome solution with CS was prepared as follows:

given amounts of CS were dissolved in phosphate-buffered saline (PBS), and this

was added to the liposomal dispersion. This mixture was incubated at 371C for

1 h. The final concentration of DPPC was 1mM.

First, we examine the effect of CS on the zeta potential of three kinds of

liposomes. Figure 14 shows the relationship between the zeta potential of lipo-

somes and CS concentration at pH 7.2. In the case of Unc.L and Neg.L, zeta

potential was unchanged by the addition of CS. It should be noted, however, that

the zeta potential of Pos.L decreased with an increase in the concentration of CS

from 18 to –10mV. This drastic change in the zeta potential of Pos.L (from a

positive to a negative value) suggests that CS is adsorbed on the surface of

Pos.L due to an electrostatic interaction. These results are supported by the

results of gel-filtration chromatography on these liposome–CS systems. Further-

more, the addition of CS to Pos. L solution results in the increasing turbidity of

Pos. L, while the turbidity of Unc. L and Neg. L was unchanged, indicating the

aggregation of liposomes.

It is well known that uncharged polysaccharides such as dextran and hydro-

xyethyl starch promote the aggregation of blood cells due to their adsorption [45].

Sunamoto et al. [46] reported that polysaccharides, which have straight-chain

structure, can aggregate liposomes easily due to the bridging mecha-

nism. Pos.L aggregates by the adsorption of CS due to electrostatic interac-

tions and continuous bridging-structure formation, since CS is a straight-chain

molecule.

The effects of CS on the microscopic-state of liposomes was then investigated

using 2-AP and 12-AS as fluorescent probes. Figure 15(a) (2-AP probe) and (b)

(12-AS probe) show the relation between the fluorescence polarization and the

CS concentration. In the Pos.L, which adsorbs CS, both the microviscosity at
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the region close to the membrane surface and at the region near the bilayer

center were increased with an increase in the CS concentration, whereas the

microviscosity of the other liposomes was unchanged. An increase in the micro-

viscosity is caused by the tight packing of lipids, which is dependent on the fluid

depression of the acyl chains. When CS is adsorbed on the surface of Pos.L, the

fluidity is decreased not only in the head group region but also in the acyl chain

region. As a result, the microviscosity, both at the region close to the membrane

surface and near the bilayer center, is thought to be increased.

The effect of CS on the phase transition temperature (Tc) of DPPC liposomes

was then investigated by DSC measurement. In this experiment, liposomes pre-

pared without Chol were used to measure the Tc clearly. In the case of Unc.L and

Neg.L, Tc was not changed with the addition of CS. However, Tc of Pos.L was

shifted to a higher temperature by the addition of CS. Tc shift toward the higher

temperature results from the increase in the cooperative unit of phase transition.

In summary, the microscopic morphology of liposomes is dramatically changed

by the addition of CS to Pos.L, while Unc.L and Neg.L are unchanged. The

drastic change in the zeta potential of Pos.L (from a positive to a negative value)

suggests that CS is adsorbed on the surface of Pos.L due to the electrostatic

interaction. The phase transition temperature of Pos.L is then changed after the

addition of CS. However, these values for other liposomes do not change with the

addition of CS. These results suggest that CS is adsorbed on the surface of

Pos.L and changes the aggregation state significantly.
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9. INTERACTION BETWEEN PROTEIN AND PHOSPHOLIPID

When liposomes are administered into the blood, a part of the liposomal bilayer

membrane is destroyed by the interaction with components in the blood [47,48]. It

is, therefore, important to know the stability and the pharmacokinetics of liposome

products in the blood. Serum albumin accounts for 50–55% of all serum protein.

In this section, we use bovine serum albumin (BSA) as a model for protein in the

blood. The interaction between BSA and liposomal membrane was investigated,

and the results were compared with that of lysozyme (LSZ). The isoelectric point

of LSZ is 11.1 [49], so LSZ is positively charged in body fluid. The remarkable
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difference between LSZ and BSA is the isoelectric point: namely, the isoelectric

point of BSA is 4.8 [49], so that BSA is negatively charged in body fluid. It is then

interesting to investigate the effect of adsorption of proteins having different

amounts of electric charge on liposomal membrane characteristics.

DPPG liposomes, prepared by the Bangham method, were used in this section

since the dispersibility of DPPG liposomes is superior to that of the other

phospholipid liposomes.

The adsorption isotherms of LSZ and BSA on DPPG liposome are shown

in Fig. 16(a) and 16(b), respectively. The adsorption equilibrium of LSZ was

attained at a free LSZ concentration of about 20mgmL–1 and the saturated
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adsorption amount of LSZ was approximately 720 gmol–1 of liposomal DPPG,

while the adsorption equilibrium of BSA was attained at about 1mgmL–1 free

BSA and the saturated adsorption amount of BSA was approximately 44 gmol–1

of liposomal DPPG: in other words, the saturated adsorption amount of LSZ on

DPPG liposomes was 16 times greater than that of BSA. The molar mass of LSZ

is 14,700 gmol–1, while that of BSA is 67,000 gmol–1 [49]. Hence, the greater

amount of adsorption of LSZ cannot be explained only by the molecular size.

Since BSA with negative charges adsorbs on negatively charged liposomes,

the hydrophobic interactions may cause the adsorption. LSZ is positively charged

in the experimental condition (pH 7.4), the greater adsorption amount of LSZ on

DPPG liposomes can then be considered to be due probably to an electrostatic

interaction between LSZ and DPPG.

The effects of LSZ and BSA on the microviscosity of DPPG liposomal bilayer

membranes were investigated by the DPH fluorescent method. Figure 17 shows

the relationship between the fluorescence polarization of DPH solubilized in

DPPG liposomes and temperature. The fluorescence polarization of DPH in

DPPG bilayer membranes dramatically decreased above 411C, the gel–liquid

crystalline phase transition temperature. No significant change was found in

phase transition temperature by the addition of LSZ or BSA, whereas the mi-

croviscosity of DPPG bilayer membranes above 411C increased remarkably with

increasing concentration of LSZ or BSA. The effect of LSZ on the microviscosity

of the DPPG bilayer membranes was greater than that of BSA. The increase in

microviscosity in the hydrophobic region of the liposomal bilayer membranes is

likely to be due to a restricted swing of DPPG molecules around the LSZ or BSA

molecules. The observed increase in microviscosity of DPPG bilayer membranes

could then be interpreted as being produced by inhibition of the phase transition

from the gel to liquid crystalline state of boundary DPPG molecules. Protein-

induced lipid lateral phase separation and protein-induced microdomain forma-

tion were observed in the systems of mixed DPPC liposomes including

phosphatidylserine or phosphatidic acid [50]. A temporary gap is formed by the

phase separation in the lipid bilayer membranes [51], thereby increasing the

permeability of the lipid bilayer membranes. We also observed that the percent-

age of Calcein leaked from DPPG liposomes increased through adsorption of

LSZ or BSA on the liposomes. The effect of LSZ on the permeability of the

liposomal bilayer membranes was greater than that of BSA. The barrier function

of membranes with constituent protein is actually lower than that of lipid mem-

branes without protein [52].

In summary, two kinds of proteins, LSZ and BSA, adsorb on DPPG liposomes.

The saturated adsorption amount of LSZ is 16 times larger than that of BSA. The

adsorption of LSZ or BSA gives an increase in the microviscosity in the hydro-

phobic region of liposomal bilayer membranes, and it also causes an increase in

the permeability of the membranes. The effect of LSZ on the microviscosity and

permeability of liposomal bilayer membranes is larger than that of BSA. These
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findings suggest that boundary DPPG makes no contribution to the phase tran-

sition and that boundary DPPG and bulk DPPG are in the phase-separated state,

thereby increasing the permeability of liposomal bilayer membranes.

10. NOVEL LIPOSOME PREPARATION METHOD USING
SUPERCRITICAL CARBON DIOXIDE

The potential use of liposomes as vehicles for drug delivery has generated

growing interest, as we explained in the previous sections [53–56]. So far, many
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methods have been reported for the preparation of liposomes such as the Bang-

ham method [2], organic solvent injection method [57], and reverse-phase evap-

oration method [15]. However, these methods need a large amount of organic

solvents that are harmful to the environment and the human body. The use of

organic solvents must be avoided as much as possible in their preparation, be-

cause complete removal of the remaining organic solvent is required. Also, all of

these methods are not suitable for mass production of liposomes because they

have many steps. Therefore, few examples of effective use of liposomes are

known, even though their advantages have been widely recognized.

Supercritical fluids are those fluids that are noncondensable and highly dense

at temperatures and pressures beyond the critical values. They are highly func-

tional solvents whose solvent properties can be altered remarkably through con-

trol of temperature and pressure. Supercritical carbon dioxide (scCO2), in

particular, has attracted attention as an environment-friendly alternative solvent

that can replace organic solvents because it has a low critical temperature

(Tc ¼ 311C) and pressure (Pc ¼ 73.8 bar) and is nontoxic, inflammable, and

cheap. This fluid is now widely used in the extraction of physiologically active

substances, perfumes, and so forth [58].

In this section, we aim to develop a liposome preparation method that gives

liposomes with a high trapping efficiency for water-soluble substances and easily

enables production scale-up, using nontoxic and environment-friendly scCO2 in-

stead of organic solvent.

Figure 18 shows a schematic diagram of the experimental apparatus for lipo-

some preparation. It consists mainly of three parts, a variable volume view cell

(model HP-1, Tama Seiki Co.), a HPLC pump (Shodex DS-4) for feeding aque-

ous solution into the view cell, and a high-pressure pump (model HP-1, Tama

Stirring Tip
Moving Piston

Variable Volume
View Cell

Electric Balance

LC Pump
Pressure
Transducer

Hand
Pump

Vacuum

P

Fig 18. Apparatus for preparation of liposomes.
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Seiki Co.) for CO2 feed and pressure control. The temperature of the view cell is

measured and maintained with a temperature controller equipped with a Pt re-

sistance thermometer. Pressures on the front and backsides of the cell are

measured with two strain gauges (PG-500KU, Kyowa Co.). The amount of

aqueous solution fed into the cell is measured with an electric balance (BX

4200H, Shimadzu Co.). The volume of the view cell is ca. 50 cm3.

Liposome preparation using scCO2 was performed as follows: After DPPC

(0.3wt.% against CO2) and ethanol (0–15wt.% against CO2) were sealed in the

view cell, CO2 (13.74 g) was introduced into the cell. The cell temperature was

then raised to 601C, a temperature higher than the phase transition temperature

(411C) of DPPC, while the pressure was kept at 200 bar. After several tenths of a

minute for equilibration, an aqueous D-(+)-glucose solution (0.2mol L–1) for

measurement of the trapping efficiency for a water-soluble substance was slowly

(0.05mLmin–1) introduced into the cell through the HPLC pump till the desired

amount of solution was attained. The pressure was then reduced to release CO2,

thereby giving a homogeneous liposome dispersion. The inside of the cell was

stirred with a magnetic stirring tip during the experiments.

First, the solubility of DPPC without a cosolvent was measured. Visual obser-

vations revealed very low solubility of DPPC in scCO2 (13.749 g). Solid DPPC

powder was observed in the bottom of the cell at 601C and at pressure up to

500 bar. The trapping efficiency was extremely low when water was added to the

cell in the presence of solid DPPC. This would suggest a need for complete

dissolution of DPPC in scCO2 for liposome preparation. Thus, the solubility of

DPPC in scCO2 using ethanol as a cosolvent was improved (601C, 200 bar).

When the amount of the ethanol was small, no complete dissolution of DPPC was

observed and solid DPPC remained undissolved in the cell bottom. The amount

of undissolved DPPC decreased with increasing ethanol concentration, and the

lipid completely dissolved in scCO2 above 7wt.% addition. On the basis of this

finding, the experiments were carried out thereafter at 7wt.% ethanol addition

against scCO2 because the addition of a higher amount of ethanol is known to

prevent liposome formation.

Liposome preparation was conducted by introducing water into a homogene-

ous mixture of scCO2, DPPC, and ethanol. While the amounts of introduced

water were small, the inside of the cell remained transparent with no appear-

ance of a water phase. When the amount of introduced water was increased,

the inside of the cell became opaque. This would indicate that DPPC forms

reverse micelles (W/CO2 microemulsion) at small amounts of introduced water

and the microemulsion turns to a macroemulsion as the amount of introduced

water increases. With a further increase in the amount, the introduced water

gave a water phase in the cell bottom. The water phase was initially transparent

and became turbid when more water was introduced with vigorous stirring.

As already reported, the change of the phase state from W/CO2 to CO2/W

emulsion in scCO2/water/surfactant three-component systems depends on the
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amount of introduced water [59]. The turbid aqueous phase observed in our

system may contain liposome or CO2/W emulsion. If this were the case, by

analogy with the reverse-phase evaporation, liposomes would have been formed

in the water phase through the phase inversion from CO2/W emulsion to lipo-

somes in the pressure reduction process. Therefore, we gave the name super-

critical reverse phase evaporation (scRPE) method to our method of liposome

preparation.

Figure 19 shows typical freeze-fracture electron micrographs of liposomes

(DPPC concentration 10mM) prepared by the scRPE method. The bar length

was 400 nm. The figure shows large ellipsoidal unilamellar liposomes (LUV) with

diameter of 0.1–1.2mm. The reason the liposomes have an ellipsoidal shape is

their low stability compared with spherical multilamellar liposomes (MLV). An

increasing tendency was also found for the shape of liposomes to become

spherical with decreasing liposome size. These findings demonstrate that the

scRPE method allows an efficient preparation of LUV.

Figure 20 shows the DPPC concentration dependence of the trapping effi-

ciency of liposomes prepared by the scRPE method for glucose. The abscissa

represents the amount of DPPC against the volume of added glucose solution,

and the concentration of DPPC becomes higher when the volume of glucose

solution introduced into the cell is lower. For comparison, the figure also shows

the DPPC concentration dependence of the trapping efficiency of liposomes

prepared by the Bangham method (MLV). The trapping efficiency of the former

was more than five times higher than that of the latter. Also, it was as high as

those of LUV prepared by the conventional reverse-phase evaporation method

Fig. 19. Freeze-fracture electron micrographs of liposomes prepared by scPRE
method.
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and the freezing–melting method when a comparison was made at the same

DPPC concentration (20mM).

In general, the trapping efficiency of liposomes (more exactly, their inner

aqueous phase) depends on physicochemical properties such as the size and the

number of bilayers of liposomes and it is higher for those consisting of a smaller

number of bilayers. This difference in the structure then results in the higher

trapping efficiency of liposomes prepared by the scRPE method than that of

multilamellar liposomes prepared by the Bangham method.

Frederiksen et al. [60] have reported a method for preparation of liposomes

using scCO2. They prepared LUV with a diameter of about 200 nm by a rapid

expansion of a homogeneous scCO2/phospholipid/ethanol mixture and simulta-

neous mixing with an aqueous solution succeeded by passing the resultant gas/

water mixture through a specially designed mixing column. Their method can

then be regarded as a rapid expansion of supercritical solution (RESS) method.

The trapping efficiency of the LUV for fluorescein isothiocyanate-dextran (FITC-

dextran) was 2075%, which is as high as our result on glucose. In contrast to

their method, the scRPE method we have developed truly uses supercritical

fluids. At the same time, the diameter of liposomes obtained ranges from 0.1 to

1.2 mm and is considerably larger than the diameter of liposomes prepared by

their method. Moreover, the amount of carbon dioxide needed in our preparation

method seems smaller than that needed in Frederiksen et al.’s study.

In summary, we have succeeded in preparing LUV with diameters from 0.1

to 1.2 mm and a high-trapping efficiency for a water-soluble substance using
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environment-friendly scCO2 in the absence of organic solvent toxic to the human

body. We also make it possible to control the size and lamellarity of liposomes by

changing the preparation pressure and the amount of ethanol [55]. Our method

would enable encapsulation with ease into liposomes proteins and genes that are

denatured through contact with organic solvent. Because the method is of only

one step and uses no inflammable, volatile, or toxic organic solvent, scale-up of

liposome production would be easy. Therefore, we believe that the method will

greatly contribute to putting liposomes into practical use.
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Abstract

Design and synthesis of simplified models of cell membranes that mimic their self-

organization and functions represent great technical challenge, yet have opened doors to

innovative diagnostic and therapeutic methods. Functionalized supramolecular polydi-

acetylene (PDA) assemblies exhibit unique blue–red colorimetric transitions upon specific

interactions with a variety of biological analytes in aqueous solutions. The chemical as-

semblies include conjugated PDA, responsible for the chromatic transitions, and the mo-

lecular recognition elements, which are either chemically or physically associated with the

PDAs. The supramolecular assemblies therefore integrate both molecular recognition and

signal transduction functions. Langmuir–Blodgett thin films and vesicle bilayers

�Corresponding author. Tel./Fax: +86-10-62795290;

E-mail: jhli@mail.tsinghua.edu.cn

ADVANCES IN PLANAR LIPID BILAYERS AND LIPOSOMES, VOLUME 4

ISSN 1554-4516 DOI: 10.1016/S1554-4516(06)04007-5

r 2006 Elsevier Inc.
All rights reserved



provide ideal configurations for precise delivery of the biological binding entity to the

sensing interface, and for control of molecular orientation for effective biomolecular in-

teraction. By incorporation of specific recognition elements, the systems based on PDAs

have proved to be versatile and sensitive sensors for a wide range of biological analytes,

including viruses, toxins, ions, antibacterial peptides, membrane penetration enhancers,

interfacial enzymatic catalysis, and antibodies. The rapid and specific color transitions

observed in the ‘‘smart’’ PDA systems will open wide-range of possibilities for biosensor,

drug discovery, and diagnostic applications.

1. INTRODUCTION

From the materials science point of view, the biological cell membrane may be

considered a highly evolved self-assembled biosensing system that integrates

molecular recognition and signal transduction functions. The surface of the

membrane is heavily functionalized with recognition molecules, primarily in the

forms of glycosylated lipids and proteins. These recognition sites specifically

recognize other molecules or other cell surfaces, resulting in a cascade of events

such as the opening of ion channels, activation of cellular enzymes, or altering

the rate of transport, secretion, or oxidative metabolism. Design, synthesis, and

characterization of functional surpramolecular assemblies that mimic the self-

organization and functions of the cell membrane have advanced substantially in

the past two decades [1,2]. Significant progress has been made in exploitation

and manipulation of molecular self-organization properties, incorporation of mo-

lecular recognition capacities into supramolecular systems, and development of

novel membrane-mimicking materials [3]. Mimicking cell membrane, particularly

in its biomolecular recognition properties, can facilitate development of new di-

agnostic and therapeutic devices.

Polymerizable amphiphiles have been used as the building blocks of La-

ngmuir—Blodgett (LB) thin films and liposomes since the late 1970s [4]. Polym-

erized molecular assemblies are attractive candidates for biological applications

because of their enhanced stability compared to their non-polymerized counter-

parts. Polydiacetylenes (PDAs) form a unique class of polymeric materials that

couple highly aligned and conjugated backbones with tailorable pendant side

groups and terminal functionalities. They can be structured in the form of bulk

materials [5], multilayer and monolayer films [6,7], polymerized vesicles [8,9], and

even incorporated into inorganic host matrices to form nanocomposites [10,11].

The unique optical and electrical properties of these conjugated PDA polymers

can be exploited for many applications, for example, as ‘‘smart’’ materials for

biosensing [3,12–14]. The artificial mimic membranes based on PDAs (thin films

and liposomes) are constructed to resemble natural cell membranes at the in-

terfacial region by being chemically modified with bio-recognition molecules, and

the p-conjugation of the polymer’s backbone signals analyte binding by

undergoing a color transition. Therefore, the ligand-modified PDA supramolec-

ular assemblies are analogous to the cell membrane in which molecular
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recognition is directly linked to signal transduction within a single supramolecular

assembly.

Herein, we simply summarize the essential properties of PDAs, and then briefly

review the diverse applications of cell-mimicking supramolecular assemblies

based on PDAs for optical and electrochemical biosensing and simultaneously

summarize our recent investigations in this area.

2. SUPRAMOLECULAR BIOSENSING ASSEMBLIES BASED ON
POLYDIACETYLENES AND THEIR CHROMISM

The PDA polymer is formed by 1,4 addition of the diacetylene monomers, in-

itiated by 254 nm UV irradiation. The photopolymerization occurs via topochem-

ical polymerization from a well-ordered solid state, leading to extremely linear,

aligned polymerized domains. The resulting polymer, which has a conjugated

backbone of alternating triple and double bonds, is intensely colored, typically a

deep blue. The conjugated polymer backbone has a unique visible absorption

caused by a p-p* electronic transition, the frequency of which is dependent on

the effective conjugation length within the polymer structure. Previous studies

have shown the existence of two predominant phases (blue and red phases) and

the occasional occurrence of an additional phase (purple phase) in PDA molec-

ular assemblies, and these phases have been identified based on their color. The

blue phase shows an absorption transition centered at �640nm, with the purple

and red phases centered at �600 and �540 nm, respectively. These transitions

result from the excitonic absorption of the polymer backbone, where the conju-

gation length of the red form is diminished relative to the blue form.

The most attractive aspect of PDAs is the chromogenic transition they exhibit.

The PDA materials have been shown to undergo visible color transitions from

blue to red in response to a variety of environmental perturbations, including

optical exposure (photochromism) [15], heat (thermochromism) [16–19], applied

stress (mechanochromism) [20,21], changes in chemical environment such as

pH [17,18,22] or solvent [23]. While the mechanism of the blue–red color tran-

sitions is not fully elucidated, it is generally believed that the transition arises from

changes in the conjugation length and bond angle of the PDA backbone. Ad-

ditionally, small conformational changes in the polymer side chains can also

affect the electronic properties of the polymer backbone.

Charych et al. [7,8,24] have found that self-assembled structures of PDAs

undergo similar chromatic transitions in response to specific molecular recogni-

tion events occurring at the interface of the materials. The color transition is

triggered when ‘‘receptor-lipid’’ molecules incorporated into the PDA matrix bind

specifically to virus or protein molecules. This process is called biochromic in-

duction (affinochromism/biochromism). In this case, the conjugated polymer

backbone serves as an optical probe to detect the specific receptor–ligand
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interaction. This is a simplified pathway that mimics the more complex signal

transduction pathways of biological membranes.

Biochromism was evaluated by colorimetric response (CR) through visible ab-

sorption spectra, which is a quantitative scale for the extent of blue–red transition.

The visible absorption spectrum of the film (or a liposome solution) before ex-

posure to virus was analyzed as B0 equation (1), which is defined as the ab-

sorption intensity of blue phase divided by the sum of the absorption intensities of

the blue and red phases. The film that was exposed to virus was analyzed in the

same way as B1 (equation (2)), which represents the new ratio of absorbance

intensities after incubation with the virus. The CR of a film is defined as the

percentage change in B upon exposure to virus (equation (3)). In principle, higher

CR values indicate more reddish appearance of the film or liposome solution,

compared to the blue control sample. A relative color change of 10% or more is

observed clearly with the naked eye.

B0 ¼ Iblue=ðIred þ IblueÞ initially ð1Þ

B1 ¼ Iblue=ðIred þ IblueÞ after exposure to the virus ð2Þ

CR ¼ ½ðB0 � B1Þ=B0� � 100% ð3Þ
The potential flexibility in the chemical and architectural features of diacetylene

self-assembling materials allows investigation of a variety of design strategies for

the colorimetric sensors. So far, biosensors based on PDA matrices have been

constructed mainly in two molecular architectures: liposomes in solution, which

are spherically closed lipid lamellar structures enclosing an aqueous compart-

ment, much as do cell membranes; and LB monolayers on solid supports, which

consist of organized thin films with molecular-scale control of packing, orientation,

and thickness. All architectures have two common components: a biological el-

ement that recognizes target analyte molecules, and a physical transducer (the

conjugated polymer backbone), which translates molecular recognition into a

measurable colorimetric shift. By suitable modification of receptor structure, PDA-

based supramolecular assemblies can be used to the analysis of various bio-

molecular recognitions at cellular membranes, ligand–receptor-binding events,

and other processes having biotechnological significance.

In addition to these two supramolecular architectures, two different approaches

have been used to functionalize the surface of the assemblies with recognition

element. First, the diacetylene monomer lipid can be directly derivatized with the

appropriate receptor by synthetic coupling, allowing direct cross-linking of the

‘‘receptor-lipid’’ with the surrounding PDA matrix. Specific, desirable properties

can be built into the receptor-lipid molecule to enhance binding and stability.

Alternatively, a receptor molecule can be non-covalently incorporated into the

PDA matrix in a manner analogous to the heterogeneous mixing of molecules in

cell membranes. The second approach avoids potentially complex procedures

involved in the synthesis of receptors attached to the diacetylene lipids.
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3. APPLICATION IN BIOSENSING DEVICES

Apart from the enhanced stability provided by the polymerized backbone, the

unique optical and electronic properties of PDAs can be exploited for many bi-

ological applications. Several groups, starting with Charych et al. [3,12–14] have

produced a substantial body of work demonstrating the use of PDAs as specific

colorimetric detectors of biological interactions.

3.1. Colorimetric detection of molecular recognition interactions
between receptor and ligand

3.1.1. Colorimetric detection of virus and toxin

Charych et al. [7,8,24] have derivatized 10,12-pentacosadiynoic acid (PCDA,

compound 2 in Scheme 1) with a variety of biologically active molecules such as

amino acids, carbohydrates, and biotin. These derivatized diacetylene mon-

omers, such as sialic acid lipid (compound 1 in Scheme 1), can be covalently

incorporated into mixed, polymerized thin films or liposomes. Receptor–ligand

interactions occurring at the surface of these assemblies, such as the binding of

influenza virus to sialic acid, could induce an irreversible biochromic transition.

Thus, binding and detection occur within the same supramolecular assembly.

The bilayer assembly (Scheme 1A) is composed of a self-assembled mono-

layer (SAM) of octadecyltriethoxysilane and a LB monolayer of sialic acid lipid

mixed with matrix lipid PCDA [24]. Exposure to influenza virus drastically altered

the optical properties of sialic acid-functionalized PDA assemblies. Initially, the

film has an absorption maximum at 620 nm and appears blue. After incubation of

the film with influenza virus (PBS buffer, pH 7.4), it appears red and the absorp-

tion maximum shifts to 550 nm.

The PDA monomers can also be assembled into liposomes (Scheme 1B) by

probe or water bath sonication [8]. Relative to blue liposomes, purple liposomes

underwent more sensitive biochromism in response to influenza virus. The sus-

ceptibility of the liposomes to red-phase conversion in biochromism was clearly

enhanced as the material was irradiated longer, suggesting a cooperative effect

for the blue–red transition and metastability of the blue form.

For both architectures of thin film and liposomes, control experiments dem-

onstrate the PDA color transition arising from receptor–ligand affinity binding

(affinochromism) rather than thermal annealing (thermochromism). No color

change was observed when the blue film (or liposomes) was incubated with a

blank solution of PBS buffer; similarly, the color of the system remained blue after

exposure to virus if the sialic acid lipid 1 was removed from the molecular

assembly. Additionally, the specific nature of the interaction between the influ-

enza virus and the sialic acid-functionalized PDA assemblies was also confirmed

by competitive inhibition assays. The addition of an excess of monomeric
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Scheme 1. Schematic diagrams of (A) the polymerized bialyer assembly and (B)
liposome prepared from mixtures of lipids 1 and 2. These assemblies were
functionalized with a carbohydrate capture molecule, sialic acid, which binds to
the influenza virus lectin, hemagglutinin. The conjugated polymer backbones of
alternating double and triple bonds constitute the chromatic detection element. A
variety of capture molecules may be co-assembled with or grafted onto the PDA-
assemblies. (Scheme 1A was adapted with permission from ref. [7], Fig. 1;
Scheme 1B was adapted with permission from Ref. [12], Fig. 2.).
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a-O-methyl sialic acid resulted in no color change due to competitive inhibition. As

expected, no inhibition was observed with b-O-methyl sialic acid or glucose that

does not compete for binding to viral hemagglutinin. The response of the col-

orimetric biosensors is directly proportional to the quantity of target analyte, in-

fluenza virus. Vesicular sensors for influenza virus are more sensitive than thin

film sensors. An amount of virus giving a 30% CR in thin film sensors can typically

induce �80% CR values in similarly constructed vesicle sensors [3].

PDA thin films and liposomes functionalized with sialic acid molecular recog-

nition groups can bind and colorimetrically detect influenza virus. For biochrom-

ism, it is possible that the specific binding of biomolecules by receptors

incorporated in PDA matrices can affect the lipid side chain conformations in a

manner analogous to thermal chromism, altering the effective conjugation length

of the PDA backbone and resulting in detectable shifts in the optical absorption

spectrum of the material [7]. The reduced conjugation results in absorption of

shorter wavelengths, so red light is reflected. Direct colorimetric detection of

receptor–ligand binding offers wide-ranging applications in the areas of diagnos-

tics and drug screening.

Our group and collaborators have prepared PDA films decorated with

a-D-mannose using LB technique, which were composed of PCDA and its de-

rivative P-10, 12-pentacosadiyne-1-n (3,6,9-trioxa-undecylamide) a-D-mannopy-

ranoside (MPDA) [25]. The functionalized film could interact with Escherichia coli

(E. coli) and the interaction led to the blue–red color transition of the film. Control

assays demonstrated that this color change resulted from the specific bio-

recognition between mannose inserted in the monolayer assembly and E. coli.

The affinochromism of the mixed PCDA/MPDA monolayer in response to

E. coli was enhanced by modifying the terminal carboxyl group of PCDA with CdS

nano-crystallites with the aid of LB technology [26]. CdS not only triggered the

strong tropism of the bacteria but also reduced the rigidity of the PCDA/MPDA

backbone, resulting in the enhanced affinochromism.

Natural lipid receptors, such as gangliosides GM1, can be incorporated into

artificial supramolecular assemblies to construct colorimetric biosensors with

highly specific recognition properties. Gangliosides are lipid molecules that are

located in the plasma membrane of cells and have a carbohydrate recognition

group attached to the extracellular surface. Two representative members are the

GM1 and GT1b gangliosides, which are respectively the primary targets of chol-

era toxin and botulinum neurotoxin. The PDA thin-film biosensor for neurotoxin is

doped with ‘‘promoter’’ PDA molecules (sialic acid lipid 1 or lactose-derivatized

PDA lipid) to facilitate the chromatic transition in the toxin-binding experiments

[27]. The mechanism by which the promoter increases film sensitivity to toxin

binding is unknown, but may involve reduction of the activation barrier of the

chromatic transition through changes in lipid packing and effective conjugated

length of the backbone. Promoter molecule may also function as a structural

mediator between the non-conjugated receptor and the conjugated backbone.
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However, promoters do not act as toxin molecular recognition sites: films con-

taining the promoter but no genuine receptor do not change color in the presence

of analyte. In the thin film biosensors, the molecular recognition can be directly

linked to signal transduction.

Naturally derived lipophilic molecules not only can be incorporated into PDA LB

films, but also can be formed into liposomes when mixed with a polymerizable

monomer lipid. For example, the ganglioside GM1 could be incorporated into

PDA liposomes with matrix lipid 5,7-docosadiynoic acid (DCDA) [28]. Protein-

ligand molecular recognition occurring at the interfacial region of polymerized

liposomes resulted in a change of the membrane color, and the CR is directly

proportional to the quantity of target analyte, cholera toxin. In this case, the color

change is best observed when the diacetylene unit is moved closer to the in-

terface, as with DCDA. Influenza virus has approximately 500 hemagglutinin

receptors on its surface capable of binding to the sialic acid ligand on the lipo-

somes. This multipoint binding sufficiently stresses the backbone of the PDA

material, distorting the initially planar structure of the polymer backbone. The

cholera toxin system is only pentavalent and therefore requires a system more

sensitive to binding-induced perturbations. By moving the diacetylenic optical

reporter group closer to the interfacial region, the system becomes more sen-

sitive to lower valency binding.

By using lipids with different ligand headgroups, it is possible to create a variety

of simple, one-step biosensor devices. Functionalized PDA vesicles have been

developed to detect E. coli, where the synthetic glycolipid receptors, dioctadecyl

glyceryl ether-b-glucosides (DGG) [29] or a-D-mannoside-hexadecyl (MC16)

[30,31] were inserted into PDA matrix by physical force rather than directly by

covalent cross-linking between the chromophore and the receptor. The signal

scales with the amount of virus added to the liposomes suspension.

Resonance Raman spectra (RRs) analysis for PCDA/MC16 vesicles recog-

nized by E. coli provided molecular information of this bio-interaction [30]. Results

demonstrated that the relative amount of the double bonds to the triple bonds

increased during biochromism, and this could be attributed to a configuration

transformation from acetylene to butatriene [32]. Therefore, it can be speculated

that the specific E. coli–mannose interaction may alter side chain conformation,

causing the electrical structure of the polymer backbone to change from acet-

ylene to butatriene, and inducing blue–red transition in liposomes.

The effects of some familiar transition metal and alkali earth metal cations on

the molecular recognition between mannose and E. coli have been studied

in vitro through the specific biochromism of PCDA/MC16 vesicles [30]. When in-

cubated with E. coli, liposomes containing various metal cations exhibited different

signal responses (Fig. 1). Apparently, the presence of Cd2+, Ca2+, Mg2+, Ba2+,

and Ag+ enhanced the biochromatic degree of the system. A possible enhance-

ment mechanism was proposed that these metal cations, existing in the form of

dissociated ions in the liposome suspension [33], favored bacterial adhesion to
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the receptor on the liposome surface [34]. On the contrary, Cu2+, Fe3+, Ni2+, and

Zn2+ inhibited the biochromism, which cooperated with diacetylene lipid with a

carboxylic group [35] and increased the rigidity of the liposomal outer leaflet,

blocking changes in the side chain conformation and electrical structure of PDA

polymer during biochromism. Both the enhancing and inhibitory effects became

more distinct at higher metal concentrations. There was a cooperative effect be-

tween metal ions and E. coli to modulate the blue–red transition of liposomes.

These discoveries would aid to broaden the practical applications of chromatic

biosensors, improving detection speed and sensitivity for biological molecules,

and developing a novel direct chromatic detection method for metal cations.

We investigated the bactericidal effect of TiO2 colloid through colorimetric de-

tection of the interaction between mannose-functionalized vesicles with E. coli

[31]. With various pre-incubation and irradiation time, the quantity of the bacteria

could be controlled in real time under the bactericidal effect of TiO2 colloid. Thus,

controllable conjugated bio-interaction between two bio-interfaces was obtained

through the introduction of the third factor and monitored in real time.

3.1.2. Colorimetric detection of physiological ions

Development of selective ion-sensors is highly desirable because of the phys-

iological importance of ions such as potassium, sodium, calcium, and others.

Currently available ion assays, however, are somewhat limited due to low-ionic

selectivity, for example, between K+ and Na+. R. Jelinek et al. [36] have de-

veloped supramolecular assemblies composed of ionophores and phospholipids

embedded in a PDA matrix, which exhibit visible and rapid color changes in the

Fig. 1. Effects of the metal cations (1.0� 10�4M) on CRs of PCDA/MC16-E. coli.
Every CR value was the average of results obtained in three independent ex-
periments. (Adapted with permission from Ref. [30], Fig. 3.).
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presence of specific cations in solution. Ionophores, such as valinomycin or

monensin, are generally hydrophobic cyclic molecules, which selectively bind

cations and transport them across membranes.

The blue–red color transitions of the dimyristoylphophatidylcholine (DMPC)/

PDA vesicles incorporating ionophores are directly related to binding of the cat-

ions to the ionophores, and their association with the lipids. The ionic selectivity of

ionophore/DMPC/PDA vesicles is consistent with the established binding affin-

ities of the ionophore molecules. Valinomycin, for example, forms complexes with

cations in the following decreasing affinity: Rb+4K+4Cs+ b Na+4Li+ [37].

Indeed, the color changes correlate the relative strengths of the ion-bound com-

plexes of valinomycin. Monensin, on the other hand, displays the highest affinity

toward Na+ ions [38], and the colorimetric results are consistent with this prop-

erty. The CRs of DMPC/PDA vesicles incorporating divalent-pyrrole ionophore,

A23187, decrease in the order Co2+4Ba2+4Sr2+4K+, which are also con-

sistent with the published ionic affinities of A23187 [39]. These results demon-

strate that the ionic selectivity is clearly determined by the affinities of the

ionophore molecules incorporated into the vesicles, thus allowing for general

applicability of the system as a selective ion sensor. The system demonstrates a

significant ionic selectivity, in particular between the physiologically important

ions Na+ and K+ (Fig. 2), further showing that the blue–red color transitions are

highly dependent upon the cation–ionophore pair employed.

This assay could be applied for rapid determination of physiological ionic

species, and might be extended for microscopic colorimetric determination of

Fig. 2. UV-vis absorption spectra of ionophore/DMPC/PDA vesicle solutions
containing K+ and Na+ ions. Valinomycin: solid line, 10mM KCl; short dash,
10mM NaCl; long dash, 9.97mM NaCl+0.03mM KCl (around 350:1molar ratio).
Monensin: solid line, 5mM NaCl; short dash, 5mM KCl; long dash, 4.87mM
KCl+0.13mM NaCl (around 40:1molar ratio). (Adapted with permission from
Ref. [36], Fig. 6.).
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intra- and extracellular ion concentrations, as well as for evaluation of the per-

formance and selectivity of putative ion-binding compounds and metal-binding

peptides.

3.1.3. Rapid colorimetric screening of the activities of antibacterial
peptides

An important step toward a more general applicability of PDA-based materials for

biological and diagnostic uses has been the introduction of natural lipids into

the PDA matrix. The lipid molecules in the colorimetric vesicles essentially form

‘‘microdomains’’ within the PDA matrix and do not affect the polymerization and

blue color of the vesicle solution. Natural membrane lipids embedded within the

PDA framework well-mimic lipid-bilayer environments, and biochemical events

leading to physical or chemical disruption of the lipid assembly, such as ion

transport, peptide–membrane interactions, interfacial enzyme catalysis, and

antigen–antibody recognition, can give rise to blue–red colorimetric transitions,

induced through structural perturbations of the adjacent PDA network.

Short membrane-associated peptides (10–30 residues) are prevalent in nature

as part of the intrinsic defense mechanisms of most organisms, and have been

proposed as a blueprint for the design of novel antimicrobial agents. Assays

providing rapid and easy evaluation of interactions between membrane peptides

and lipid bilayers could significantly benefit both the elucidation of structural and

functional properties of membrane peptides as well as the improvement of

screening for substances having effective antibacterial properties. The phospho-

lipid/PDA vesicle assay has been successfully applied for screening of mem-

brane-active antibacterial peptides [40,41]. The binding of peptides gives rise to

extensive molecular reorganization within the phospholipid domains, thereby in-

ducing structural perturbations in the adjacent PDA matrix, resulting in the

blue–red colorimetric transitions. Figure 3 depicts titration curves of the membrane

peptides alamethicin, melittin, and magainin added to mixed DMPC/PDA vesicles.

The different degree of colorimetric transitions is attributed to the distinct mech-

anisms of peptide-membrane interactions. Addition of melittin induced different

color changes in PDA assemblies incorporating DMPC, dimyristoylphosphatidy-

lethanolamine (PE), and the mixtures of PE and dimyristoylphosphatidylglycerol

(PG), and cardiolipin. The different color changes most likely depend on the size

and charge of the lipid headgroups, which affect the binding and the degree of

penetration of the peptide into the lipid assembly [42].

The color transitions of the phospholipid/PDA vesicles, which are directly re-

lated to adoption of helical conformations by the peptides and their association

with the lipids, are correlated with important molecular parameters, such as the

mechanisms of peptide–lipid binding, and the degree of penetration of the

peptides into lipid bilayers. More extreme blue–red transitions are induced by
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peptides which strongly bind at the lipid–water interface, compared with peptides

penetrating into the hydrophobic cores of lipid membranes [43]. For example,

relative to native melittin, its non-active analogue differing by only a single amino

acid in the sequence, induced more pronounced reddish color. This could be

ascribed to the analogue’s reduced helical content, and its inability to fully pen-

etrate into the lipid membrane [44]. The biomimetic phospholipids/PDA vesicles

have also been used to study the membrane binding and penetration by poly-

myxin B derivatives [45] and indolicidin analogs [46], indicating that lip-

opolisaccharide promoted preferred binding and incorporation of the peptides

at the lipid/water interface.

3.1.4. Rapid screening of membrane penetration enhancers

The lipid/PDA vesicle assemblies can also be applied for rapid screening of the

activities of membrane penetration enhancers [47]. Identification of chemical

substances that induce, or assist, insertion of pharmaceutical compounds into

target cells is particularly important to pharmaceutical research and development.

PDA matrices containing various lipid molecules exhibit high sensitivity to the

type and effectiveness of penetration enhancer added to the solutions, such as

oleic acid, Tween-20, and menthol. The sensitivity of the system to the activities

of the penetration enhancers is evident even in PDA vesicles incorporating cer-

amide rather than phosphatidyl choline (PC). This is significant, since important

physiological membranes, such as the stratum corneum (the outer layer of the

Fig. 3. The changes in CRs upon titration of DMPC/PDA vesicles (2:3mol ratio)
with membrane peptides: (i) magainin, (ii) melittin, and (iii) alamethicin. The
dashed line shows the results with melittin added to pure PDA vesicles (back-
ground). (Adapted with permission from Ref. [41], Fig. 3B.).
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epidermis in the skin) contain mostly ceramides, rather than phospholipids. The

colorimetric system also indicates that interactions of penetration enhancers with

membranes depend upon the lipid phase, as well as the self-assembly properties

of the enhancer molecules.

The color changes induced in the lipid/PDA solutions occur within seconds

after addition of the antibacterial peptides or membrane penetration enhancers.

This colorimetric assay can be applied for rapid screening of the activities of

antibacterial peptides and membrane penetration enhancers, and could provide

structural and functional information on peptide–membrane interactions and

mechanisms of membrane permeability.

3.1.5. Colorimetric detection of small molecules

The colorimetric changes of PDA thin films could be induced by conformational

changes of the enzyme (hexokinase) immobilized on the sensor surface, which

were caused by the binding of glucose to the enzyme active site [48]. Upon

binding glucose, hexokinase undergoes a large conformational change. The two

domains that form the active site move together in a jaw-like fashion to capture

the glucose molecule, and the movement of one domain relative to the other is

approximately 8 Å. Coupling the conformational change of the enzyme to the

chromatic unit of the PDA film is achieved through protein amine coupling.

A series of control experiments demonstrated that the conformational change

resulting from the binding of glucose to hexokinase provided the mechanical

driving force that causes the sensor to change color. Although a number of more

effective sensors for glucose are available, this type of sensor design demon-

strated that a protein conformational change could be used as a trigger mech-

anism for a low-cost, colorimetric solid-state sensor. The marriage of colorimetric

biomaterials with biological recognition elements has the potential to yield

enormous applications for a wide array of substrates.

3.2. Colorimetric detection of enzymatic catalysis

Interfacial catalysis on biomembranes plays a key role in extra- and intracellular

processes and covers a range of enzyme classes such as lipolytic enzymes,

acyltransferases, protein kinases, and glycosidases. Phospholipases, which play

central roles in various signaling and inflammation processes [49], in particular,

are an important class of interfacial enzymes. Owing to the limitation of conven-

tional assays, the method for measuring enzyme activity using non-labeled,

naturally occurring substrate is highly desirable. The biochromic vesicles offer a

one-step approach to measuring enzyme activity through detection of a color

change of PDA ‘‘signaling’’ lipids that surround the natural enzyme substrate

[50,51]. DMPC/PDA vesicle solutions undergo rapid blue–red color changes
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following interactions with phospholipases, such as phospholipase A2 (PLA2),

phospholipase C (PLC), or phospholipase D (PLD), even though the enzymatic

cleavage sites within the DMPC molecule are different. PLA2 acts closer to the

lipid tail, whereas PLC and PLD act specifically at the hydrophilic headgroup

region. The color change is modulated by altering the mole percentage of the

natural lipid DMPC in the PDA vesicle and the vesicles that do not contain DMPC

remain in their blue phase. The color change of the DMPC/PDA vesicles can be

suppressed with known inhibitors to PLA2, such as MJ33 [52]. Inactivation of

PLA2 is also observed upon removal of Ca2+, the catalytic cofactors for PLA2,

from the buffer solution; PLA2 prepared in buffer containing Zn2+ instead of Ca2+

ions does not induce a color change of the vesicles. The color transformations

were directly associated with enzymatic cleavage of the phospholipid molecules

incorporated within the PDA framework. The mechanism of color change is as-

cribed to lipid reorganization and destabilization of the vesicles by hydrolysis of

the DMPC embedded in the PDA signaling matrix.
31P and 1H nuclear magnetic resonance experiments verified the occurrence of

interfacial catalysis by phospholipases and revealed the fate of the cleavage

products [50,51]. The color change (i.e. destabilization) of the PDA vesicles

induced by PLA2, PLC, and PLD occurs by different pathways, depending on the

specific enzyme. Although the PLA2 hydrolysis products are removed from the

vesicles, PLC destabilizes the vesicles through formation of diacylglycerol, and

the products of PLD become condensed upon interaction with calcium ions.

Vesicles of DMPC/PDA can also be used for the detection of toxins that exhibit

enzyme-like activity. For example, DMPC/PDA vesicles are responsive to the

presence of b-bungarotoxin, which acts specifically at the presynaptic motor

nerve termini to alter neurotransmitter release and the distribution of amino-

phospholipids in the inner- and outer-membrane leaflets [53]. The practical bio-

analytical applications of the colorimetric assay for interfacial enzymatic cleavage

are exemplified in Fig. 4, which reveals the high specificity of the colorimetric

transitions in response to membrane-associated enzyme–substrate recognition

events [54].

Overall, the phospholipid/PDA system pointed to promising applications both

for identification of substances having lipase enzymatic properties as well as for

rapid screening of potential enzymatic inhibitors. In both cases, the phospholipid/

PDA assembly offers a simple, robust, and inexpensive alternative to existing

assays, such as radioactive labeling.

3.3. Colorimetric immunoassay

Immunoassays are based on the use of an antibody that reacts specifically with

an antigen to be tested. Immunoassay techniques, such as enzyme-linked

immunosorbent assays, radioimmunoassays, immunoagglutination assays, and
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fluorescent immunoassays, play an important role in medical diagnostics, food,

and environmental analyses. However, a common feature of these assay tech-

niques is that they require a label to detect the interaction of a biocompound with

an analyte. Jelinek et al. [55] have developed a novel molecular system in which

interactions between antibodies and peptide epitopes displayed at a biomimetic

membrane interface can be detected through induction of visible, spectroscopic-

ally quantified, rapid color transitions. The colorimetric assembly consists of a

phospholipid/PDA matrix anchoring a hydrophobic peptide displaying the epitope

at its N-terminus. The combined epitopepeptide/phospholipid/PDA molecular ag-

gregates undergo rapid colorimetric transitions only when they come in contact

with antibodies that specifically recognize the epitopes. Diagrams in Fig. 5 show

the CRs of DMPC/PDA assemblies incorporating different epitopes, following

interactions with various antibodies, demonstrating the general applicability of the

system for detection of epitope–antibody recognition.

The binding between the antibodies, which are relatively big macromolecules,

and the displayed epitopes at the lipid–water interface is expected to result in

significant perturbations of the particle surface, giving rise to the observed color

changes within the PDA matrix. Significantly, the color changes occur after a

single-mixing step, without further chemical reactions or enzymatic processing.

The new colorimetric molecular system could be utilized for studying antigen–

antibody interactions and peptide–protein recognition, epitope mapping, and

rapid screening of biological and chemical libraries.

A new approach of chromatic immunoassay based on PDA vesicles has been

described recently [56]. Using N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-di-

methyl aminopropyl) carbodiimide (EDC), antibodies were covalently coupled

with mixed vesicles of 10,12-tricosadiynoic acid (TCDA) and DMPC via a peptide

bond. After antigen injection, specific immunoreactions took place at the polym-

erized vesicle surface leading to a blue–red color change. The CR values in-

crease with an increase of antigen amount, and incorporation of DMPC in the

Fig. 4. Selective colorimetric response induced by enzymatic lipid cleavage. CR
calculated from the visible absorption spectra of solutions of PDA vesicles con-
taining different lipids (DMPC, Sph (sphingomyelin), CB (cerebroside), E. coli, H.
volcanii) mixed with enzymes: (A) sphingomyelinase, (B) galactosidase, (C)
PLA2. (Adapted with permission from Ref. [54], Fig. 1.).
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mixed vesicles increases the sensitivity of the chromatic immunoassay. This

chromatic immunoassay is simple, rapid, and sensitive.

Gill et al. [57] have produced highly responsive solid-state chromatic biosen-

sors by encapsulating PDA–phospholipid vesicles modified with immunoglobulin

(IgG) in hybrid sol–gel materials composed of silica and functionalized siloxanes.

Encapsulation of the IgG-PDA-phospholipid vesicles provided transparent blue,

Fig. 5. Diagrams depicting the CRs recorded following addition of antibodies to
solutions containing DMPC/PDA particles incorporating different displayed
epitopes: (A) c-myc-L7A7K4G (c-myc epitope, EQKLISEEDL, displayed at the
N-terminus of the L7A7K4G peptide); (B) HA-L7A7K4G (YPYDVPDYA); (C)
FLAG-L7A7K4G (DYKDDDDK); (D) p8 coat protein of fd filamentous bacterioph-
age. Antibodies, separately added to the particle solutions: (i) control, PBS buffer
solution (no antibody added); (ii) anti-fd, 700 mg/mL; (iii) anti-FLAG mAb, 400 mg/
mL; (iv) anti-HA mAb, 200 mg/mL; (v) anti-c-myc mAb, 100 mg/mL. Antibodies
were dialyzed in 0.01M PBS, 70mM sodium chloride, pH 7.4, prior to mixing with
the particles. (Adapted with permission from Ref. [55], Fig. 3.).
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mesoporous composites which were deposited as thick films onto cellulose, ny-

lon, polycarbonate, alumina, silica, and glass. Only slight color changes (o7%)

were observed upon sol–gel entrapment of the blue-form vesicles, which indi-

cates that encapsulation did not have a sufficient effect on the vesicle structure so

as to trigger switching of the PDA conformation and that the liposomes were

largely encapsulated in their native state. More importantly, exposure of the IgG-

PDA sol–gels to antigens resulted in the blue–red color changes characteristic of

IgG-PDA-phospholipid solutions, which demonstrates that both the biomolecular

recognition of IgG and structural transition functions of PDA were preserved upon

entrapment. The materials of IgG-PDA sol–gels nanocomposites are rugged and

processable and can be fabricated as monoliths, thick films, and microarrays, and

furnish colorimetric biosensors that are sensitive and show short response time.

The successful fabrication of reagentless solid-state IgG-PDA sol–gel biosensors

offers a potentially simple and generic route to solid-state colorimetric sensor and

microarray platforms.

3.4. Electrochemical biosensors

Supramolecular assemblies (redox liposomes) prepared from ferrocenic diacet-

ylene lipid and the cell surface receptor ganglioside GM1 (Scheme 2) are utilized

to construct an amperometric biosensor for E. coli heat-labile enterotoxin on a

sol–gel thin-film electrode [58,59]. The design allows for direct inspection of the

dependency of electron transport on the state and extent of biomolecular rec-

ognition that has taken place on the vesicles and, thus, provides a method for

direct measurement of E. coli heat-labile enterotoxin binding by electrochemistry.

In the absence of the redox-active Fc-PDA, no voltammetric response was

observed for the adsorbed vesicles on the electrode. However, well-defined cur-

rent responses were obtained for Fc-PDA-containing vesicles. The current peaks

show diffusion characteristics and indicate that the redox reactions for the ves-

icles are chemically reversible. With addition of E. coli enterotoxin, a sharp drop in

the anodic current of ferrocene was observed (Fig. 6, inset). The response is

time-dependent and the current decays in an exponential manner (Fig. 6). Control

experiments indicated that the sensor was specific to E. coli heat-labile entero-

toxin. These results clearly demonstrate that the toxin molecules in the solution

diffuse onto the electrode surface and interact with the receptor on vesicles. The

toxin–receptor complex appears to block the charge-transfer route on the elec-

trode surface and gradually diminishes the current response.

As for receptor-modified electrodes, the amperometric signal decreased

quickly with increasing concentration of the toxin. The dynamic range for the

assay extends between 0.5� 10�5 and 8� 10�5 g/mL. A detection limit

of 3� 10�6 g/mL (3.6� 10�8M) was determined using a 3s standard deviation

cutoff. However, no current change was found on the electrode without the
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receptor GM1, demonstrating the important role of GM1 in defining the sensor’s

specificity.

A gel-crack-assisted electron transport mechanism (Scheme 2) is thus sug-

gested to explain the large ferrocene current and its response to enterotoxin

binding. The oxidation of ferrocene first occurs between the glassy carbon elec-

trode and the liposomes trapped in the gel cracks. As the concentration of fe-

rrocene is depleted at the interface, the process requires, for charge neutrality,

ionic migration from the bulk into the area. The response is a typical diffusion-

controlled process, and this suggests that ferrocene species near and far from

the gelcrack sites participate in the electron transfer. When the enterotoxin is

Scheme 2. Schematic illustration of gel-crack-assisted electron transport on the
sol–gel thin-film electrode. The redox/receptor liposomes are composed of N-
(10,12-pentacosadiynoyl)glycine (GLY-PDA, 1), N-(10,12-pentacosadiynoyl)-
acetylferrocene (Fc-PDA, 2), and ganglioside GM1 (3). (Adapted with permis-
sion from Ref. [58], Chart 1 and Fig. 2.).
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added, its binding to the receptor sites on the liposomes blocks the electron

transport path, resulting in a decrease in current magnitude.

By using supramolecular assemblies composed of PCDA/MPDA supported on

the SAM of octadecanethiol on a gold electrode, we reported that the bio-inter-

action between E. coli and mannose could be detected by electrochemical

method [60]. Before the electrode was incubated with E. coli, a very broad current

peak appeared in the cyclic voltammogram (Fig. 7a). There was no redox sub-

stance in the bilayer, so the broad current peak resulted from the defects within

the bilayer consisting of PCDA/MPDA and the SAM of octadecanethiol on the

gold electrode that permitted the probe molecules (K3Fe(CN)6/K4Fe(CN)6) in

solution to exchange electrons with the underlying gold electrode surface [61].

After the electrode was incubated with E. coli for 3min, the peak current gradually

decreased and appeared plateau-shaped at potential past the redox potential of

probe molecules (Fig. 7b). This can be explained by a low density of micro- or

nanometer scale defects within the bilayer, and each defect could behave as a

single ultramicroelectrode [62]. After the electrode was incubated with E. coli for

5min, the current decreased exponentially (Fig. 7c). Chidesy et al. [61] reported

that the change was attributed to the decrease of defect density within the bilayer.

In other words, there were no defect sites through which probe molecules can

completely or partially penetrate.

Fig. 6. Effect of toxin binding on amperometric response as a function of time. (a)
E. coli heat labile enterotoxin (80 ppm), (b) bovine serum albumin (1000 ppm,
control). Inset is the anodic current response for redox liposomes (—) without and
ð� � �Þ with 80 ppm enterotoxin. (Adapted with permission from Ref. [58], Fig. 1.).
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The amperometric response decreased noticeably with time in bacterial solu-

tion, but no significant current drop was observed in background solution. The

bacterium cells in saline solution diffused onto the electrode surface and bound

with the receptor (mannose) on the bilayer. The binding appeared to change

the bilayer structure and gradually diminish the current response. No current

change was found on the electrode without the receptor. However, as for recep-

tor-modified electrodes, the amperometric signal decreased quickly with increas-

ing concentration of the bacterium, and there was a linear relationship within the

range of 1� 108–7� 108 cells/mL. These results demonstrate the specificity of

the interactions between E. coli and mannose.

The direct electrochemical detection of molecular recognition by PDA supra-

molecular assemblies might not only open a new path for the use of these

membranes in the area of biosensor development but also offer new possibilities

for diagnostic applications and screening for binding ligands.

4. CONCLUSIONS AND OUTLOOK

Induction of colorimetric transition in PDA-based assemblies by molecular rec-

ognition is a recent, but exciting development in biosensors. The results obtained

so far have pointed to the potential of the ‘‘smart’’ systems as effective colori-

metric biosensors. PDA vesicles and thin films modified with ‘‘receptor lipid’’ can

Fig. 7. Cyclic voltammograms for 5mM K3Fe(CN)6/K4Fe(CN)6 in 0.1M KCl so-
lution on the bilayer consisting of PCDA/MPDA and the SAM of the oct-
adecanethiol modified gold electrode. Scan rate, 200mV/s. Concentration of E.
coli in solution, 9� 108 cells/mL. (a) Before incubation with E. coli and (b, c) after
incubation with E. coli for 3 and 5min, respectively. (Adapted with permission
from Ref. [60], Fig. 5.).
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be used to detect the presence of viruses or toxins through a blue–red color

transition. In particular, the incorporation of natural lipids into the PDA matrix

enables the vesicles to successfully mimic environments of cellular membranes,

thus opening the way to a variety of biochemical applications. Experiments that

have been reported demonstrated the application of the phospholipid/PDA ves-

icle system for detection of various biochemical processes and biological anal-

ytes, including soluble ions, peptide–membrane interactions, enzymatic lipid

cleavage, antigen–antibody interactions, and for screening of pharmacologically

active compounds.

Applications of these PDA-assemblies in molecular electronics and sensors

are at a very early stage, but the simplicity of design and synthesis of these

assemblies makes them very promising prototype platforms for detection of bio-

active materials. In particular, the seamless integration of signal transduction with

biomolecular recognition allows device miniaturization and offers potential for

simultaneous, multi-channel orthogonal detection techniques. The colorimetric

sensors have the potential to be commercially successful, provided certain key

problems regarding detection sensitivity, consistency of the initial optical state,

sensor stability, and durability can be solved.

In the future, more attention will be focused on addressing sensitivity and

durability issues by chemical modification of the synthetic membranes.
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[33] B. Tieke, G. Wegner, D. Nägele, H. Ringsdorf, Polymerization of tricosa-10,12-diynoic
acid in multilayers, Angew. Chem. Int. Ed. Engl. 15 (1976) 764–765.

[34] G. Xu, Molecular Medicine Bacteriology, Science Publishing Company, Beijing, 2000.
[35] X. Huang, M.H. Liu, Chirality of photopolymerized organized supramolecular poly-

diacetylene films, Chem. Commun. (2003) 66–67.
[36] S. Kolusheva, T. Shahal, R. Jelinek, Cation-selective color sensors composed of

ionophore–phospholipid–polydiacetylene mixed vesicles, J. Am. Chem. Soc. 122
(2000) 776–780.

[37] B.C. Pressman, Biological applications of ionophores, Annu. Rev. Biochem. 45
(1976) 501–530.

[38] P.W. Reed, Ionophores, Methods Enzymol. 55 (1979) 435–454.
[39] J.S. Puskin, T.E. Gunter, Electron paramagnetic resonance of copper ion and man-

ganese ion complexes with the ionophore A23187, Biochemistry 14 (1975) 187–191.
[40] S. Kolusheva, L. Boyer, R. Jelinek, A colorimetric assay for rapid screening of anti-

microbial peptides, Nature Biotechnol. 18 (2000) 225–227.
[41] S. Kolusheva, T. Shahal, R. Jelinek, Peptide–membrane interactions studied by a

new phospholipid/polydiacetylene colorimetric vesicle assay, Biochemistry 39 (2000)
15851–15859.

[42] W.T. Heller, K. He, S.J. Ludtke, T.A. Harroun, H.W. Huang, Effect of changing the size
of lipid headgroup on peptide insertion into membranes, Biophys. J. 73 (1997) 239–244.

[43] T. Sheynis, J. Sykora, A. Benda, S. Kolusheva, M. Hof, R. Jelinek, Bilayer localization
of membrane-active peptides studied in biomimetic vesicles by visible and fluores-
cence spectroscopies, Eur. J. Biochem. 270 (2003) 4478–4487.

[44] E. Perez-Paya, R.A. Houghten, S.E. Blondelle, The role of amphipathicity in the
folding, self-association, and biological activity of multiple subunit small proteins, J.
Biol. Chem. 270 (1995) 1048–1053.

[45] M. Katz, H. Tsubery, S. Kolusheva, A. Shames, M. Fridkin, R. Jelinek, Lipid binding
and membrane penetration of polymyxin B derivatives studied in a biomimetic vesicle
system, Biochem. J. 375 (2003) 405–413.

[46] R. Halevy, A. Rozek, S. Kolusheva, R.E.W. Hancock, R. Jelinek, Membrane binding
and permeation by indolicidin analogs studied by a biomimetic lipid/polydiacetylene
vesicle assay, Peptides 24 (2003) 1753–1761.

[47] D. Evrard, E. Touitou, S. Kolusheva, Y. Fishov, R. Jelinek, A new colorimetric assay
for studying and rapid screening of membrane penetration enhancers, Pharm. Res.
18 (2001) 943–949.

[48] Q. Cheng, R.C. Stevens, Coupling of an induced fit enzyme to polydiacetylene thin
films: colorimetric detection of glucose, Adv. Mater. 9 (1997) 481–483.

[49] M. Waite, The Phospholipases, Plenum Press, New York, 1987.
[50] S.Y. Okada, R. Jelinek, D. Charych, Induced color change of conjugated polymeric

vesicles by interfacial catalysis of phospholipase A2, Angew. Chem. Int. Ed. 38 (1999)
655–659.

Cell-Mimicking Supramolecular Assemblies Based on Polydiacetylene Lipids 251



[51] R. Jelinek, S. Okada, S. Norvez, D. Charych, Interfacial catalysis by phospholipases
at conjugated lipid vesicles: colorimetric detection and NMR spectroscopy, Chem.
Biol. 5 (1998) 619–629.

[52] M.K. Jain, W. Tao, J. Rogers, C. Arenson, H. Eibl, B.-Z. Yu, Active-site-directed
specific competitive inhibitors of phospholipase A2: novel transition-state analogs,
Biochemistry 30 (1991) 10256–10268.

[53] A. Ghassemi, P. Rosenberg, Effects of snake venom phospholipase A2 toxins (b-
bungarotoxin, notexin) and enzymes (Naja naja atra, Naja nigricollis) on amino-
phospholipid asymmetry in rat cerebrocortical synaptosomes, Biochem. Pharmacol.
44 (1992) 1073–1083.

[54] S. Rozner, S. Kolusheva, Z. Cohen, W. Dowhan, J. Eichler, R. Jelinek, Detection and
analysis of membrane interactions by a biomimetic colorimetric lipid/polydiacetylene
assay, Anal. Biochem. 319 (2003) 96–104.

[55] S. Kolusheva, R. Kafri, M. Katz, R. Jelinek, Rapid colorimetric detection of antibody-
epitope recognition at a biomimetic membrane interface, J. Am. Chem. Soc. 123
(2001) 417–422.

[56] Y.L. Su, J.R. Li, L. Jiang, Chromatic immunoassay based on polydiacetylene vesicles,
Colloids Surfaces B: Biointerfaces 38 (2004) 29–33.

[57] I. Gill, A. Ballesteros, Immunoglobulin–polydiacetylene sol–gel nanocomposites as
solid-state chromatic biosensors, Angew. Chem. Int. Ed. 42 (2003) 3264–3267.

[58] Q. Cheng, T.Z. Peng, R.C. Stevens, Signaling of Escherichia coli enterotoxin on
supramolecular redox bilayer vesicles, J. Am. Chem. Soc. 121 (1999) 6767–6768.

[59] T.Z. Peng, Q. Cheng, R.C. Stevens, Amperometric detection of Escherichia coli heat-
labile enterotoxin by redox diacetylenic vesicles on a sol–gel thin-film electrode, Anal.
Chem. 72 (2000) 1611–1617.

[60] Y.J. Li, B.L. Ma, Y. Fan, X.G. Kong, J.H. Li, Electrochemical and Raman studies of
the biointeraction between Escherichia coli and mannose in polydiacetylene deriv-
ative supported on the self-assembled monolayers of octadecanethiol on a gold
electrode, Anal. Chem. 74 (2002) 6349–6354.

[61] M.D. Porter, T.B. Bright, D.L. Allara, C.E.D. Chidesy, Spontaneously organized mo-
lecular assemblies. 4. Structural characterization of n-alkyl thiol monolayers on gold
by optical ellipsometry, infrared spectroscopy, and electrochemistry, J. Am. Chem.
Soc. 109 (1987) 3559–3568.

[62] E. Sabantai, I. Rubinstein, Organized self-assembling monolayers on electrodes. 2.
Monolayer-based ultramicroelectrodes for the study of very rapid electrode kinetics, J.
Phys. Chem. 91 (1987) 6663–6669.

C. Sun and J. Li252



CHAPTER 8

Budding of Liposomes – Role of Intrinsic

Shape of Membrane Constituents

Ales Iglic1,� and Veronika Kralj-Iglic2

1Laboratory of Applied Physics, Faculty of Electrical Engineering, University of Ljubljana,

Trzaska 25, SI-1000 Ljubljana, Slovenia
2Institute of Biophysics, Faculty of Medicine, University of Ljubljana, Lipiceva 2, SI-1000

Ljubljana, Slovenia

Contents

1. Introduction 253

2. The Single-Constituent Energy 255

3. Liposomes Composed of a Single Kind of Phospholipid Molecules 256

3.1. The two-state model 256

3.2. Global thermodynamic equilibrium 260

3.3. Solution of the variational problem – the equilibrium shape and orientational

distribution 263

3.4. Stability of the narrow neck(s) 268

3.5. Stability of the pear shape and the ADE model 269

4. Spherical Budding in Liposomes Composed of Two Kinds of Molecules 271

5. Conclusion 276

References 278

Abstract

The budding of phospholipid bilayer membrane is studied theoretically. The description

starts from a single-constituent energy that reflects intrinsic shape of the constituent, and

uses methods of statistical physics to obtain membrane free energy. The membrane free

energy is minimized to yield the equilibrium shape and distribution functions of constit-

uents. It is shown that two mechanisms based on internal degrees of freedom: in-plane

orientational ordering of phospholipids in the narrow neck connecting the bud with the

mother membrane and clustering of membrane inclusions in the budding region, are

complementary mechanisms that promote budding of liposomes.

1. INTRODUCTION

The budding of the bilayer membrane is a process that is vitally important for

cells. Accordingly, it is of interest to understand the mechanisms that are in-

volved in the budding. For this, the budding in bilayer membrane vesicles com-

posed of a single phospholipid species have been investigated [1–3]. Changes in

the suspension of vesicles, such as changes in temperature and changes in

shape of vesicles may in certain conditions induce formation of buds of the
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membrane bilayer [4]. The cell membrane is a multi-component structure,

therefore it is of special interest to study the budding of multi-component bi-

layer membranes. In such membranes, laterally mobile membrane consti-

tuents that favor certain membrane curvature, distribute between buds and the

mother membrane [5]. Buds may develop into vesicles that alienate from

the mother body leading to a loss of the mother membrane material [6]. This is

especially significant in vesicles composed of more than one species, since

due to the redistribution of the membrane constituents certain substances are

accumulated in buds/daughter vesicles [7]. Lateral distribution of membrane

constituents can be considered as an internal degree of freedom. The constit-

uents distribute in such a way so as to minimize the membrane free energy

[1,8–12]. Besides the lateral distribution of membrane constituents, another in-

ternal degree of freedom – lateral distribution of the in-plane orientational

ordering of anisotropic constituents – has recently been considered [13–15].

A method has been developed [9,17] starting from the microscopic description of

the membrane constituents and applying methods of statistical physics to ob-

tain the membrane free energy. To obtain the equilibrium configuration of

the vesicle, the membrane free energy is minimized taking into account the

relevant geometrical constraints. The intrinsic properties of membrane consti-

tuents and interactions between them are thereby revealed in macroscopic

features such as the equilibrium shape of the vesicle. Here, we apply this

method while focusing on the effect of the intrinsic shape of the membrane

constituents on the internal degrees of freedom, i.e. the equilibrium configuration

of the membrane (the orientational ordering and/or the equilibrium membrane

shape and the corresponding lateral distribution of constituents). The results

presented may contribute to the understanding of abrupt changes in curvature

derivatives, the stability of narrow necks that connect buds with the mother

membrane, the stability of pear shapes and mechanisms of raft accumulation on

the buds.

The description is based on the energy of a single constituent, which depends

on the intrinsic shape of the constituents. The introduction of the single-inclusion

energy is followed by the statistical mechanical model of the membrane

composed of a single species of phospholipid molecules that may undergo in-

plane orientational ordering, and a rigorous solution of the variational pro-

blem (the minimization of the free energy) yielding equilibrium shapes and

the corresponding orientational order distributions of the one-component

phospholipid vesicles. Then, the same formalism for the single-inclusion en-

ergy and the statistical mechanical model are used to describe spherical bud-

ding in the two-component membrane. The solution of the variational problem

by a simple parametrical model yields the equilibrium shape and the corre-

sponding lateral distribution of the membrane constituents. The role of the in-

trinsic shape of the membrane constituents can be recognized throughout the

presentation.
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2. THE SINGLE-CONSTITUENT ENERGY

Any membrane constituent may be treated as a very small inclusion in a two-

dimensional continuum curvature field imposed by other membrane constituents.

We assume that the inclusion, due to its structure and local interactions, ener-

getically would prefer a local geometry that is described by the two-intrinsic prin-

cipal curvatures C1m and C2m. The intrinsic principal curvatures are in general not

identical (Fig. 1). If they are identical (C1m ¼ C2m), then the in-plane orientation of

the inclusion is irrelevant. Such inclusion is called isotropic. If C1m 6¼C2m the

inclusion is called anisotropic. The orientation of such inclusion is important for its

energy. It is assumed that the inclusion will spend on an average more time in the

orientation, which is energetically most favorable, than in any other orientation.

If the area and the volume of the vesicle are fixed, the shape cannot attain the

curvatures that would equal the intrinsic curvatures in all its points and the energy

of the molecules is increased. The energy of a single inclusion derives from

the mismatch between the actual membrane shape given by the two principal

curvatures C1 and C2 and the intrinsic shape given by the intrinsic principal

Fig. 1. Schematic representation of different intrinsic shapes of some membrane
constituents. Front and side views are shown. Upper: isotropic constituent
(C1m ¼ C2m), lower: examples of anisotropic constituents (C1m 6¼C2m).
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curvatures C1m and C2m [16,17],

EðoÞ ¼
x

2
ðH� HmÞ

2 þ
xþ x%

4
ðĈ

2
� 2ĈĈmcos ð2oÞ þ Ĉ

2

mÞ ð1Þ

where x and x% are constants describing the strength of the interaction between

the inclusion and the surrounding membrane continuum and in the case of larger

multicomponent flexible membrane inclusion also the bending rigidity of the in-

clusion. H ¼ (C1+C2)/2 is the mean curvature of the membrane,

Hm ¼ (C1m+C2m)/2 is the mean curvature of the continuum intrinsic to the in-

clusion, Ĉ ¼ ðC1 � C2Þ=2; Ĉm ¼ ðC1m � C2mÞ=2 and o is the orientation of the

principal axes of the intrinsic shape relative to the principal axes of the local

curvature of the continuum.

It can be seen from equation (1) that the single-inclusion energy attains a

minimum when cos(2o) ¼ 1, i.e., when the two systems are aligned or mutually

rotated by an angle p, while the single-inclusion energy attains a maximum when

cos(2o) ¼ �1, i.e., when the two systems are mutually rotated by an angle p/2 or

3p/2. In the first case the single-inclusion energy is

Emin ¼
x

2
ðH� HmÞ

2 þ
xþ x%

4
ðD2 þ D2

mÞ �
xþ x%

2
DDm ð2Þ

whereas in the second case the single-inclusion energy is

Emax ¼
x

2
ðH� HmÞ

2 þ
xþ x%

4
ðD2 þ D2

mÞ þ
xþ x%

2
DDm ð3Þ

where D ¼ Ĉ
�

�

�

�

�

� and Dm ¼ Ĉm

�

�

�

�

�

� are the curvature deviator and the intrinsic

curvature deviator, respectively. The states o ¼ 0,p and the states p/2, 3p/2,

respectively, are degenerate so that the ordering is quadrupolar.

3. LIPOSOMES COMPOSED OF A SINGLE KIND OF PHOSPHOLIPID
MOLECULES

3.1. The two-state model

A single phospholipid molecule is treated as a very small inclusion in a two-

dimensional continuum curvature field imposed by other phospholipid molecules.

We assume that the phospholipid molecule, due to its structure and local inter-

actions, energetically would prefer a local geometry that is described by the

two principal curvatures C1m and C2m. As the phospholipid molecule is composed

of two tails and a headgroup, the intrinsic principal curvatures are not identical

(Fig. 1), i.e., the intrinsic shape of the phospholipid molecule is anisotropic [18].

Each monolayer is described separately. The contributions to the free energy

of the two monolayers are then summed to obtain the energy of the bilayer

membrane.
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The monolayer area is divided into small patches that, however, contain a large

number of molecules so that the methods of statistical physics can be used. The

membrane curvature is taken to be constant over the patch. This curvature field is

produced by the molecules themselves, i.e., the molecules pack together in such

way as to form the local shape of the membrane. We consider that every

phospholipid molecule in the patch is subject to this field. The lattice statistics

approach is used, drawing an analogy from the problem of non-interacting mag-

netic dipoles in an external magnetic field [19], the curvature deviator D taking the

role of the external magnetic field.

In the idealized case, we assume a simple model where we have M equivalent

molecules in the patch, each existing in one of the two possible states corre-

sponding to the energies Emin and Emax, respectively (equations (2) and (3)); N

molecules are taken to be in the state with higher energy Emax and (M�N) mol-

ecules are taken to be in the state with lower energy Emin. The energy of the lipid

molecules within the patch in the mean curvature field, divided by kT where k is

the Boltzmann constant and T is the temperature, is

ED

kT
¼ N

Emax

kT
þ ðM� NÞ

Emin

kT
ð4Þ

Inserting equations (2) and (3) into equation (4) gives

ED

kT
¼ M

Eq

kT
� ðM=2� NÞdeff ð5Þ

where

Eq

kT
¼

x

2kT
ðH� HmÞ

2 þ
xþ x%

4kT
ðD2 þ D2

mÞ ð6Þ

and

deff ¼
ðxþ x%ÞDmD

kT
ð7Þ

We call deff the effective curvature deviator.

Direct interactions between the membrane constituents are taken into account.

Here we assume that the relative orientation of two anisotropic molecules gives

rise to a contribution to the direct interaction that is the most important and

neglect all other contributions. In describing the direct interaction between the

nearest-neighbor molecules, we propose it should be taken into account that the

molecules that are oriented in such way that their orientational energy in the

mean curvature field is lower, also exhibit more favorable packing. By attaining

the shape that is in tune with the local-curvature field, the tails of the favorably

oriented molecules come, on the whole, closer together, which gives rise to

additional lowering of the energy of the patch due to direct interactions, relative to

the situation where the molecules are randomly oriented within the patch. On the
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other hand, if we consider that the molecules that are oriented in such way that

their orientational energy in the mean curvature field is higher, exhibit less fa-

vorable packing, in which the tails are on the whole further apart. This causes a

rise of the energy of the interaction between such oriented molecules within the

patch with respect to the situation where the molecules are randomly oriented.

The effect depends on the local-curvature field, on the intrinsic shape of the

molecule and the strength of the interaction. We consider the effect to be pro-

portional to the local effective curvature deviator. The direct interaction of N

molecules in the patch that have higher energy Emax with their neighbors is

therefore described by a positive contribution [14],

EN

kT
¼

~k

kT
Ndeff ð8Þ

where ~k is the interaction constant. Accordingly, the direct interaction of (M�N)

molecules that have lower energy Emin, with their neighbors is described as

EM�N

kT
¼ �

~k

kT
ðM� NÞdeff ð9Þ

The total energy of the patch due to direct interaction Ei/kT is (EN/kT+EM�N/kT)/

2, where we divide by 2 as to avoid counting each molecule twice. Therefore,

Ei

kT
¼ �

~k

kT
ðM=2� NÞdeff ð10Þ

The total energy of the patch EP is obtained by summing the contribution of the

orientation of the molecules according to the local curvature deviator ED and the

contribution of the direct interaction between the molecules within the patch Ei,

Ep

kT
¼

ED

kT
þ

Ei

kT
ð11Þ

Ep

kT
¼ M

Eq

kT
� ð1þ

~k

kT
Þ ðM=2� NÞdeff ð12Þ

It follows from the above equation that the direct interactions renormalize

(enhance) the interaction of the phospholipid molecule with the deviatoric field.

The chosen patch is considered as a system with a constant area Ap and a

constant number of molecules M. The system is immersed in a heat bath so that

its temperature T is constant. There are two possible energy states for the mole-

cules in the patch. Within the given energy state the molecules are treated as

indistinguishable. We assume that the system is in thermodynamic equilibrium

and follow the description of a two-orientation model of noninteracting magnetic

dipoles [19]. Analogous, if there are N molecules in the state with higher (maxi-

mal) energy and (M�N) molecules in the state with lower (minimal) energy, the

number of possible arrangements consistent with this N isM!/N!(M�N)!, while the
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corresponding energy of the system is EP. However, when calculating the par-

tition function, we must consider all possibilities, e.g., N can be any number from

0 to M; N ¼ 0 means that all the molecules are in the state with lower energy,

N ¼ 1 means that one molecule is in the state with higher energy while M�1

molecules are in the state with lower energy, etc. The canonical partition function

Qp(M,T,D) of M molecules in the small patch of the membrane is therefore

Qp ¼
X

M

N¼0

M!

N!ðM� NÞ!
exp �

EP

kT

� �

ð13Þ

where k is the Boltzmann constant.

Considering equations (2–13) and using the binomial (Newton) formula in

summation of the finite series yields

QP ¼ ð2qcoshðdeffð1þ ~k=kTÞ=2ÞÞM ð14Þ

where

q ¼ exp �
Eq

kT

� �

ð15Þ

The Helmholtz free energy of the patch is FP ¼ �kT ln QP,

FP ¼
Mð3xþ x%Þ

4
H2 �MxHHm �

Mðxþ x%Þ

4
C1C2

�MkT ln 2 cosh
deffð1þ

~k
kT

2

 ! !

þ
Mx

2
H2

m þ
Mðxþ x%Þ

4
D2

m ð16Þ

where

D2 ¼ H2 � C1C2 ð17Þ

The energy of the membrane bilayer is then obtained by summing the contri-

butions of the all patches in both monolayers,

F ¼

Z

Aout

moutF
PðC1;C2Þ dAþ

Z

Ain

minF
Pð�C1;�C2Þ dA ð18Þ

wheremout andmin are the area densities of the lipid molecules in the outer and in

the inner monolayer, respectively, while FP is given by equation (16). It is con-

sidered that the signs of the principal curvatures in the inner layer are opposite to

the signs of the principal curvatures in the outer layer.

We assume that mout ¼ min ¼ m0. Also, in integration, we neglect the differ-

ence between the areas of the two monolayers (Aout ¼ Ain ¼ A0), where A is

the membrane area. The latter approximation is not valid for strongly curved

membranes, but in the system that will be considered in this work, the area
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corresponding to strong curvature (i.e. the area of the neck(s)) is small compared

to the area of the entire vesicle. It follows from equations (16) and (18) that

F ¼
ð3xþ x%Þ

8
m0

Z

ð2HÞ2 dA

�
ðxþ x%Þm0

2

Z

C1C2 dA� 2m0kT

Z

ln 2coshðdeffð1þ
~k

kT
Þ=2Þ

 !

dA ð19Þ

The first two terms of the above expression yield the bending energy of a nearly

flat thin membrane [20]. In the following, the constant contribution �2m0kTA ln2

that is included in the third term of equation (19) is omitted. Also the second term

in equation (19) is not considered further since according to the Gauss–Bonnet

theorem it is constant for the closed surfaces that are considered in this work.

Therefore, we will further consider the expression for the free energy F [14],

F ¼
ð3xþ x%Þ

8
m0

Z

ð2HÞ2dA� 2m0kT

Z

ln coshðdeffð1þ ~k=kTÞ=2Þ dA ð20Þ

The average number of molecules in each of the energy states represents the

local quadrupolar ordering of the molecules. Knowing the canonical partition

function of a patch QP we can calculate the average fraction of the molecules with

higher energy within the patch (Emax) [14],

Nh i

M
¼

1

1þ edeffð1þ
~k=kTÞ

ð21Þ

while the average fraction of the molecules in the lower energy state Emin is [14],

M� Nh i

M
¼

1

1þ e�deffð1þ ~k=kTÞ
ð22Þ

It can be seen from equations (21) and (22) that at deff ¼ 0, i.e. when the principal

curvatures are equal, both energy states are equally occupied (/NS/M ¼

/M�NS/M ¼ 1/2). The fraction of the number of molecules in the lower energy

state increases with increasing deff to 1, while the fraction of molecules in the

higher energy state decreases to 0.

3.2. Global thermodynamic equilibrium

The equilibrium configuration of the system (the equilibrium shape and the cor-

responding distribution of the quadrupolar ordering) is sought by minimizing the

membrane free energy

dF ¼ 0 ð23Þ

under relevant geometrical constraints. We require that the membrane area A
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be fixed, that the enclosed volume V be fixed and that the average mean

curvature /HS be fixed,
Z

dA ¼ A;

Z

dV ¼ V;
1

A

Z

HdA ¼ Hh i ð24Þ

For clarity, the above problem is expressed in dimensionless form. We introduce

the dimensionless curvatures c1 ¼ RsC1,c2 ¼ RsC2,h ¼ RsH,hm ¼ RsHm,

/hS ¼ Rs/HS,d ¼ RsD,dm ¼ RsDm, the relative area a ¼ A=4pR2
s ¼ 1, the rel-

ative volume v ¼ 3V=4pR3
s ; the relative area element da ¼ dA=4pR2

s and the

relative volume element dv ¼ 3dV=4pR3
s . The normalization unit Rs is the radius

of the sphere of the required area A, Rs ¼
ffiffiffiffiffiffiffiffiffiffiffi

A=4p
p

. The free energy of the

phospholipid bilayer F (equation (20)) is normalized relative to ð3xþ x%Þ2pm0,

f ¼ wb þ fd ð25Þ

where

wb ¼
1

4

Z

ðc1 þ c2Þ
2da ð26Þ

fd ¼ �k

Z

ln coshðdeffð1þ ~k=kTÞ=2Þ da ð27Þ

and

k ¼ 4kTR2
s=ð3xþ x%Þ ð28Þ

We consider only axisymmetric shapes. The geometry of the shape is described

in terms of the arc length l. We use the coordinates r(l) and z(l) where r is the

perpendicular distance between the symmetry axis and a certain point on the

contour and z the position of this point along the symmetry axis. The principal

curvatures are

c1 ¼
sinc

r
; c2 ¼

dc

dl
� cl ð29Þ

where c is the angle between the normal to the surface and the symmetry axis.

The dimensionless area element is da ¼ rdlX2 and the dimensionless volume

element is dv ¼ 3r2sincdlX4. Using the above coordinates, the dimensionless

free energy is

f ¼
Z

1

8

sinc

R
þ cl

� �2

r dl�
Z

kr

2
ln cosh W

sinc

R
� cl

� �� �

dl ð30Þ

where

W ¼ ðxþ x%ÞDm

4kTRs

1þ
~k

kT

 !

ð31Þ
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while the dimensionless global constraints are
Z

1

2
r dl ¼ 1;

Z

3

4
r2sinc dl ¼ v;

Z

1

4
ðsincþ clRÞ dl ¼ hh i ð32Þ

Also, we must consider a local constraint between the chosen coordinates,

dr

dl
¼ cos c ð33Þ

A functional is constructed, G ¼
R

L dl, where

L ¼ 1

8

sinc

R
þ cl

� �2

r� kr

2
ln cosh W

sinc

R
� cl

� �� �

þla
r

2
þ lv

3

4
r2sincþ l hh i

1

4

sinc

R
þ cl

� �

rþ lðrl � coscÞ ð34Þ

la,lv and loh4 are the global Lagrange multipliers and l is the local Lagrange

multiplier. The above variational problem is expressed by a system of La-

grange–Euler differential equations,

@L

@r
� d

dl

@L

@rl

� �

¼ 0 ð35Þ

@L

@c
� d

dl

@L

@cl

� �

¼ 0 ð36Þ

It follows from equations (35) and (34) that [14]

dl

dl
¼ 1

8

w2 � sin2c

r2

 !

þ la

2
þ 3

2
lvRsincþ 1

4
l hh i

w

r

� k

2
ln cosh W

sinc� w

R

� �� �

þ kW

2r
sinctanh W

sinc� w

R

� �� �

ð37Þ

while, it follows from equations (36) and (34) that [14]

dw

dl
¼ A

B
ð38Þ

where

B ¼ 1� 2kW2

cosh2 W sin c� wð Þ=R
� �

 !

ð39Þ

A ¼ sinccosc

r
1þ 2kW2

cosh2 W sinc�w
R

� �� �

0

@

1

A� 4kW2wcosc

rcosh2 W sinc�w
R

� �� �
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þ3lvR
2coscþ 4lsinc� 4kWcosctanh W

sinc� w

R

� �� �

ð40Þ

and

cl ¼
w

r
ð41Þ

At the poles cl ¼ sincXr.

It follows from equations (38) and (39) that a singularity in dw/dl occurs when

the denominator (39) becomes equal to 0,

1� 2kW2

cosh2ðWðsinc=r� clÞÞ
¼ 0 ð42Þ

equation (42) is fulfilled when

sinc

r
� cl ¼ � 1

W
lnð

ffiffiffiffiffiffi

2k
p

Wþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2kW2 � 1
p

Þ ð43Þ

i.e. when the curvature deviator attains a certain constant value determined by the

constants k and W. This singularity occurs at sites where the opposing effects of

isotropic and deviatoric bending become equal in magnitude, i.e., where the de-

viatoric effects renormalize the isotropic bending to zero. A geometry is reached

where the curvature is so high that the approximate model is no longer valid.

3.3. Solution of the variational problem – the equilibrium shape and
orientational distribution

The system of Lagrange–Euler differential equations (37) and (38) is solved nu-

merically. The contour of the axisymmetric equilibrium shape is then given by the

two coordinates (r,z), where dzXdl ¼ sinc. In order to solve the problem nu-

merically, the model constants should be estimated: the interaction constant x%

was for reasons of simplicity taken to be equal to x, x ¼ x% ¼ kca0, where kc is the

bilayer bending constant and a0 is the area per phospholipid molecule, kcC20kT,

a0 ¼ 60� 10�20m2, Rs is 10�5m, T ¼ 300K, Dm ¼ 2� 108m�1, W ’ 1:5� 10�4,

k ’ 7� 106 and ~k=kT ’ 1 [14]. As a0m0 ¼ 1, it follows from above and from the

normalization given after equation (24) that the normalization factor of the en-

ergies is ð3xþ x%Þ2pm0 ¼ 8pkc.

Figure 2 shows how the global Lagrange multipliers of an almost globular shape

with chosen relative volume and average mean curvature and a chosen constant

k change upon increase of the constant W. It could be expected that the singularity

would eventually be reached for high-enough values of W. We call the shape where

the singularity first occurs, the critical shape. We were able to overcome

the interval of W corresponding to shapes with at least one singularity by extra-

polating the solution (the Lagrange multipliers and the boundary conditions) over
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this narrow interval. Within this interval we could not solve the variational problem

numerically. This is indicated by the gap in the curves (Figs. 2a,b). It can also be

seen in Fig. 2a that all the Lagrange multipliers approach zero within this interval.

Figure 2b shows the corresponding dependence of the energy contributions on

the value of the constant W. The isotropic bending energy wb, the deviatoric

energy fd and the sum of these two terms f ¼ wb+fd are depicted. It can be seen

that close to the interval where the singularity occurs and the Lagrange multipliers

approach zero, the dependence of the energy on W indicates no discontinuity.

When the interaction constant W is increased over the entire range where the

(a)

(b)

Fig. 2. (a) Lagrange coefficients as a function of the interaction constant W. (b)
Bilayer membrane free energy f and the energy contributions: energy of isotro-
pic bending wb, and contribution of orientational ordering fd as a function of the
interaction constant W. The values of model parameters are v ¼ 0.95,
/hS ¼ 1.0422, k ¼ 7�106 (from Kralj-Iglic et al [14]).
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shapes could be calculated (Fig. 2) the shape change is so minute that the shape

appears the same (see inset).

Increasing the constant W in a shape that attains many different values of c1 and

c2 along the contour (such as the pear-shape with a narrow neck) would first yield

a singularity (reach the critical shape) at a single point on the contour (on a ring of

axisymmetric shape) in the neck region. It is of interest to study the behavior of

the solutions of the variational problem close to the critical shape. Starting with

the constants k and W that are high enough to yield a solution above the interval

where the singularity occurs in at least one point on the contour, we approached

the critical shape with a somewhat narrower neck by decreasing the constant k.

Figure 3 shows the contour of the shape and the corresponding fraction of the

molecules in the lower energy state, i.e., the ordering of the phospholipid mole-

cules; gray lines correspond to the shape that is more remote to the critical W

while black lines correspond to the shape that is closer to the critical W. It can

be seen in both cases that the fraction of the molecules in the lower energy state

increases in the neck region. In the neck, the curvature deviator is higher and the

orientational ordering becomes more pronounced. As the critical W is approached,

the maximum of the orientational distribution function becomes narrower and the

peak becomes sharper. The neck of the pear-shape becomes shorter and ex-

hibits a more abrupt width change for the shape that is closer to the critical W.

Figure 4 shows the numerator (equation (40)), the denominator (equation (39))

and the derivative dw/dl along the contour as a function of the symmetry axis of

the shapes depicted in Fig. 3. In the shape that is closer to the critical shape

(case b) the denominator attains lower absolute values along the whole contour,

while it approaches 0 at a certain point in the neck region. Correspondingly, the

derivative dw/dl reaches higher values and changes abruptly in the vicinity of this

point forming sharp peaks. In the shape that is more remote to the critical shape

(case a), the absolute values of the denominator and of the numerator are higher,

while the values of the derivative dw/dl are lower. The peaks formed by the

derivative dw/dl are milder. The arc length, where the derivative dw/dl strongly

changes diminishes as the critical shape is approached.

Figure 4 shows that the derivative dw/dl increases when we approach the

critical shape, while the numerator and the denominator both decrease over the

entire shape. In the point on the contour close to the narrowest width of the neck,

the denominator approaches zero. From the numerical results we could not come

to a definite conclusion that the regularity condition can be imposed. We could not

exclude the possibility that the derivative dw/dl may in some cases increase be-

yond any limit. This would mean that the discontinuity in the meridian curvature

that is consistent with divergence in dw/dl corresponds to a finite energy. Changes

of the meridian curvature over a minute arc length were recently observed in

two-component phospholipid vesicles with added cholesterol, where the

two phospholipids were in two different liquid phases (ordered/disordered) [21].
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Fig. 3. Two shapes illustrating the approach to the critical shape with singularity
in the Euler–Lagrange differential equation and the corresponding orientational
distribution functions. The shape that is closer to the critical shape (k ¼ 1735.5,
black) has a shorter neck and a sharper distribution peak than the shape that is
more remote from the critical shape (k ¼ 2800, gray). For both shapes v ¼ 0.95,
W ¼ 0.02456, /hS ¼ 1.11543 (from Kralj-Iglic et al [14]).

A. Iglic and V. Kralj-Iglic266



Segregation of the phospholipid was observed whereby an abrupt change in the

meridian curvature could be noted in some of the two-photon micrographs. The

abrupt changes in curvature appear close to the line where the two phases are in

contact, but rather within the disordered phase region. In some shapes, the

abrupt change in meridian curvature appears within the disordered phase. It is

argued [21] that the shape is determined by the preference of the phospholipid for

a certain curvature and by the effects on the edges where the two phases meet;

however, the abrupt changes in the curvature within a given phase are not ex-

plained.

(a)

(b)

Fig. 4. Approach to the critical shape with singularity in the Lagrange–Euler
differential equation. The numerator A, the denominator B and the derivative dw/dl
are shown for both shapes (a and b, respectively) presented in Fig. 3 (from [14]).
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3.4. Stability of the narrow neck(s)

We studied the sequence of shapes of increasing average mean curvature within

the class of pear shapes [2]. It was observed in experiments that the shapes with

narrow neck(s) show increased stability [4,17]. For example, in spontaneous

transformation of pure palmitoyl oleyl phosphatidylcholine (POPC) vesicles,

where the initially long thin protrusion shortens with time, a shape composed of a

globular mother vesicle and almost spherical protrusion connected by a narrow

neck is attained. Further, the opening of the neck starts; however, the process

reverses so that the neck becomes very thin again (Fig. 5). There may be several

such oscillations before the neck opens and the vesicle attains its flaccid shape.

This indicates an energy minimum of the shape composed of two globular parts

connected by a narrow neck. It will be shown below that the orientational ordering

of phospholipid molecules in the narrow neck may explain stability of shapes with

narrow neck(s).

Figure 6 shows how the free energy of the vesicle changes upon increase of

the average mean curvature for a vesicle of a given relative volume v ¼ 0.95 and

size Rs ¼ 10�5m. Case a corresponds to isotropic bending only, case b corre-

sponds to the quadrupolar ordering of independent molecules ( ~k=kT ¼ 0), while

case c also considers direct interactions between phospholipid molecules

( ~k=kT ¼ 1). The energy of isotropic bending wb increases along the sequence

[22], while the energy of deviatoric bending fd decreases along the sequence. The

behavior of the sum of the two contributions exhibits the difference in the relative

rate of change of the two contributions. In case b (if the molecules are considered

as independent) the decrease of the energy of the deviatoric bending is not

strong enough to overcome the increase of the energy of isotropic bending wb

and f increases with increasing /hS. In case c (if direct interaction between

phospholipid molecules is considered), the increase of the energy of isotro-

pic bending wb is overcome and the vesicle free energy decreases with increas-

ing /hS. The rigorous solution of the variational problem (Fig. 6) shows that the

effect of quadrupolar ordering on the free energy of the vesicle is also important in

shapes, where there are no regions of very high-curvature deviator. Except for in

the vicinity of the singularity, the local ordering is low over most of the membrane

Fig. 5. Oscillations of the neck width before the neck opens and the vesicle
attains its flaccid shape indicating that the shape with the narrow neck is en-
ergetically favorable, bar ¼ 20 mm (adapted from Iglic and Kralj-Iglic [17]).
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area, while the equilibrium shape could hardly be distinguished from the corre-

sponding shape calculated by minimization of the Helfrich local bending energy.

However, as the values of the free energy are considerably affected, the quad-

rupolar ordering of phospholipid molecules provides a particular interpretation

of the trajectories representing the observed processes within the phase diagram

of possible shapes. The formation of the neck is energetically favorable for any

initiation mechanism. The membrane free energy decreases as the region of

increasing curvature deviator increases, while the free energy values remain

within the same range (Fig. 6). Similar to exovesiculation (Fig. 4), an energy

decrease could also be expected for endovesiculation, by using the same values

of the model constants (W and k). The deviatoric effects could not determine

the general direction of the shape change of the globular vesicle, but once

the neck(s) start(s) to form, the deviatoric effects provide a mechanism for its

stabilization.

3.5. Stability of the pear shape and the ADE model

The mechanism of quadrupolar ordering is complementary to the mechanisms of

local and non-local isotropic elasticity of the area-difference-elasticity (ADE)

model [3]. The contribution of the non-local isotropic elasticity to the membrane

free energy is expressed within the ADE model as [23,3]

WADE ¼ 2krAð Hh i � H0Þ2 ð44Þ

Fig. 6. Bilayer membrane free energy as a function of the average mean cur-
vature of the vesicle with v ¼ 0.95; (a) isotropic bending, (b) orientational ordering
of independent molecules W ¼ 1.5� 10�4,k ¼ 7� 106, c: orientational ordering of
interacting molecules W ¼ 3�10�4,k ¼ 7� 106 (adapted from [14]).
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where kr is the non-local bending constant and H0 determines the average mean

curvature of the membrane under lowest possible stress. The contribution of the

non-local isotropic bending normalized by ð3xþ x%Þ2pm0 ¼ 8pkc is

wADE ¼ qð hh i � h0Þ2 ð45Þ

where q ¼ krXkc and h0 ¼ H0Rs.

Within the ADE model, where the free energy consists of the local (26) and

non-local (45) isotropic bending, the absolute minimum of the free energy may be

by an appropriate choice of the parameters q and h0 shifted to the limit shape

composed of the two spheres connected by an infinitesimal neck. However, a

higher value of q than the experimentally estimated one [24] is needed to obtain

this effect [3], while the values of h0 should be taken much larger than any of /hS

within the sequence of pear shapes, which gives a significant increase in the free

energy and concomitant tension within the membrane. It seems unlikely that

the vesicle would favor high tension within the membrane as it may develop pro-

cesses to relax, such as transient pore formation [25,26]. It will be shown be-

low that a decrease of the free energy due to the orientational ordering of

phospholipid molecules may complement the non-local isotropic bending in sta-

bilizing pear shapes, including shapes with neck(s).

Figure 7 shows the dependence of the free energy of the vesicle on the av-

erage mean curvature /hS including the non-local bending of the ADE model for

two choices of the parameter h0 (A: h0 ¼ 1.9, B: h0 ¼ 2.1). Cases a, show the

isotropic local and non-local bending (ADE model) while, cases b show the iso-

tropic local and non-local bending and the deviatoric bending due to the quad-

rupolar ordering of independent molecules ( ~k=kT ¼ 0). Since in both cases, A and

B, the constant h0 is larger than any /hS of the sequence (/hSo1.74), adding a

quadratic term of non-local bending to the isotropic local bending increases the

membrane free energy (Fig. 7, curves a). If the energy contribution of the de-

viatoric bending is considered (Fig. 7, curves b), a shallow minimum is obtained

for h0 ¼ 1.9 close to the limit shape (at /hS ¼ 1.16) (A), while for h0 ¼ 2.1 (B) the

free energy is decreasing toward the shape with the narrow neck. It can be seen

that without considering the deviatoric effect (ADE model alone) the formation of

the neck is not favored if the experimental value of the parameter q ¼ 2 [24] and

the values of h0 that are comparable to the values of /hS within the sequence of

the pear shapes are considered. Including the deviatoric effect to the membrane

local and non-local isotropic bending renders a minimum close to the shape with

the narrow neck. The quadrupolar ordering diminishes the increase of the free

energy due to local isotropic bending. Therefore, the sequence becomes more

sensitive to the effect of the non-local isotropic bending.

By varying constants W,k and h0 within the range that still gives contributions to

the free energy that are comparable to the isotropic bending energy, it is also

possible to obtain stable pear shapes with a wider neck and deeper minima of the

free energy that would exceed the energies of thermal fluctuations. Figure 8
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shows the dependence of the free energy of the vesicle on the average mean

curvature including the non-local bending of the ADE model for three choices of

the parameter h0 as given in the figure. It can be seen that it is possible to obtain

an absolute minimum also for the shape with a wider neck.

4. SPHERICAL BUDDING IN LIPOSOMES COMPOSED OF TWO
KINDS OF MOLECULES

We consider a system composed of phospholipid molecules and membrane-

inserted molecules that form together with distorted nearby phospholipid mole-

cules the membrane inclusions [15,22,27]. It is assumed that the inclusions

(a)

(b)

Fig. 7. Bilayer membrane free energy including non-local isotropic bending as a
function of the average mean curvature of the vesicle with v ¼ 0.95 and q ¼ 2.
Curves a: local and non-local isotropic bending (W ¼ 0, k ¼ 0). Curves b: local
and non-local isotropic bending and deviatoric bending due to the orientational
ordering (W ¼ 1.5� 10�4,k ¼ 7� 106).
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are formed by complexes seeded for example by a protein or a detergent mol-

ecule. As such inclusions can be rather large, we take that the energy of a single

phospholipid molecule is much smaller than the energy of a single inclusion and

will therefore be neglected. For simplicity, inclusions are considered to distribute

only in one layer of the bilayer. Due to the lateral mobility of inclusions they

accumulate in regions of favorable curvature, while they are depleted from re-

gions of unfavorable curvature [5,22,28]. The influence of the intrinsic shape of

the phospholipid molecules on the equilibrium configuration of the system has

been described in detail in the previous section, therefore, here we study the

effect of the intrinsic shape of larger membrane inclusions seeded, for example,

by the intercalated protein or detergent molecule in the membrane.

In order to avoid too high local lateral densities of the inclusions we consider

the excluded volume principle, i.e., the finite volume of the membrane compo-

nents by applying the lattice statistics [19].

As previously, the outer monolayer area is divided into small patches that,

however, contain a large number of molecules so the methods of statistical

physics can be used. The membrane curvature is taken to be constant over the

patch. A lattice is imagined with all its M sites occupied either with a phospholipid

molecule or an inclusion. In the chosen patch, there are N inclusions with energy

EN and (M�N) phospholipid molecules with energy 0. The inclusions are taken to

be isotropic so that Dm ¼ 0. It follows from equation (1)

EN ¼ x

2
ðH� HmÞ2 ð46Þ

Fig. 8. Bilayer membrane free energy including non-local isotropic bending as a
function of the average mean curvature of the vesicle with v ¼ 0.95 and q ¼ 2 for
two choices of the parameter h0, as given in the figure. The respective shapes,
which correspond to the absolute minimum of the free energy within the class of
the pear shapes are shown. The values of the model parameters are
W ¼ 3� 10�4,k ¼ 7� 106.
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In this case direct interactions between isotropic inclusions are taken into account

by using the Bragg–Williams approximation [19]. We assume that the direct in-

teractions [29] are possible only between the inclusions, while there is no direct

interaction between the inclusion-phospholipid pairs,

Wii ¼ �Niiw ð47Þ

where w is the interaction energy of an inclusion–inclusion pair (for wo0 the

interaction between the inclusions is attractive) and �Nii is the average number of

nearest–neighbor inclusions,

�Nii ¼
1

2
Nc

N

M
ð48Þ

where, c is the number of nearest neighbors (c ¼ 4 for two-dimensional square

net. The factor 1X2 was inserted in order to avoid counting each inclusion-

inclusion pair twice. Such direct-interaction energy was used in [8].

The canonical partition function of the inclusions in the patch is

QP ¼ expð�EN=kTÞ expð�cN2w=2MkTÞ M!

N! ðM� NÞ! ð49Þ

The Helmholtz free energy of the patch is FP ¼ �kTlnQP,

FP ¼ N
x

2
ðH� HmÞ2 þ

cwN2

2M
þ kTNlnðN=MÞ þ kTðM� NÞlnððM� NÞ=MÞ ð50Þ

The membrane free energy is obtained by summing the contributions of all

patches in the outer layer. The contribution of the inner layer composed of

phospholipid molecules yields a constant contribution since the energy of the

phospholipid molecules is taken to be 0, and since all the lattice sites are oc-

cupied by equal and indistinguishable molecules. This constant contribution is

omitted. Free energy of the vesicle is therefore

F ¼
Z

A

xm0

2
ðH� HmÞ2n dAþ

Z

A

cwm0

2
n2dA

þ kTm0

Z

A

ðnlnnþ ð1� nÞlnð1� nÞÞdA ð51Þ

where n ¼ NXM and m0 ¼ MXdA.

The equilibrium configuration of the system (the equilibrium shape and the

corresponding distribution of the membrane inclusions) is sought by minimizing

the free energy

dF ¼ 0 ð52Þ

under relevant geometrical constraints.
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We require that there is a fixed number of inclusions in the membrane

1

A

Z

n dA ¼ �n ð53Þ

where, �n is the average value of n.

For clarity, dimensionless quantities are used. The dimensionless curvatures

and the area and volume elements are defined as above (equation (24)). Here,

the free energy is normalized relative to kTm0A,

f ¼
Z

x

2kT
ðH� HmÞ2n daþ

Z

cw

2kT
n2 daþ

Z

ðnlnnþ ð1� nÞlnð1� nÞÞ da ð54Þ

The dimensionless form of constraint (53) is
Z

n da ¼ �n ð55Þ

Here, we will rigorously solve the variational problem only with respect to the

distribution of the inclusions n. A functional is constructed, G ¼
R

L dl, where

L ¼ x

2kT
ðH� HmÞ2nþ cw

2kT
n2 þ ðnlnnþ ð1� nÞlnð1� nÞÞ þ lnn ð56Þ

and ln is the global Lagrange multiplier. The relevant Lagrange–Euler differential

equation

@L

@n
¼ 0 ð57Þ

yields

ln
n

1� n
exp

cwn

kT

h i

¼ �l� x

2kT
ðH� HmÞ2 ð58Þ

For simplicity, we take exp(cwnXkT)E1+cwnXkT, therefore,

ln
n

1� n
ð1þ cwn

kT
Þ

h i

¼ �l� x

2kT
ðH� HmÞ2 ð59Þ

After rearrangement, equation (59) is solved to obtain

n ¼ � ð1þ e�ðlþbÞÞkT
8w

þ ð1þ e�ðlþbÞÞkT
8w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
16w=kT
� �

e�ðlþbÞ

ð1þ e�ðlþbÞÞ2

s

ð60Þ

where, b ¼ xn(H�Hm)
2
X2kT and c ¼ 4. In the limit of weak interaction (small w)

equation (60) transforms into

n ffi W expð�bÞ
ð1þ W expð�bÞÞ 1� 4w

kT

W expð�bÞ
ð1þ W expð�bÞÞ2

	 


ð61Þ
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where W ¼ exp(�l) and wo0 for attractive interactions. The parameter W is de-

termined from constraint (53).

To perform minimization of the membrane free energy with respect to the

membrane shape, we use a simple parametric model that we consider relevant to

discuss a possible physical mechanism explaining the observed curvature-in-

duced sorting of membrane components. We limit our study to buds that have

spherical shape. In the model, the membrane is divided into two parts, the planar

part (part 1) with the relative area a1 and the respective fraction of the area

covered by the inclusions n1, and spherically curved part of the membrane (part

2) with the constant mean curvature H ¼ 1/r, the relative area a2 and the re-

spective fraction of the area covered by inclusions equal to n2. The parameter W is

determined numerically from the condition

n1a1 þ n2a2 ¼ �n ð62Þ

where we take into account

a1 þ a2 ¼ 1 ð63Þ

As previously stated, the curved membrane region (region 2) corresponds to the

budding (invaginated or evaginated) membrane regions or vesicles.

Figure 9 shows the fraction of the area of the membrane budding (invaginated of

evaginated) region covered by inclusions (n2) as a function of its curvature radius

(r) for three values of the intrinsic mean curvature of the inclusions (Hm). It can be

seen that for the values of r close to 1XHm the fraction of the membrane curved

area occupied by inclusions (n2) is much larger than �n even if w ¼ 0. This indicates

Fig. 9. Fraction of the area of the membrane invaginated or evaginated (budding)
region covered by inclusions (n2) as the function of its curvature radius (r) for
three values of the intrinsic mean curvature of the inclusions (Hm): 0.03 nm

�1 (a),
0.05 nm�1 (b) and 0.07 nm�1 (c). The values of the other model parameters are:
�n ¼ 0:02, a2 ¼ 0.02, w ¼ 0 and x ¼ 5000 kT nm�2 [28].
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the possibility of the curvature-induced clustering of the membrane inclusions in

the highly curved membrane regions, i.e., the formation of rafts on membrane

invaginations or evaginations and vesicles, due to the preference of inclusions for

certain (non-zero) membrane curvature. It can be also seen in Fig. 9 that for high-

enough values of the intrinsic mean curvature of the inclusions (Hm) the value of

(n2) approaches unity indicating the possibility of the lateral phase separation of

the inclusions for high-enough values of (Hm). For given Hm, the value of r cor-

responding to maximum of n2(r) (Fig. 9) also corresponds to minimum of the free

energy F, i.e., this value of r is energetically most favorable for given Hm.

Recently, upgradation of the standard model for the cellular membranes [30]

with consideration of lateral inhomogeneities of the membrane constituents –

rafts [31,32], indicates that budding is important in formation of rafts. Clustering of

membrane constituents into larger domains (rafts) in highly curved spherical re-

gions (invaginations) of cell membranes have been observed in biological mem-

branes [33]. It was suggested that small protein–cholesterol membrane

complexes (inclusions) may coalesce into larger domains (rafts) [34] upon cur-

vature-induced enrichment of inclusions in highly curved spherical parts of the

budding region [35]. The size of membrane inclusions can be very small, com-

prising just a few molecules (proteins and lipids) [36], but also larger.

For example, it was indicated recently that after generation of ceramidine from

sphingomyelin in giant sphingomyelin liposomes, lateral distribution of ceramidine

becomes non-homogeneous. Lateral phase separation, i.e., the formation of

ceramidine domains, takes place leading to the formation of ceramidine-enriched

membrane evaginations/invaginations [5]. It is suggested that the observed lat-

eral segregation of the ceramidine molecules may be a consequence of the

interdependence between the local-membrane shape, the local area density of

ceramidine molecules and the intrinsic shape of the ceramidine molecules. The

role of the direct intermolecular (nearest-neighbor) interactions between cerami-

dine molecules is also indicated [5].

In the presented theoretical consideration the applied value for the interaction

constants x is considerably larger than the corresponding value for a single

phospholipid molecule [18]. This means that the inclusions considered in Fig. 9

can be membrane proteins, protein–lipid complexes or small clusters of lipid

molecules (nanorafts). Therefore they can not be considered as completely rigid

bodies as they can adjust their shape to local membrane curvature also by

bending. As it is shown in Fig. 9 such inclusions may coalesce into larger rafts

upon curvature-induced clustering as indicated in previous studies [34,35].

5. CONCLUSION

In-plane orientational ordering of lipids in the narrow neck connecting the bud with

the mother membrane and clustering of membrane inclusions in the budding
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region are considered to be complementary driving mechanisms in budding of

liposomes (Fig. 10). Both these internal degrees of freedom diminish the mem-

brane free energy. Thereby they counteract the mechanism of isotropic bending

and contribute to the relaxation of the membrane. In one-component membrane

anisotropic shape of phospholipid molecules (Fig. 1) induces an internal degree of

freedom exhibited by in-plane orientational ordering of molecules according to the

local membrane curvature. Higher degree of ordering is localized in regions with

large difference between the two principal curvatures, e.g., narrow neck(s) (Fig.

10). In multi-component membranes, intrinsic shape of the inclusions induces an

internal degree of freedom exhibited by segregation of components (Fig. 9).

Inclusions segregate in the buds (Fig. 10), which fit the intrinsic shape of the

inclusions (Fig. 9). Attractive direct interactions between the inclusions promote

this effect.

Regions of higher order may present an environment that is favorable for

raft formation. Budding with internal degrees of freedom may therefore represent

a sorting mechanism that regulates composition of the membrane and la-

teral distribution of its constituents according to their intrinsic shape and mutual

interactions.

accumulation
of inclusions

orientational
ordering of lipids

Fig. 10. Schematic presentation of two different complementary driving mech-
anisms of membrane budding, i.e., clustering of membrane inclusions in the
budding region and in-plane orientational ordering of lipids in the narrow neck
connecting the bud with the mother membrane.
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Abstract

The dielectric and conductometric behavior of aqueous liposome suspensions are reviewed in

light of the interfacial properties of highly heterogeneous colloidal systems, and the interplay

between lipid bilayer properties and an applied electric field is briefly discussed. Since elec-

trostatic interactions play a relevant role in the self-assembly of amphiphilic molecules, the

presence of an external electric field strongly influences the organization of the lipids within the

bilayer, and, correspondingly, the coupling of an external electric field to these systems

furnishes a valuable physical probe to investigate the structure and dynamical properties of

the liposome–water interface. After a brief summary of the dielectric theory of heterogeneous

systems applied to aqueous liposome suspensions, some recent applications of the radio-

wave dielectric spectroscopy, addressed to the investigation of DPPC aqueous liposome

suspensions, are presented and discussed here. In particular, we have evidenced how di-

electric spectroscopy, in an appropriate frequency range, is capable of furnishing information
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on the structural organization of the lipid bilayer (correlated lipid domains at the lipid–aqueous

interface), on the changes in the lipid chain conformation at the pre- and main-transition

temperature, and on counterion accumulation effects, in the neighboring bilayer surface.

Finally, the effects of the surface charge density on the spontaneous vesicle formation and the

influence of an external electric field on the double-layer structure are summarized.

1. INTRODUCTION

Liposomes are vesicular structures formed by a closed lipid bilayer encompass-

ing an aqueous core. In an appropriate environment, these structures, owing to

the amphiphilic character of their component molecules, self-assemble. Amp-

hiphilic molecules, being composed of different hydrophobic and hydrophilic

parts, give rise in aqueous solution to a variety of morphologically different

structures. Among these, unilamellar or multilamellar vesicles (liposomes) are of

peculiar interest under several aspects. Liposomes are excellent models of bio-

membranes, in particular, to study interactions between different lipids and

membrane proteins, offering the unique advantage that the lipidic composition of

the bilayer can be varied in a well-defined and controlled way. Furthermore, since

the lipid bilayer allows the entrapment of hydrophilic material within the aqueous

core, and hydrophobic material within the hydrocarbon chain phase, liposomes

can be effectively used as drug delivery systems.

The lipid composition, together with the characteristics of the aqueous phase,

defines the physicochemical properties of these structures, such as their stability,

the surface charge density (at the lipid–aqueous phase interface), the surface hy-

drophilicity/hydrophobicity ratio, the bilayer rigidity and, moreover, their properties

as colloidal particles, such as size, electrophoretic mobility, inter-particle interac-

tions, and interactions with ions and other molecules in the solution. The possibility

of a fine-tuning of all these properties suggested a number of applications in various

fields. In the last few years, the development of liposome applications has been

considerable, especially in clinical and biotechnological fields [1–4].

Although the basic ‘driving force’ for the self-assembling of amphiphilic lipids is

represented by the entropic gain obtained when water, avoiding the contact with

the hydrophobic part, is not ‘forced’ to assume a structure compatible with a non-

polar surface [5], electrostatic interactions play a fundamental role in the aggre-

gation process and in determining the properties of the resulting particles and,

more generally, of the suspension as a whole. For this reason, the presence of an

external electric field can have a strong influence on the organization of the lipids

within the bilayer and, correspondingly, the coupling of an external electric field to

the system furnishes a valuable physical probe to investigate the structure and

the dynamical properties of the liposome–water interface.

This review, aimed to highlight both these aspects – the dielectric behavior of

these systems as a model of a highly heterogeneous colloid and the interplay

between lipid bilayer properties and electric fields – is organized as follows. We

will first give a brief overview of the various types of vesicles that form under
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different conditions. Then we will focus on the main results of the dielectric theory

of heterogeneous systems as applied to liposome suspension and we will discuss

some recent applications of dielectric spectroscopy addressed to the investigation

of these systems, mentioning, for completeness, the more recent developments of

the twin technique dielectrophoresis. In the last part, we will review some recent

results on the effects of electrostatic interactions on the lipidic structure and on the

dynamics of formation of the lipid vesicles. The prominent message from these

studies is that small changes in the ‘electrostatic environment’ can have dramatic

effects on the molecular organization at the bilayer level. Investigation of these

effects could represent the key to completely understand the mechanisms that

allow biological cell to control membrane organization.

1.1. Classification and preparation of liposomes

Liposome classification can be made either according to their structural proper-

ties, i.e., size and number of lamellae, or on the basis of the preparation method.

Four main classes of liposomes can be identified as follows:

1. Small unilamellar vesicles (SUV), with diameter less than 100 nm. This cat-

egory includes the lowest limit available for lipid vesicles (about 25 nm for

dipalmitoyl-lecithin liposomes).

2. Large unilamellar vesicles (LUV), with diameter between 100 nm and 10mm.

3. Giant unilamellar vesicles (GUV), with diameter larger than 1mm.

4. Multilamellar large vesicles (MLV), with more concentric lamellae, with diam-

eters larger than 0.5 mm. In the presence of a few number of lamellae, these

structures are referred to as oligolamellar liposomes (OLV).

A scheme of the standard liposome nomenclature is shown in Table 1.

Liposomes can be prepared by means of different methods in order to control

dimensions and number of the lamellae in the vesicle. Up to now various exper-

imental set-up have been developed to generate homogeneous and reproducible

liposome suspensions of appropriate size range, most of them involving two

steps, i.e., the lipid hydration and the liposome sizing [6–10]. In the first step, lipids

are dissolved in an appropriate organic solvent, which is then dried down in a

round-sided glass vessel to form a thin film. Multilamellar aggregates are spon-

taneously produced by hydrating the thin lipid film when the system is shaken at a

temperature higher than the melting transition temperature Tm of the lipid. In the

next step, SUVs may be produced by pressure extrusion or ultrasonication, yield-

ing predictable and reproducible particle size distributions [6,7,11]. The extrusion

process developed by Hope et al. [12] consists in forcing liposome dispersion

through polycarbonate membrane filters with controlled pore diameters. Sonica-

tion by means of a probe or a bath, continuous or pulse mode power, sonicator

has been employed since 1960s [13,14] to reduce the size of multilamellar ves-

icles and to reshape them to unilamellar ones.
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Other preparation methods are based on the replacement of organic solvents

by aqueous media. In the presence of water immiscible solvent, Deamer and

Bangham [15] developed the ‘solvent injection’ method, which involves the slow

injection of ether or ether–methanol solutions into an aqueous phase, through a

narrow bore needle. The solvent is continuously removed by slow evaporation, at

elevated temperature and under reduced pressure. Another method, known as

the ‘reverse-phase evaporation’ method [16], allows the formation of unilamellar

or multilamellar liposomes by emulsifying a lipid-containing water-immiscible sol-

vent (chloroform, ether) with a water phase. In the presence of solvents soluble in

water, Batzri and Korn [17] developed the ‘ethanol injection’ method. A solution of

lipids in ethanol is injected into an excess of saline or another aqueous medium,

and the complete mixing is achieved thanks to the force of the injection. When the

ethanol is diluted, phospholipid molecules are dispersed throughout the medium

and form liposomes. A fast injection results in the formation of small liposomes,

while a slower one yields larger vesicles.

In the attempt to circumvent the lipid dissolution into an organic solvent, high-

shear homogenizers are employed for the production, in a single step, of highly

concentrated liposomes with diameters smaller than 100nm [7,18,19].

1.2. Applications

Because of the ‘biocompatibility’ of liposome with the lipid bilayer of biological cell

membranes, liposomes are employed in numerous clinical situations [2–4,20–22].

Table 1. Liposome classification and standard nomenclature

Liposome classification

Denomination Diameter Morphology

SUV Small unilamellar vesicles 20–100 nm

LUV Large unilamellar vesicles 4100 nm

GUV Giant unilamellar vesicles 41 mm

OLV Oligolamellar vesicles 0.1–0.5 mm

MLV Multilamellar large vesicles 40.5 mm
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Since 1970 until now, liposomes have been investigated as systems for the de-

livery or targeting of drugs to specific sites in the body. Many review articles

evidence the large expansion of this research over the last 30 years [1–4].

The use of liposomes as drug delivery systems is mainly due to their structural

versatility in terms of size, composition, surface charge, bilayer fluidity, and ability

to incorporate almost any drug, or to carry cell-specific ligands. Moreover, some

specific properties, such as the controlled retention of entrapped drugs in the

presence of biological fluids and the vesicle permanence in the blood circulation

or in other body compartments, explain the enormous growing up of applications,

which appear to become almost limitless.

Liposomes are considered the leading drug delivery systems for the systemic

administration of drugs. Efforts in development of new formulations have reduced

toxicity and improved efficacy for the delivery of a wide range of drugs, as antitumor

agents, antivirals, antifungals, antimicrobials, vaccines, and gene therapeutics [4].

2. DIELECTRIC PROPERTIES OF LIPOSOME SUSPENSIONS

Under the influence of an external electric field, aqueous liposome suspensions

undergo a very complex phenomenology driven both by the electrical properties

of the lipids organized in the double layer, such as their ionic or zwitterionic

character, and by the presence of a large interface with an external medium,

making them a suitable model for highly heterogeneous colloidal systems.

Moreover, the typical phenomena shown by these systems occur at very

different characteristic times, ranging from times of the order of 1 s or more for

fluctuation and/or reorganization of large structures (clusters of liposomes) to

times of the order of ps, typical of the motion of a water molecule due to ori-

entational polarization.

Dielectric spectroscopy, extending from some MHz to tenth of GHz, over more

than 1010 decades of frequency, offers an unique and unreplaceable technique to

investigate the electrical properties of aqueous liposome suspensions.

This technique has long being known as a powerful tool in the study of het-

erogeneous systems such as colloidal particle dispersions [23] and, more gen-

erally, it has been successfully employed to investigate the structure and

transport properties of cell membranes and lipid bilayers [24,25]. In particular,

dielectric spectroscopy measurements on liposome suspensions have been re-

cently advantageously used to investigate the molecular order and the reorien-

tational motions of lipid headgroups at the bilayer surface. Previous investigations

on stacked, hydrated planar bilayers revealed the suitability of the method [26],

showing that local headgroup dynamics contributes a dielectric relaxation in the

frequency range between 10 and 100MHz, that can be separated from the

effects generally present in highly dispersed colloidal systems, such as the ionic

contribution at lower frequencies and the dipolar orientational effect or the re-

laxation of the hydration water, at higher frequencies (close to 100–150MHz).
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Before analyzing in detail the electrical effects that are peculiar to liposome

suspensions, in the following section we will summarize the main features of the

dielectric theory applied to highly dispersed colloidal systems.

2.1. Dielectric properties of a heterogeneous system

2.1.1. The basic formulas

Within the heterogeneous colloidal system theory [27], an aqueous liposome

suspension can be modeled as a collection of spherical (or spheroidal) particles

covered by a concentric layer encapsulating an aqueous core phase and uni-

formly distributed in a continuous aqueous phase.

The dielectric properties of such systems have been described, in their basic

expressions, by Pauly and Schwan [28], who considered, within the mean field

theory approximation, the average behavior of the whole system as due to the

superposition of the dipolar effect that each particle experiences under an applied

electric field.

The dielectric and conductometric properties of each one of the different media

involved are generally characterized by two parameters, the complex electrical

conductivity snðoÞ and the complex dielectric constant �nðoÞ, both of them de-

pending on the angular frequency o.

If the bulk properties of each media, i.e., the electrical conductivity s and the

permittivity e, are independent of the frequency, then the above dielectric pa-

rameters can be written as1

snðoÞ ¼ sþ io�0� ð5Þ

1 From a general point of view, the relationship between the complex dielectric constant �nðoÞ and
the complex electrical conductivity snðoÞ is given by

snðoÞ ¼ io�0�
nðoÞ ð1Þ

where e0 is the dielectric constant of free space and o the angular frequency of the applied electric

field. The complex dielectric constant �nðoÞ, in the presence of an intrinsic dielectric relaxation in the

frequency range investigated, can be written as

�nðoÞ ¼ �0ðoÞ � i �00dielðoÞ þ �00condðoÞ
� �

ð2Þ

where the total dielectric loss (the imaginary part) is due to a contribution deriving from the

dielectric loss, �00dielðoÞ, and a contribution due to a conductivity loss �00condðoÞ ¼ s=ð�0oÞ. For samples

with �0ðoÞ � � (independent of frequency) and �00dielðoÞ ¼ 0, the above relationship reads

snðoÞ ¼ sþ io�0� ð3Þ

or equivalently as

�nðoÞ ¼ �þ s

io�0
ð4Þ
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or equivalently, as

�nðoÞ � snðoÞ
io�0

¼ �þ s

io�0
ð6Þ

The basic expression for a collection of N spherical particles of radius R with

complex dielectric constant �npðoÞ ¼ �þ sp=io�0 covered with a shell of thickness

d with complex dielectric constant �nsðoÞ ¼ �s þ ss=io�0, uniformly distributed in a

continuous medium of complex dielectric constant �nmðoÞ ¼ �m þ sm=io�0 can be

derived from the effective medium approximation (EMA) theory, using the

Maxwell argument of equating the external moment M ¼ NMa of N such

spheres in volume V to the moment of a single sphere Ma of this same volume

and permittivity e� in a medium of permittivity em
� . This can be done considering

the spatial dependence of dipolar term in the electrical potential outside a

spherical region containing the particle ensemble. This term is derived from the

solution of the Laplace equation r2Cð~rÞ ¼ 0 with the appropriate boundary

conditions.

Within these approximations, the complex electrical conductivity s�(o) or,

equivalently, the complex dielectric constant e�(o) of the shelled particle sus-

pension is given by

snðoÞ
sn

mðoÞ
¼

sn

sð1þ 2fÞ þ 2sn

mð1� fÞ sn

pð1� vÞ þ sn

sð2þ vÞ
� �.

sn

pð1þ 2vÞ þ 2sn

sð1� vÞ
� �

sn

sð1� fÞ þ sn

mð2þ fÞ sn

pð1� vÞ þ sn

sð2þ vÞ
� �.

sn

pð1þ 2vÞ þ 2sn

sð1� vÞ
� � ð7Þ

or, equivalently as

�nðoÞ
�nmðoÞ

¼
�nsð1þ 2fÞ þ 2�nmð1� fÞ �npð1� vÞ þ �nsð2þ vÞ

� �.

�npð1þ 2vÞ þ 2�nsð1� vÞ
� �

�nsð1� fÞ þ �nmð2þ fÞ �npð1� vÞ þ �nsð2þ vÞ
� �.

�npð1þ 2vÞ þ 2�nsð1� vÞ
� � ð8Þ

where f ¼ 4pNðRþ dÞ3
� ��

3V is the fractional volume of the dispersed particles

and v ¼ ½R=ðRþ dÞ�3 takes into account the volume occupied by the shell.

Equations (7) and (8) can be rearranged to give

snðoÞ
sn

mðoÞ
� �nðoÞ

�nmðoÞ
¼ A� o2Bþ ioE

C� o2Dþ ioF
ð9Þ
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where the quantities A�F, after somewhat cumbersome calculations, are given

by
A ¼ ð1þ 2fÞssaþ 2ð1� fÞsmb
B ¼ �20½ð1þ 2fÞ�scþ 2ð1� fÞ�md�
C ¼ ð1� fÞssaþ ð2þ fÞsmb
D ¼ �20½ð1� fÞ�scþ ð2þ fÞ�md�
E ¼ �0½ð1þ 2fÞð�saþ sscÞ þ 2ð1� fÞð�mbþ smdÞ�
F ¼ �0½ð1� fÞð�saþ sscÞ þ ð2þ fÞð�mbþ smdÞ� ð10Þ

where
a ¼ ð1þ 2vÞsp þ 2ð1� vÞss
b ¼ ð1� vÞsp þ ð2þ vÞss
c ¼ ð1þ 2vÞ�p þ 2ð1� vÞ�s
d ¼ ð1� vÞ�p þ ð2þ vÞ�s ð11Þ

Equations (7) and (8) can be rewritten by the method of the partial fractions as the

superposition of two contiguous Debye-type relaxation functions

�nðoÞ ¼ �1 þ �ss � �01
1þ iot1

þ �01 � �1
1þ iot2

þ sss

io�0
ð12Þ

or equivalently as

snðoÞ ¼ sss þ
iot1ðs0 � sssÞ

1þ iot1
þ iot2ðs1 � s0Þ

1þ iot2
þ io�0�1 ð13Þ

where the dielectric parameters of the two contiguous relaxations are given by

D�1 ¼ �ss � �1 ¼ �0�m � smt1

�0Cðt1 � t2Þt1
ðAt21 � Et1 þ BÞ

D�2 ¼ �01 � �1 ¼ �0�m � smt2

�0Cðt1 � t2Þt2
ð�At22 þ Et2 � BÞ

�1 ¼ �mB=D

t1 ¼ 1

2C
Fþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F2 � 4CD
ph i

t2 ¼ 2D
1

Fþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F2 � 4CD
p

Ds1 ¼ s0 � sss ¼
�0
t1

ð�ss � �01Þ

Ds2 ¼ s1 � s0 ¼
�0
t2

ð�01 � �1Þ

sss ¼ smA=C ð14Þ

where ess and eN are the low-frequency and high-frequency limit of the

permittivity; e0(o), e0N the high-frequency limit of the first relaxation and the

low-frequency limit of the second relaxation, respectively, whose relaxation times
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are t1 and t2. Analogously, Ds1 and Ds2 are the corresponding conductivity

increments and sss the dc electrical conductivity.

Figure 1 sketches typical dielectric spectra of a colloidal particle suspension

showing two well-separated relaxation contributions, originating from the two

different interfaces of the shell boundaries with the external and the internal

medium.

The same procedure can be iterated for a particle covered by two concentric

layers, characterized by three different interfaces, resulting in an expression

�nðoÞ
�nmðoÞ

¼ A� o2Bþ ioE� io3G

C� o2Dþ ioF� io3H
ð15Þ

that, generalized for a number n of adjacent layers, reads

�nðoÞ
�nmðoÞ

¼
A0 þ

P

n

j¼0

ðiÞjþ1ojþ1Ajþ1

B0 þ
P

n

j¼0

ðiÞjþ1ojþ1Bjþ1

ð16Þ

where A0, B0 and Ajþ1; Bjþ1ð j ¼ 0; 1; . . . ; nÞ are known real functions depending,

in a rather cumbersome way, on the electrical parameters, i.e., the permittivity e

and the electrical conductivities s, of the different media, and n is the number of

the resulting interfaces by which the heterogeneous system is built up.
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Fig. 1. Typical dielectric and conductometric spectra resulting from the super-
position of two contiguous Debye-type relaxation functions. The permittivity e0(o)
and the conductivity s(o) have been calculated from the real part of equations
(12) and (13), respectively. The parameters assume the following values: high-
frequency relaxation: De2 ¼ e0N�eN ¼ 50, t2 ¼ 3� 108 s, eN ¼ 80,
s ¼ 0.1O�1m�1. For the low-frequency relaxation, three relaxation times are
compared: t1 ¼ 6� 105 s (full line), t1 ¼ 5� 106 s (dashed line), t1 ¼ 2�107 s
(dotted line). In all cases, the dielectric increment assumes the values
De1 ¼ ess�e0N ¼ 500. In the figure, the asymptotic values of the dielectric pa-
rameters, both at low- and at high-frequency limit, are appropriately labeled.
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Hanay et al. [29] have discussed in detail the experimental conditions by which

the influence of the different interfaces and consequently the presence of distinct

dispersions are measured in a real system. As a general rule, to each interface in

the system, corresponds a different dielectric dispersion whose origin, at a

macroscopic level, is due to a surface charge distribution. Obviously, in real

systems, these different dispersions can fall very close to each other, making

difficult the deconvolution of the whole dielectric spectrum, or, in dependence of

the particle system investigated, the dielectric strength of some of them may be

negligibly small in comparison with the others.

A further difficulty arises if one or more dielectric media undergo an intrinsic

dielectric relaxation (associated to the bulk properties of the medium). A typical

example for such a system is a simple colloid in an aqueous phase, investigated

at a frequency high enough to evidence the orientational polarization of the water

molecules. In this case, the complex dielectric constant �nmðoÞ of the water phase

is well accounted for by a single-decay Debye relaxation function

�nmðoÞ ¼ �w1 þ �ws � �w1
1þ iotw

þ sw

io�0
ð17Þ

where ews, ewN tw and sw are the low- and high-frequency limit of the permittivity,

the relaxation time and the dc electrical conductivity, respectively. The presence

of this further dielectric relaxation makes the overall dielectric spectra more

complex, and their interpretation in terms of the single effect requires caution. A

general theory of the dielectric behavior of spheroidal particle suspensions with

an intrinsic dispersion has been recently discussed by Gao et al. [30].

For a suspension of liposome particles, the following approximations generally

hold, due to their particular features, i.e., ss � sp ffi sm, �s � �p ffi �m,

v ’ 1� 3d=R, considering that the same aqueous phase is present in the inner

and outer medium and that the thickness d of the shell is considerably smaller

than the radius R of the vesicle.

Under these circumstances, equations (14) reduce to a unique dispersion with

dielectric parameters given by

D� ¼ �ss � �1 ¼ 9f�s

ð2þ fÞ2d=R
� 3f�m

ð2þ fÞ

t ¼ 3�0�s
ð2þ fÞsmd=R

�1 ¼ �m

sss ¼ sm
3ss þ 2ð1� fÞsmd=R
3ss þ ð2þ fÞsmd=R

ffi 2ð1� fÞ
ð2þ fÞ sm

s1 ¼ 3sm ð1þ fÞ d
R

�m
�s

	 


ð18Þ

For a typical liposomal particle, 100 nm in diameter, dispersed in an aqueous

phase characterized by �m ¼ 80 and sm ¼ 10�3O�1m�1, at a concentration
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f ¼ 0:10 with a lipidic bilayer 50 Å thickness and a permittivity �s ¼ 5, equations

(18) predict a dielectric relaxation with a dielectric increment D� ¼ 9, a

conductivity increment Ds ¼ s1 � sss ¼ 1:8� 10�3 O�1 m�1 and a relaxation

time t ¼ 1:3� 10�6s. In the present case, owing to the particular features of the

liposome structure, this basic model justifies only a very small effect,

characterized by a very small dielectric increment, compared to the one generally

found experimentally.

As we will show in the next section, the observed dielectric behavior of a

liposome suspension or, in general, of a colloidal (charged) particle suspension,

deeply deviates from the one predicted by the simple picture shown in Fig. 1.

Here, the dielectric relaxations are exclusively due to the heterogeneous

characters of this system at a submicron scale length, because of the adjacent

media whose different polarizability causes the appearance of a surface charge

distribution (Maxwell–Wagner relaxation effect). Basically, this model neglects

the electrokinetics effects occurring in an aqueous phase bathing a charged or

zwitterionic surface, like those generally occurring at the lipid bilayer interfaces.

Although equations (18) are the basic expressions of the dielectric hetero-

geneous systems theory, the introduction of a further mechanism giving rise to

more specific surface effects is required to take into account the generally large

extent of the observed dielectric relaxation.

2.1.2. Influence of the ion (counterion) distribution

The situation has changed drastically and the huge discrepancy with the

observed behavior strongly reduced by the appearance of the theoretical

explanation given by Schwarz [31] and later by Schurr [32] based on the

assumption that the particle core may be surrounded by an infinitely thin

conducting layer, arising from the confined tangential motion of (partially bound)

counterions.

This particular diffusion mechanism results in a further relaxation contribution

whose strength is generally very large and can take into account the very big

effects observed in the low-frequency range of the dielectric spectrum (this big

effect has been called ‘giant’ dielectric dispersion). For example, in an alternating

electric field of few kilohertz, a dilute suspension of polystyrene submicron

particles in an electrolyte solution has a permittivity of well over three orders of

magnitude than the pure solution one [23].

O’Konski [33] first introduced a surface conductivity mechanism in the analysis

of the dielectric relaxations of charged colloidal particles, resulting in a term 2l/R

to be added to the bulk conductivity of the particles. The surface conductivity l

arises from the tangential diffusion of counterions. According to this concept, the

basic idea is replacing the complex dielectric constant of a spherical particle

covered by a thin conducting shell, originated by the tangential diffusion of the
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counterions, with an equivalent complex permittivity�npeq ðoÞ given by

�npeq ðoÞ ¼ �npðoÞ þ
1

i�0o

2

R
lntotðoÞ ð19Þ

where the total surface conductivity

lntotðoÞ ¼ lþ iotl0

1þ iot
ð20Þ

is due to two terms, the contribution l, independent of frequency, as in the original

model of [33], and the contribution iotl0=ð1þ iotÞ, dependent on frequency, as in

the model developed by Schwarz [31].

The two different values of the surface conductivity lead to a distinction

between a bound charge current and a true, or dc, current, which persists in

accordance with Ohm’s law in the steady state, or equivalently to regard the

double layer as consisting in a layer of bound counterions and a diffuse layer,

which can exchange with the bulk. The relaxation time t is given by

t ¼ R2
.

2uKBTð Þ, where u is the counterion surface mobility (per unit charge)

and KBT the thermal energy.

Nevertheless the surface conductance model was able to take into account

remarkably well the low-frequency giant dielectric strength and the relaxation time

observed in charged particle colloidal suspensions, this approach has been

criticized, for example, by Fixman [34], who observed that the structure of the

double layer at the interface is more composite than the one suggested by this

model and other interfacial charges need to be taken into consideration, such as

diffusion of free ions and, moreover, polarization processes associated to the

deformation of the ionic diffuse double layer.

These difficulties can be overcome by replacing, almost partially, the tightly

bound counterion layer with a diffuse double layer (for example in the

Gouy–Chapman model), where the counterion distributions are governed by

the Poisson–Boltzmann equation. In this context, Chew and Sen [35] have

derived the dielectric and conductometric behavior of a dilute suspension of

spherical particles with a fixed surface charge dispersed in an electrolyte solution,

expanding the relevant equations in power series of (kDR)
�1 where kD is the

inverse of the Debye screening length and R the radius of the dispersed particle.

The second-order solution furnishes, in the limit of small f, the permittivity e0(o)

and the conductivity s(o), given by

�0ðoÞ ¼ 3f�mRefMg þ sm

�0o�m
ImfMg þ �m ð21Þ

sðoÞ ¼ sm þ 3fsmRefMg � o�0�m
sm

ImfMg ð22Þ
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where Re{M} and Im{M} are the real and the imaginary part of the induced

particle dipole moment eMR3 given by

eMR3 ¼ �1

2
þ l

6t 2

1� t 2

þ l2 � 3

4

io

D

�p
�m

R 2 þ 6lnð1� t 2Þ � 24t 2

ð1� t 2Þ2
t 2 þ 1

a

� �

ð23Þ

where l ¼ d/R and D is the counterion diffusion coefficient, t ¼ tanhef0=4KBT

with f0 the potential at the surface of the particle and a a parameter given by

a ¼ 1þ
ffiffiffiffiffiffi

ot
p

� i
ffiffiffiffiffiffi

ot
p

� iot
� ��

1þ
ffiffiffiffiffiffi

ot
p

� i
ffiffiffiffiffiffi

ot
p� �

with t ¼ R2/2D. This treatment,

which is free from the approximations of previous analytical results, furnishes a

dielectric increment of the order of

D� � �m
t 2

1� t 2
ð24Þ

which can be large, as generally observed experimentally, when t-1, i.e., when

ec0=KBT � 1, resulting in a dielectric increment D� that increases exponentially

with the surface potential c0

D� � f�me
ec0=KBT ð25Þ

which is in agreement with the results obtained by Dukhin and Shilov [36] and by

Fixman [34], using more complicated boundary conditions.

Fixman [34], O’Brien [37], and Chew [38] extended the original model of

Schwarz and Schurr [31,32] including the diffusion of ions (the exchange of ions)

from the counterion surface layer surrounding the charged particle toward the

bulk electrolyte. More recently, the effect of a composite structure of the double

layer composed of a loosely bound diffuse layer and a tightly bound Stern layer

further divided into an inner and outer Helmholtz layers has been discussed by

Hu [39].

A somewhat different approach, along the line of the Schwarz–Schurr model

[31,32], has been developed by Grosse and Foster [40–42] on the basis of a

series of investigations on the electrokinetic phenomena in the diffuse double

layer.

This generalization leads to a more complex dielectric behavior resulting in two

contiguous dielectric dispersions, characterized by a dielectric increment and a

relaxation time (low-frequency relaxation mode) given by, respectively,

D�1 ¼
9f�m 2kDls=sm

� �4

16 2kDls
�

s2m
� �

2ls=Rþ sm
� �

þ 2
� �2

ð26Þ
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t1 ¼ R2

D
ð27Þ

and by a dielectric increment and a relaxation time (high-frequency relaxation

mode) given by, respectively,

D�2 ¼
9f�m 2ls=Rsm

� �

� �p
�

�m
� �� �2

�p
�

�m
� �

þ 2
� �

2ls=Rsm
� �

þ 2
� �2

ð28Þ

t2 ¼
�0�m �p

�

�m
� �

þ 2
� �

sm 2ls=Rsm
� �

þ 2
� � ð29Þ

where kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sm=�0�mD
p

is the inverse of the Debye screening length, ls is the

counterion surface conductivity and D the counterion bulk diffusion coefficient.

The above relationships hold in the limit R � k�1
D . The full expressions are given

in ref. [42].

In the limit R � k�1
D , the high-frequency relaxation mode reduces to the Max-

well–Wagner relaxation effect for insulating particle covering by a conducting

layer characterized by a surface conductivity ls

D�2 ¼ 9

2
f�m

ls=R
� �2

ls=R
� �

þ sm
2

ð30Þ

t2 ¼ �0�m

ls=R
� �

þ sm
ð31Þ

The particular feature of the liposome structure, consisting of a thin closed

bulky non-conductive bilayer separating two aqueous phases of the same bulk

electrical properties, enforces the dielectric effect associated with the ionic diffu-

sion at the two interfaces, which generally predominates over that induced by the

simple heterogeneity of the system.

This fact makes dielectric technique of an unique valuable interest in under-

standing the complex phenomenology underlying the electrokinetic effect at the

charged or zwitterionic interfaces, resulting in low-frequency dielectric disper-

sions. On the other hand, this dispersion is generally contiguous and partially

overlapped with the relaxation due to the electrode polarization effect, that in

most cases, masks almost completely the one to be investigated. Consequently,

the frequency range investigated so far preferentially deals with that at relatively

higher frequencies, above some tenth of kilohertz, where electrode polarization

artifacts are moderate or negligible and only few investigations deal with the low-

frequency behavior.

Recently, the whole dielectric spectrum of different unilamellar phospholipid

vesicles in aqueous suspensions has been measured [43] over a broad fre-

quency range, extending from 1 kHz to 1GHz. The dependence of the permittivity

e0(o) on the frequency, once the electrode polarization was removed by using a
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variable spacing parallel platinum black electrode cell, has been analyzed con-

sidering the superposition of the counterion polarization relaxation and the usual

interfacial relaxation associated with the lipid bilayer, according to a revisited

version of the model developed by Grosse et al. [44,45].

These authors derived for the permittivity e0(o) the following expression:

�0ðoÞ ¼ �1 þ D�að1þ ffiffiffi

g
p Þ

1þ 2
ffiffiffi

g
p ð1þ otaÞ þ 2gþ ðotaÞ2

þ D�b1
1þ ðotb1Þ

2

þ D�b2
1þ ðotb2Þ

2
ð32Þ

where the different quantities Dea, g, ta and D�b1 , D�b2 , tb1 and tb2 on the right-

hand side of equation (32) depend on the characteristic parameters of the sys-

tem, such as the diffusion coefficients of the counterions and co-ions and the zeta

potential z. The full expressions of these parameters are given in Grosse et al.

[44,45]. This model provides a quantitative interpretation of the data, with the

zeta potential as a simple adjustable parameter. A typical dielectric spectrum

of dimyristoylglycerophosphocholine (DMPC) and phosphatidylglyceroldimyris-

toyl (DMPG) 2:8 wt/wt mixture is shown in Fig. 2 together with the calculated

value on the basis of equation (32), taking into account the counterion polari-

zation and the membrane charging with the z potential as the only adjustable

parameter. The theory gives a reasonable good agreement over the whole

spectrum, extending from 1 kHz to 1GHz.

2.1.3. Specific effects associated with the liposome structure

In the case of a liposome particle, however, where the electric structure of the

interface, depending on the chemical lipid structure, plays an important role, the
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Fig. 2. Dielectric spectrum of DMPC/DMPG 2:8wt/wt mixture in the frequency
range from 1 kHz to 1GHz together with the calculated curve on the basis of
equation (32). Redrawn from Tirado [43].
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above picture (Fig. 2), typical of charged colloidal suspensions, must be con-

veniently modified, taking into account the three molecular mechanisms that

contribute with peculiar characteristics to the dielectric spectra of phospholipid

vesicle aqueous suspensions.

They are the limited translational diffusion of the ionic groups in the lipid mol-

ecules and its condensed counterions, whose effects are expected at low fre-

quencies; the rotational diffusion of the zwitterionic phospholipids, where positive

and negative charges exist in different parts of the molecule, at intermediate

frequencies; and finally the rotational diffusion of the partially bounded water

molecules, at higher frequencies.

These molecular mechanisms result in additional dielectric polarization effects

that add to those associated with the heterogeneous character of the system and,

in part, contribute to make the observed phenomenology even more complex.

In the case of zwitterionic liposomes, where dipolar headgroups located at the

bilayer surface originate a microdynamics resulting in the formation of lipid do-

main structures, a further mechanism must be considered.

Kaatze et al. [46,47] and, more recently, Schrader and Kaatze [48] have inves-

tigated solutions of unilamellar liposomes built up by dimyristoylphosphatidylcho-

line (DMPC) and a mixture of dimyristoyl- and dipalmitoylphosphatidylcholine

(DPPC) composed of lipids with different length of acyl chains. The dielectric

properties of these liposome suspensions, in the frequency range close to the

Mega-Hertz region, where the interfacial effects dominate, have been described

within the effective medium theory approximation, assuming a correlated motion of

the cationic lecithin groups, tangentially to vesicle surface, on circular path around

the anionic phosphate groups (Fig. 3).

This approach has been already employed some years ago by the same group

in the investigation of different phospholipids–water systems [46,49–53].

Here, we will describe this model in detail since it represents a valuable ex-

ample of the effectiveness of dielectric relaxation methods in investigating the

surface properties of typical heterogeneous liposome systems such as zwitter-

ionic liposome suspensions.

The above-stated mechanism results in an equivalent complex dielectric con-

stant �npeq ðoÞ of the liposome particle given by

�npeqðoÞ ¼ �nsðoÞ
1� 2 R= Rþ dð Þ

� �3
�nsðoÞ � �npðoÞ

� �.

2�nsðoÞ þ �npðoÞ
� �

1þ R= Rþ dð Þ
� �3

�nsðoÞ � �npðoÞ
� �.

2�nsðoÞ þ �npðoÞ
� �

þ 8p

ðRþ dÞ axðoÞ þ acoreðoÞ
 �

ð33Þ

where the second term on the right-hand side represents the contribution of the

surface polarizability densities deriving from the diffusional reorientation of the

zwitterionic headgroups and the restricted motion of the ionic species,
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respectively, and

�nsðoÞ ¼ �nmðoÞ þ
8p

R
axðoÞ þ acoreðoÞ
 �

ð34Þ

is the dielectric constant of the liposome core together with the inner polar surface

layer.

Kaatze et al. [46,47] and Schrader and Kaatze [48] assumed that ax(o) and

acore(o) relax according to a Cole–Cole relaxation function. In particular, the

dielectric strength Dax can be expressed in terms of the molecular parameters as

Dax ¼
ngðexÞ2

2KBT
ð35Þ

where n is the mean surface number density of the dipoles at the lipid–water

interfaces, g a factor that takes into account possible correlations between

neighboring dipoles, x a characteristic length associated with the dipole that can

be interpreted as the radius of a circular path identified by the headgroup rotation.

In this picture, the relaxation time tx can be interpreted as due to this rotation and

written as tx ¼ x2=uKBT, where u is the ‘rotational’ mobility of the headgroup. The

contribution due to the inner zwitterions is kept small by the depolarizing electric

field effects [54] and has been neglected.

Using a nonlinear least-squares regression analysis procedure, they found the

relevant parameters of the model. The parameters which characterize the bilayer

-

+
ξ

Fig. 3. A sketch of the surface polarizability mechanism in zwitterionic lipids,
according to the model suggested by Kaatze et al. [46,47], and Schrader and
Kaatze [48]. The cationic group in the zwitterionic polar lipid head rotates around
the anionic group in circular paths with radius x, tangentially to the lipid surface.
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surface polarizability, i.e., gx3, that takes into account the extension of the motion

of the zwitterionic headgroups, and u/x2, that represents the mobility of the

headgroups normalized to the square of the radius x, for the systems investigated

by Kaatze et al. [47] are shown in Fig. 4.

As can be seen, for both the liposome suspensions, a pronounced effect close

to the melting transition temperature Tm is evidenced, resulting in an

enhancement of the parallel ordering of the dipolar phospholipid headgroups,

larger in the pure DMPC bilayer than in bilayer built up by a lipid DMPC/DPPC

mixture. This effect is clearly observable both in the correlation parameter g and

in the mobility u, once the displacement x is considered independent of the

temperature. The formation of correlated dipolar domains produces a further

surface dielectric polarization effect that can easily be observed by means of

dielectric spectroscopy measurements.

With a similar approach, De Luca et al. [55] investigated the organization of

clusters formed by gangliosides in lipid bilayer vesicles. Gangliosides are
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Fig. 4. The parameters of the surface polarizability model as a function of the
temperature for two different liposome suspensions (DMPC and mixed 1:1
DMPC/DPPC). The quantity gx2, proportional to the surface polarizability Dax
(equation (35)) (top) and the quantity u/x2, proportional to the relaxation fre-
quency tx (bottom), derived from the analysis of the observed relaxation display a
marked increase at the main transition temperature Tm, evidencing the formation
of cluster domains (redrawn from Schrader and Kaatze [48]).
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glycosphingolipids that contain sialic acid in the headgroup. They are located

primarily on the outer leaflet of the lipid bilayer of biological cell membranes and

appear to be relevant in different important cell functions, such as cell–cell

interactions, antigen recognition, cell activation, and signal transduction. Moreover,

gangliosides and cholesterol are credited to be mainly responsible for the formation

of ‘rafts’ [56], i.e., segregated domains of more compact and ordered lipids,

‘floating’ in a more fluid lipid matrix, that are supposed to be involved in a number of

important membrane cell functions, but whose mere existence is currently a matter

of lively debate [57]. Analyzing the dielectric behavior of mixed phospholipid/

ganglioside liposomes at different molar ratios, these authors point out that a

ganglioside concentration-dependent dielectric dispersion appears, with an

amplitude of the order of a few tenths of dielectric units, whose maximum occurs

at a well-defined ganglioside/phospholipid molar ratio. This effect is attributed to an

excess surface polarizability caused by the surface ganglioside organization. In a

previous work, the same authors have shown that the presence of small amounts

of gangliosides in mixed ganglioside/phospholipid liposomes causes a marked

alteration in the surface conductance of the particles, as reflected in the low-

frequency conductivity behavior of a liposome suspension [58].

In mixed lipid bilayers, large domains exist near phase transitions, particularly

at the main, or gel/fluid transition, where ordered, gel-like domains appear,

separated from the more fluid matrix. However, while near the gel/fluid phase

transition temperature, the domain structure is mainly promoted by the

isomerization of the lipid acyl chains, in mixed bilayers, steric and/or electrostatic

interactions between headgroups play an essential role in determining the

formation of segregated domains [59]. Conversely, any change induced in the

electrostatic interactions at the bilayer surface (varying the suspension ionic

strength, for example) may influence the domain structure.

The interest in the knowledge of the surface structure of mixed liposomes

resides in the fact that lateral organization of cell membranes, the possible

existence of segregated lipid domains, their structure and their role in membrane

functionality are currently debated with much enthusiasm (see, for example,

recent reviews appeared on these topics by Edidin [60,61], Barenholz [62],

Subczynskia and Kusumi [63] and the literature cited therein).

Another example of application of dielectric spectroscopy to the investigation of

the dynamics of different molecules within a lipid bilayer is represented by the

work of Ermolina et al. [64]. These authors, employing time domain dielectric

spectroscopy technique, investigated the possible effects of two different ‘skin

penetration modulator’ molecules on phosphatidylcholine (PC) bilayer vesicles.

These ‘modulators’ are substances that are known to enhance or to retard

permeation of solutes through the ‘stratum corneum’ of skin that, with its lipid

structured bilayers, represents the main barrier to skin permeation. Although the

main components of stratum corneum are ceramides, the authors chose PC

liposomes as a simple and suitable model to investigate non-specific effects of
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skin modulators on the transport properties of a lipid bilayer. Dielectric spectra

were analyzed in terms of the sum of two dielectric relaxation functions, con-

sisting of a Debye dispersion at lower frequencies and a Cole–Davidson relax-

ation at higher frequencies, according to

�nðoÞ ¼ �1 þ D�1
1þ jot1

þ D�2

ð1þ jot1Þb
ð36Þ

These authors assume that the slow, low-frequency Debye-type dispersion is

due to the interfacial charging of the vesicle bilayers through the intra- and

extra-vesicle solution resistances (Maxwell–Wagner effect), while the fast, high-

frequency Cole–Davidson relaxation process is attributed to the reorientation of

the PC headgroups in the plane of the bilayer surface. It must be noted that the

spreading factor b, introduced in the high-frequency dielectric dispersion, is usu-

ally assumed as a measure of the amplitude of a distribution of ‘different envi-

ronments’ that locally modify the relaxation of a given dipolar species.

Assuming the dipole moment of the PC group independent of temperature and

of ‘modulator’ concentration, the authors calculate a dipole correlation factor g

from the dielectric increment that they correlate to the presence of defects in the

PC headgroup dipoles alignment, possibly induced by the presence of the mod-

ulator. Using a statistical, fractal approach they analogously correlate the spread-

ing factor b to an average number of defects. Using this model, they are able to

quantify the extent of intermolecular interactions between lipid molecules in the

bilayer and moreover how these interactions are influenced by the presence of

‘skin penetration modulators.’

A somewhat particular aspect has been considered by Barker et al. [65] who

compared the dielectric behavior of liposome suspension over a wide frequency

range, from 10�2 to 105Hz, under different conditions, with the predictions of

different theoretical models. They suggest that the very low-frequency response

could be associated with the presence of a layer of liposomes adsorbed onto the

electrode surfaces, introducing a further contribution to the overall dielectric

spectrum, whose features are partially influenced by the chemical characteristics

of the electrode surface.

3. RADIO WAVE DIELECTRIC SPECTRA OF A DPPC LIPOSOME
SUSPENSION: A TYPICAL EXAMPLE

In this section, we will present typical dielectric and conductometric spectra of

zwitterionic liposomes in aqueous suspension in the radio-wave frequency range

and in an extended temperature interval, as an example of application of die-

lectric methods to liposome electrical characterization. The system chosen for

description by no means exhausts the variety of the dielectric phenomena that
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can be encountered. It was selected to illustrate the relation between the well-

defined dielectric phenomena and the structure and the behavior of the molecules

by which the systems are composed.

One set of data has been selected as offering an example of the influence of

the liposome radius on the overall dielectric spectra, in particular when the lipo-

some size increases and the lipid bilayer evolves toward a planar unilamellar

structure.

In the second aspect, we will deal with the influence of the temperature on the

dielectric response whose peculiar feature is caused by the different structural

organizations that the system undergoes.

Phospholipid–water systems display a gel–liquid crystalline phase transition

attributed to a cooperative melting of the hydrocarbon chains, which produces a

change in the bilayer structure. Highly hydrated phospholipids exhibit, moreover,

a so-called pretransition, which is thought to have a rippled bilayer structure. This

ripple phase (or Pb0 phase), falling between the low temperature Lb0 phase, where

the acyl chains are frozen in a rigid extended all-trans configuration, and the high-

temperature La phase, where fluid-like melted hydrocarbon chains prevail, is

characterized by a one-dimensional high modulation of the bilayer. The temper-

ature strongly influences the liposomal structural organization. A typical effect of

temperature on the apparent molecular volume of DPPC molecules is shown in

Fig. 5, where the pretransition (at about 36–37 1C) and the main transition (at

about 42 1C) are accompanied by well-marked changes reflecting a different

spatial organization of the lipid bilayer.

Both the two above-stated changes in the lipid organization, geometrical, in-

duced by varying the liposome radius, and physicochemical, induced by varying
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Fig. 5. Effect of temperature on the apparent molecular volume VL of DPPC
molecules in a bilayer. The pretransition (at about 36–37 1C) and the main tran-
sition (at about 42 1C) are clearly accompanied by significant changes in the
apparent molecular volume, reflecting the spatial organization of the bilayer (from
Wiener et al. [107]).
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the temperature, reflect in dielectric spectra with different characteristics, whose

main features represent a valuable probe to investigate the static and dynamical

behavior of these structures.

3.1. Liposome preparation

The lipid employed was (DPPC), provided by Sigma Chem. Co. with a purity of

99%. Measurements were done without any further purification. The liposome

preparation follows the usual (standard) procedure. The desired amount of lipid

(usually, 15mg) was dissolved in approximately 10ml of chloroform–methanol (1:1

wt/wt) mixture and subsequently the solvent was removed by rotoevaporation un-

der a reduced pressure until a thin lipid film was formed. The hydration of the lipid

film was achieved by addition of 10ml of deionized water (Q-quality) and allowing

the mixture to swell under rotation at a temperature above the main transition

temperature of the lipid (Tm�42 1C) for 1h. The resulting liposome suspension was

sonicated for a further 1 h in a pulse power mode at a temperature of 25 1C until a

homogeneous solution was obtained. The desired liposome size was achieved by

successive filtration through progressively smaller pore polycarbonate filters (Milli-

pore). Using this procedure, we investigated liposomes of different sizes, varying

from about 80 to 1000nm in diameter. The liposome size and size distribution are

determined, as usually, by dynamic light-scattering measurements.

3.2. Typical dielectric spectra

Some typical dielectric and conductometric spectra in the frequency range from

1 kHz to 10MHz are shown in Figs 6 and 7. Each spectrum is composed of at

least two different contributions due to different polarization mechanisms, at

different molecular level. The first one, which falls in the lower frequency range

and only the high-frequency tail is observed in the frequency range we have

investigated, is attributable to the electrode polarization effect, i.e., to the forma-

tion of a layer of ions close to the metal electrode surface which acts, in an

equivalent circuit scheme, as a capacitance in series with the one caused by the

sample under test. This effect, which depends on many physicochemical pa-

rameters of the ionic suspension, is outside the scope of this review and it will not

be treated anymore in what follows. We want only to point out that many different

methods have been described to eliminate or to take into account for this effect. A

technique to correct the dielectric data from the electrode polarization effect in the

radio wave spectroscopy measurements has been proposed by the present au-

thors and can be found elsewhere [66].

At higher frequencies, the dielectric relaxation attributable to the presence of

the dispersed liposomes is observed. This relaxation is generally composed of

F. Bordi et al.302



two contributions, both of them due to the interfacial polarization effects, even if

caused by different molecular mechanisms. The first one is originated by the

diffusion layer polarization at the interface between the charged or polar particle

surface and the bulk of the dispersing medium. It depends on the motion of

counterions in the neighborhood of the particle; and a relevant role is played by

tangential diffusion mechanism, according to the models previously stated. This

dispersion overlaps with the high-frequency tail of the electrode polarization effect

and is partially, and in some cases completely, masked by this predominant

effect. Only when favorable conditions apply or a particular experimental set-up is

employed, a full investigation of this dispersion is possible. On the other hand, the
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Fig. 6. Dielectric spectra of DPPC liposomes in aqueous suspension in the fre-
quency range from 1 kHz to 10MHz. Upper panel: the permittivity e0. In the lower
frequency range, the large increase of e0 is attributable to the combined effects of
the electrode polarization and to polarization due to the counterion surface diffu-
sion. At higher frequencies, the interfacial polarization is evidenced. Lower panel:
the electrical conductivity s. The step increase of s at the higher frequencies is
due to the superposition of the low-frequency wing of the aqueous phase relax-
ation. Each curve refers to a different size of the liposome, changing from 130 to
750 nm in diameter. The lipid concentration is maintained constant to the value of
4% wt/wt and the measurements were taken at the temperature of 20 1C.
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characteristic frequency of this effect scales with the inverse of square radius of

the particle, so that its frequency localization can be easily assigned.

The second dispersion, falling at somewhat higher frequencies, is attributable to

the Maxwell–Wagner effect, modified to take into account that the adjacent media,

which cause the interfacial polarization, can have a dissipative character. More-

over, if free charges are present, the counterion distribution is governed by a flux

equation to which contribute both the external electric field and the field rising from

the surface charge. In this case, the effective medium approximation theory holds,

provided the Laplace equation is substituted by the Poisson equation. Obviously,

the formal description of the dielectric response is more complex, but the basic

assumptions and the approximations employed are essentially the same.

Finally, at higher frequencies, in the microwave range, the orientational polar-

ization of the aqueous phase occurs (the water molecules possesses an electric

dipole moment of about 1.8D) which causes a decrease of the permittivity of water

from the static value of about 80 (at room temperature) to the high-frequency limit

of about 4.5. The relaxation frequency of pure liquid water is about n0 ¼ 17GHz at
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Fig. 7. The dielectric spectra of DPPC liposomes in aqueous suspension in the
frequency range from 1 kHz to 10MHz. Upper panel: the permittivity e0. Lower
panel: the electrical conductivity s. Measurements have been taken at different
temperatures from 20.0 to 56.0 1C, step 3.0 1C, covering the whole temperature
range where the pretransition and the main transition fall. The liposome diameter
is 620 nm and the fractional volume of the dispersed phase is f ¼ 0.04. At the
main transition temperature, a marked increase in both the dielectric increment
De and the electrical conductivity is evidenced.
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room temperature so that at a decade of frequency before, this effect begins to

appear and becomes more and more significant as the frequency increases.

The spectra shown in Figs 6 and 7 deal with the high-frequency tail of the

electrode polarization effect (which is considered in this context as an artifact)

and with the Maxwell–Wagner polarization effect associated with the interfacial

properties of the liposome suspension. The orientational polarization effect of the

aqueous phase occurs at higher frequencies, above the high-frequency limit of

the frequency window employed.

3.3. Influence of the liposome size

Fig. 6 shows the dielectric and conductometric spectra in the frequency range

from 1 kHz to 10MHz of a DPPC–liposome aqueous suspension at a temperature

of 20 1C, for different liposome size, from about 130 to 750 nm in diameter.

Once the dielectric spectra have been corrected for the electrode polarization

effect, the data can be analyzed on the basis of a Cole–Cole relaxation function

and the relevant dielectric parameters evaluated.

The dielectric increment De and the relaxation time t as a function of the

liposome size are shown in Fig. 8. We observe that, with the increase of the

liposome size, the dielectric increment De increases, linearly at first, showing

more marked deviation from linearity as the size of the vesicles increases.

Moreover, the relaxation time is proportional to the square of the particle radius

(Fig. 8b). This behavior agrees with predictions of equations (26) and (27), in-

dicating that the observed dispersion is attributable to the ion diffusion along the

liposome surface. In this case, equation (27) correctly predicts a relaxation time t

that scales as R2. In equation (26) the particle radius does not appear explicitly,

the dielectric increment being proportional to the fractional volume f of the dis-

persed phase. However, as the dielectric spectra have been measured at the

same lipid concentration, maintaining constant the total number of lipid molecules

involved, the volume fraction f scales as f ¼ Npv
�

V � R considering the lipo-

some concentration given by

Np

V
¼ nmola

8pR2
ð37Þ

with nmol the total number of lipid molecules in the suspension, a the area oc-

cupied by each molecule at the bilayer surface and v ¼ 4pR3/3 the volume of

each liposome.

Moreover, when the particle radius increases at constant lipid numerical con-

centration, the average distance between adjacent vesicles, normalized to radius

R, scales as

V

Np

1=3 1

R
� R�1=3 ð38Þ
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suggesting that deviation from linearity might be attributed to an increased par-

ticle–particle electrostatic interactions as the vesicle radius R increases.

3.4. Influence of the temperature

Figure 7 shows the dielectric and conductometric spectra in the frequency range

from 1 kHz to 10MHz of a DPPC-liposome 620 nm in diameter aqueous sus-

pension at different temperatures from 20 to 56 1C, covering the range from the

pretransition to the main transition temperatures.

The behavior of the dielectric parameters De (Fig. 9) and t (Fig. 10), derived

from the analysis of the dielectric spectra employing a Cole–Cole relaxation
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Fig. 8. (a) Dielectric increment De as a function of liposome size. As the curvature
radius of the bilayer increases, the dielectric strength increases. (b) The relax-
ation time t is shown as a function of the logarithm of the liposome size. Over the
whole interval of radii investigated, the relaxation time scales as the squared
radius, according to equation (27).
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function, clearly evidences the effect of the temperature, indicating that either at

the pretransition or at the main transition temperature, a marked reorganization of

the double layer occurs. As can be seen in Fig. 9, the ripple phase, between the

Lb0 and La phase, is accompanied by an increase of the dielectric strength, until

the more fluid conformation of the hydrocarbon chains favors a more marked

dipole organization to which a higher dielectric increment is attributed.

4. ELECTRICAL PROPERTIES OF THE LIPOSOMAL STRUCTURE

The influence of the electrical environment on the formation of lipid vesicles is

very strong. Here, we will briefly review the main phenomenology induced by the

surface charge distribution at the liposome–aqueous interface and by an external

electric field, confining ourselves to the treatment of the double-layer structure

and to the liposome stability.

4.1. Effect of surface charge density on the spontaneous formation
of vesicles

For relatively large vesicles of controlled size, such as those required in bio-

medical applications, obtained under non-equilibrium conditions, the deformation
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Fig. 9. The dielectric increment De of DPPC liposome suspensions as a function
of temperature for three different liposome size: (	): 750 nm (&): 620 nm; (
):
500 nm in diameter. The fractional volume of the dispersed phase is F ¼ 0.04. At
temperatures close to the pretransition and the main transition temperature, a
well-defined increase is observed, marked by the arrows.
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of the flat double layer into a spherical one is obtained to the cost of some

bending energy (for the state-of-the-art on the formation dynamics of vesicles,

see the excellent review of Gradzielski [67]). On the contrary, in the case of small

vesicles, the free energy increases due to bending which can be compensated if

the outer layer contains significantly more molecules than the inner layer. Sym-

metrical bilayers built up by identical monolayers have zero spontaneous cur-

vature and, according to Helfrich [68], their bending elasticity can be written as

dE ¼ 1

2
kðc1 þ c2Þ2 þ kc1c2

	 


dA ð39Þ

where dE is the free energy cost for bending the elementar area dA of a bilayer

with principal local curvatures c1 and c2. Here, k and k represent the mean and

Gaussian curvature moduli, respectively.

Vesicles of hundred nanometers in size or more should then rarely form spon-

taneously, since pure phospholipid bilayers have bending moduli in the order of

5/25 KBT, at room temperature, or more [69–71]. However, when the bilayer

consists of a mixture of different amphiphiles, characterized by different values of

the packing parameter [72], equilibrium vesicles can form [73]. Packing para-

meter of a surfactant molecule is defined as the ratio between the volume V0 of

hydrophobic tail and the volume of an equivalent cylinder whose basis is the area

of the polar head, a0, and whose height is the length of the hydrophobic part. If

the bilayer is composed of only a single surfactant species, a flat bilayer
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Fig. 10. The relaxation frequency n0 of a DPPC liposome suspension as a func-
tion of temperature for three different liposome size: (&): 500 nm; (	): 620 nm (�):
750 nm. The fractional volume of the dispersed phase is F ¼ 0.04. At temper-
atures close to the main transition temperature (marked by the arrow), a well-
pronounced change in the relaxation frequency value is observed. In this case,
the influence of the pretransition is less pronounced.
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represents the status of minimal energy, since the two monolayers have the

same ‘natural’ curvature, but an opposite sign. However, if more than one com-

ponent is present, the different species can distribute in the two monolayers in

such a way that the outer surface will have higher spontaneous curvature and

equilibrium vesicles can form spontaneously. Moreover, because the vesicles

are, in this case, energetically stabilized, a well-defined size is selected, de-

pending on their composition. Consequently, the size distribution is fairly mono-

disperse.

The bending moduli of charged bilayers can be written as the sum of two

contributions: an intrinsic bending elasticity, kp and kp, arising from packing con-

straints and a specific electrostatic contribution to the bending free energy, kelec
and kelec. Hence, the ‘total’ mean and Gaussian bending moduli are written as

k ¼ kp þ kelec

k ¼ kp þ kelec ð40Þ

This implies that, beside steric interactions, vesicle stabilization is also influ-

enced by charge density asymmetries on the two layers [70]. When the charge

density on the outer surface of the vesicle is larger than that on the inner surface,

the energy expenditure for bending the bilayer can be compensated by a reduc-

tion in electrostatic repulsion in the outer monolayer, due to its deformation. This

is also true when the charges are allowed to flip from one side to the other. Also in

this case, the entropic disadvantage due to the unequal charge distribution can

be not sufficient to compensate for the reduction in electrostatic energy [71].

The possibility that even in the absence of a charge asymmetry, there could be

spontaneous formation of vesicle when the surface charge density exceeds a

limiting value, was pointed out by Winterhalter and Helfrich [74] in their analysis of

the effect of charge density on membrane curvature moduli, based on the De-

bye–Hückel approximation. Their theory predicts that kelec is always positive, but

kelec may be, in some cases, negative. At a sufficiently high surface charge

density and low ionic strength, the negative contribution of kelec becomes com-

parable to the positive kelec, and entropically stabilized, polydispersed vesicles

form. At higher charge densities, kelec dominates and the flat bilayer becomes

unstable against spontaneous bending, leading to the formation of small, ther-

modynamically stable vesicles. More recently, Kumaran [70], by using nonlinear

Poisson–Boltzman equation, calculated this limiting value of the charge density

as sn ¼ Cn1=kD, where C is a characteristic constant of the model, nN is the

number density of counterions (with charge ze) at a large distance from the

surface, and kD is the inverse of the Debye screening length. For

n1 ¼ 6� 1024 e=m3, corresponding to a molar concentration of 10�2mol/l, the

Debye screening length is 4.3 nm (in water, for monovalent counterions and at

room temperature) and the corresponding limiting charge density is

sn ¼ 7:3� 1017 e=m2. As an example, for liposomes built up by DOTAP (di-

oleoyltrimethylammonium-propane), a cationic synthetic lipid commonly used in
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biomedical applications, assuming the surfactant to be completely ionized and

the area per polar head occupied at the liposome interface by one surfactant

molecule E65 Å2 [75], the surface charge is 1.5� 1018e/m2, higher than the

above-stated limiting value. In this case, the formation of liposomes stabilized by

surface charge effect is expected.

Analyzing the effect of charge density-curvature coupling on the dynamics of

fluctuations, it has been argued that when the charges are allowed to move on

the membrane surface, the flat state of the membrane is unstable, due to a

correlated variation in surface charge density and curvature [76]. Moreover, if

fluctuations of counterion concentration in the diffuse layer, due to surface shape

perturbations, are considered, instabilities arise also when the charge or the

potential at the surface assumes a fixed value [77].

Lau and Pincus [78] proposed a different model, assuming a neutral system of

mobile positive and negative charges confined on the surface of the vesicle. Such

a scheme may appear appropriate to describe both a highly charged membrane,

whose counterions are confined in a sheath near its surface (condensed coun-

terions) and a membrane composed of an equimolar mixture of anionic and

cationic surfactants. Within this framework, these authors showed that charge

fluctuations contribute a non-analytic term to the bending rigidity, arguing that this

term may lead to spontaneous vesicle formation. On the basis of the same model,

Kim and Sung [79] were able to explain qualitatively the suppression of spon-

taneous vesicle formation, observed for different mixtures of ionic surfactants,

when simple salts are added.

The effect of surface charge in inducing a double-layer bending and in sta-

bilizing liposomes has been observed in different systems. Brasher et al. [80]

investigated the behavior of mixed anionic and cationic surfactants in pure water.

They observed an equilibrium vesicle phase when the composition in oppositely

charged species deviates significantly from stoichiometry. The addition of a

monovalent salt alters significantly the phase behavior. In particular, at certain

compositions, by increasing the ionic strength, a vesicle-to-micelle transition can

be induced. Also the addition of small amounts of an ionic surfactant to the

lamellar phase of a nonionic surfactant system has been proved to be effective in

inducing spontaneous bending and in the formation of multilamellar ‘onion-like’

structures [81–84], even though, in some cases, the formation of vesicles or of

classical stacked bilayers depends on the procedure of sample preparation [84].

Besides onion-like structures, occurring at moderate surfactant concentration,

Oberdisse et al. [82] found in their systems also a phase of thermodynamically

stable, unilamellar microvesicles (with a radius below 100 Å), appearing in the

very dilute concentration range. The same authors showed that a transition from

small to big charged unilamellar vesicles [83] and a region of phase diagram,

where small and big vesicles coexist [85], can be predicted on the basis of a

(nonlinearized) Poisson–Boltzmann cell model.
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Different vesicle-forming surfactants can be protonated at various degrees by

changing the pH of the aqueous solution. In particular, in the case of single tail

oleyldimethylamine oxide (OleylDMAO) surfactant, there is experimental evi-

dence that protonation decreases the average curvature and induces a change

from thread-like micelles in the nonionic state to vesicles at the half-protonated

state [86]. However, the observed effect of the protonation cannot be simply

explained only in terms of electrostatic repulsion between charges. At decreasing

pH (increasing protonation), the bilayer average curvature apparently goes

through a maximum at about a half-protonated state, contrary to the expectation

of a monotonic decrease with the ionization (protonation, in the case of amine

oxides). This behavior has been attributed to an additional short-range attractive

interaction [86], probably a hydrogen bond, between the protonated and the non-

protonated headgroups of amine oxides.

4.2. Effect of an external electric field on vesicle double-layer
structure

Owing to the liquid nature of the lipid matrix, under externally applied electric

fields, a redistribution of charges on charged vesicle surface occurs. Experimen-

tally, it has been observed that the application of a tangential electric field to a

confined section of a double layer made up of different phospholipids induces a

lateral reorganization of charged and uncharged membrane components. Electric

field-induced concentration profiles have been investigated in these systems by

using epifluorescence microscopy [87]. The results were interpreted on the basis

of a thermodynamic model that accounts for the observed critical demixing be-

havior, i.e., a collective molecular interaction resulting in a spontaneous phase

separation, at critical temperature and composition. This interaction has the effect

of amplifying the lateral reorganization of the membrane, in response to the

stress induced by the applied electric field.

In liposomes built up by a mixture of two different lipids, bearing different

charges, a neutral one and a charged one, for example, the charged species,

under the influence of an external electrical field, can move within the bilayer so

that the external field can cause a surface reorganization. Such a spatial redis-

tribution of the charges on a nonhomogeneously charged object may substan-

tially affect its electrophoretic mobility, to an extent that, if two oppositely charged

species are embedded into the membrane, the direction of motion can be re-

versed, upon the increase of the field intensity [88].

It has been recently shown that the electric stress created by ionic currents

across a non-perfectly flat membrane gives rise to a destabilizing surface energy,

enhancing undulations [89]. When a fixed electric field is applied across the

membrane, the electric stress at the membrane interfaces is due to the force

exerted by the conduction charges brought by the field at the interfaces or, in
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other words, by the surface charge density induced by the field, whose sign is

opposite at the two interfaces. If the membrane is perfectly flat, the electric stress

is symmetrically balanced on both sides of the membrane and the field only

produces a compression of the membrane itself. However, any membrane cur-

vature that leads to an asymmetry in the charge density between the two inter-

faces produces an unbalanced net stress, whose order of magnitude can be

expressed as Sel ’ �mE
2
md=R, where d is the membrane thickness and R the local

curvature radius, Em is the electric field inside the membrane and em the mem-

brane permittivity. This stress, in turn, tends to enhance the small local undu-

lations of the membrane, since the unbalanced normal stress points toward

opposite directions in regions with opposing curvatures. In the presence of a lipid

reservoir, the electric field induces a decrease of the interfacial tension, known as

the electrocapillary effect (see, for example Kang et al. [90] and literature cited

therein). On the contrary, for a fixed number of surfactant molecules, the en-

hancing of the membrane undulation under electric field produces a concomitant

mechanical tension, because of deviation from the nominal area per molecule.

For values of the electric field typically in the order of E�103V/m, the elec-

trostatic contribution to the surface tension reaches values in excess of about

Tel�10�3 J/m2, comparable to the mechanical tension needed for the rupture of a

lipid membrane [91].

It has long been known that transmembrane voltage pulses of sufficient am-

plitude create transient pores in a lipid bilayer. This phenomenon, known as

‘electroporation,’ has been extensively investigated (for a review see Weaver and

Chizmadzhev [91] and Tien and Ottowa [92]), and have attracted increasing

attention as a powerful technique for introducing DNA and other charged mol-

ecules into cells and liposomes, in biomedical and biotechnological applications.

Barnett and Weaver [93] and Weaver and Chizmadzhev [91] derived a quan-

titative theory of electroporation in planar bilayer lipid membranes. These authors

assumed that transient aqueous pores of minimal size, created and destroyed by

thermal fluctuations, are involved in electroporation. By writing a density

function of membrane pore population, depending on a rate rp of pore formation

given by

rp � exp
ðaDVÞ
ðKBTÞ

	 


ð41Þ

where a is a constant and DV the transmembrane voltage, these authors are able

to derive an expression for the overall conductance of the electroporated mem-

brane which is in good agreement with experiments. Moreover, also the predic-

tions of theory on the duration and amplitude effect of the charging pulse

compare fairly with experiments.

More recently, Chizmadzhev et al. [94] reported that the nonconductive pores,

termed ‘pre-pores,’ would be induced by an applied voltage and from which the

transient hydrophilic (conductive) pore could develop. In this context, the undu-
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lation instabilities induced by the external electric field, described by Sens and

Isambert [89], could play an important role.

However, Isambert [95] argued that, in general, models that assume a flat

membrane under constant mechanical tension are not appropriate for describing

the opening of pores in the double layer of a closed vesicle or of a biological cell. In

the very short timescale involved in electroporation, the membrane cannot ex-

change phospholipids with the cell reservoirs and, in this aspect, cell membrane

behaves like an artificial vesicle with a fixed number of phospholipids. Analogous to

the case of undulation instabilities discussed above, at the curved membrane

interfaces, the electric field generates noncancelling electric stresses that tend to

deform the vesicle shape. However, both the number of phospholipids in the

membrane and the volume of the vesicle are essentially fixed and the cell mem-

brane stretches until a mechanical balance between the surface tension and the

sum of the normal (electric) stresses is attained. Starting ab initio from the Laplace

equation for a shelled sphere in a conducting medium, with the appropriate

boundary conditions, Isambert [95] showed that, for the case of unperforated cells

(i.e. before electroporation), the radial stress is proportional to the radius of cur-

vature of the membrane and independent of the conductivities of both the inner

medium (cytosol) and the bathing (external) solution. When a surface tension value

is reached, high enough to cause the membrane rupture, the opening of a pore

causes the relaxation of the tension. Considering the bilayer as a viscous film

under relaxing surface tension, Isambert [95] showed that the elastic relaxation of

the stretched membrane immediately after pores nucleation may follow two dy-

namic regimes, with an initial ‘very slow exponential’ or linear increase of the

average pore radius, followed by a catastrophic bursting of the film, in good

agreement with experiments on artificial bilayers [96].

On the basis of a different theoretical analysis, Lewis [97] comes to the conclusion

that, in addition to a compressive stress normal to the membrane plane, an applied

electric field also generates traction stresses on the plane of the membrane that are

likely to be sufficient to cause electroporation and rupture of the membrane itself.

The now classical experiment of Zhelev and Needham [98] for studying elect-

roporation of lipid membranes was performed using spherical, giant liposomes

(from 25 to 55mm in diameter). Holding a single liposome by a micropipette and

controlling the internal pressure by gentle pipette suction, they created a small

mechanical tension in the bilayer. The liposomes were filled with a solution having

a different refractive index from the one of the bathing medium, so that the for-

mation of a pore could be visualized by the small jet emitted inside the solution.

Pore lifetimes could be controlled by adjusting the membrane tension and varied

from tenths of a second to several seconds. The pore size was determined from

the volumetric flow in the pore region and the measured pressure difference across

the bilayer. Pores, with a diameter of E1mm, were in these conditions in a quasi-

stationary state and when they collapsed spontaneously, they did so in a few

milliseconds. From the measured pore size and the membrane tension, the au-
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thors determined a pore line tension in the order of 0.9/3.0� 10�11N, depending

on vesicle composition.

Kakorin and Neumann [99] analyzed the ionic conductivity of lipid membrane

pores in terms of electrostatic interactions of the transported ions with low-

dielectric pore walls. It is well known that protein channels frequently show non-

Ohmic behavior. However, also conductive pores in electroporated lipid bilayer

can show a voltage-dependent electrical conductivity. This effect can be ex-

plained considering the discontinuity of polarizability between the aqueous me-

dium and the low-permittivity double-layer interior at the pore wall, and described

in terms of an image charge that tend to repel the ion from the lipid phase.

Assuming a specific shape of the image potential at the pore entrance, Kakorin

and Neumann [99], on the basis of the observed conductivity of lipid vesicles,

calculated a mean pore radius of E0.6 nm. In a more recent paper, Griese [100]

and his coworkers, by means of the combined use of electro-optic and conduc-

tivity relaxation measurements on suspensions of electroporated unilamellar

vesicles, pointed out the existence of a contribution to the overall electrical con-

ductivity of the suspension, that could be attributed to the releasing of intrave-

sicular electrolyte through the pores, during the electric pulse.

5. ELECTROROTATION OF LIPOSOMES

A biologic cell or a vesicle suspended in an aqueous medium in a nonuniform

electric field is subject to different forces that depend on the particle shape and on

the differences in dielectric parameters characterizing the bathing solution and

the particle itself. Different patterns of electric field, spatially nonuniform, or time

varying, such as rotating or traveling wave, can easily be created by using ap-

propriate microelectrode arrays. These fields induce dipole moments in the par-

ticles, and each type of particle responds to the forces produced by the

interaction of the induced dipole with the applied field in a unique way. Based on

this ‘electrokinetic’ effect, different techniques have been developed that allows a

controlled and selective manipulation of biological cells, vesicles and, more in

general, colloidal particles.

In particular, a uniform rotating electric field can be generated by four elec-

trodes arranged in a square symmetry excited with sinusoidal voltages, with 901

phase difference between adjacent electrodes. The rotating electric field will in-

duce in the particle a rotating dipole moment out of phase with the field. The

amplitude of the dipole and the phase difference of its rotation with respect to the

phase of electric field depends on particle shape and on passive electric prop-

erties of both the particle and the bathing medium, at the frequency of the applied

field. In stationary conditions, the torque due to the interaction of the rotating field

and the induced dipole will cause the particle spinning, at a characteristic fre-

quency. From this frequency, that can easily be measured by eye, using, for
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example, a bright field optical microscope, and by using an appropriate geomet-

rical schematization of the particle, the dielectric and conductometric parameters

of the particles are obtained. This technique developed in the early 1980s by

different groups [101,102] has been termed ‘electrorotation’. Electrorotation of

liposomes has been used by Pethig et al. [103] for the verification of dielectric

multi-shell models used to describe biological cells. Different unilamellar, oligo-

lamellar, and multilamellar liposomes of diameters ranging from 5 to 24mm, well

characterized by fluorescence microscopy, flow cytometry and electron spin res-

onance, were employed as model systems. From their analysis, the authors

argued that, although the spectra for multilamellar liposomes appear clearly dis-

tinguishable from the spectra of more simple unilamellar or oligolamellar lipo-

somes, the accuracy with which the dielectric parameters of each new concentric

membrane compartment could be fitted fell off very rapidly by increasing the

numbers of shells. From this, they concluded that, while electrorotation data

enable accurate determinations of the dielectric properties of the outermost

membrane of multicompartment membrane structures, quantitative estimates of

the parameters of internal compartments are less reliable, even though the tech-

nique provides good indications of the level of complexity of the system.

Although very simple and effective, the experimental approach consists in

manipulating the particles ‘manually’, by means of micromanipulators, in order to

select and put them in the rotating field and in visual observation under a mi-

croscope presents several limitations. Different technical improvements of the

experimental setup have recently been developed, aimed to confer some degree

of automation to the procedure. As an example, by the combined use of optical

tweezers and of a video camera, Mietchen et al. [104] implemented an automated

apparatus for single shell electrorotation spectroscopy. In electrorotational light

scattering (ERLS) [105] or in dielectrophoretic light scattering (DPLS) [106], a

different experimental approach is employed. A dynamic light-scattering exper-

iment is carried out on the particle suspension in the presence of a rotating

(ERLS) or an oscillating, nonuniform electric field (DPLS). The field induces sus-

pended particles to undergo dielectrophoretic motion, which is detected by the

modulation in the dynamic light-scattering autocorrelation function. From this

modulated autocorrelation function, by using a suitable dielectric model for the

suspended particles, the dielectric characteristics of the cell can be obtained.
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