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PREFACE

Volume 9 continues in our effort to cover the recent research results on
both planar lipid bilayers (also referred to as BLMs) and spherical vesicles
from many scientific groups working worldwide in this exciting field. In
this volume we continue in the established tradition, namely to include not
only the chapters with research results of well-established scientists but also
chapters from younger generation of scientists who follow this interdisci-
plinary field of research worldwide. Nowadays there are already many new
venues to be followed in this interdisciplinary field of research and we are
convinced that they will continue to multiply even more in many years to
come. During his lifetime, late Prof. H. Ti Tien wanted to see these new ideas
of interface sciences to be implemented in the everyday life and he was one
of the pioneers who started to develop some useful practical applications such
as new molecular electronic devices, biosensors, etc.

As is described in seven already published volumes as well as in the
present volume of this Advances series, the research based on planar lipid
bilayers and spherical liposomes has developed into an important,
interdisciplinary-oriented scientific field. Today, after nearly five decades
of continuous research, this well-established discipline has a great impact in
certain areas of membrane biophysics, cell biology, and also biotechnology
and medicine. The lipid bilayer, existing in all cell membranes, is most
unique in that it not only serves merely as a physical barrier among cells but
also functions as a two-dimensional matrix for all sorts of reactions. Also, the
lipid bilayer, after suitable modification, acts as a conduit for ion transport, as
a framework for antigen—antibody binding, as a bipolar electrode for redox
reactions, and as a reactor for energy conversion (e.g., light to electric to
chemical energy). Furthermore, a modified lipid bilayer performs as a
transducer for signal transduction (i.e., sensing) and numerous other func-
tions as well. All these myriad activities require the ultra thin lipid bilayer of
5 nm thickness.

As of today, black lipid membranes (BLMs or planar lipid bilayers) have
been used in a number of applications ranging from fundamental membrane
biophysics including photosynthesis, practical AIDS research, and “micro-
chips” study. In reactions involving light, BLMs have provided insights to
the conversion of solar energy via water photolysis, and to photobiology
comprising apoptosis and photodynamic therapy. Supported bilayer lipid
membranes (s-BLM:s) are being used in biosensor development. In addition,
this volume reviews the studies of others in collaboration with our

xi



xii Preface

laboratory and also recent research of others on the use of BLMs as models
of certain biomembranes.

We would like to stress some important biophysical aspects of this
Advances series. Biophysics is composed of many subfields including cell
biology, genetics, and physiology. Training in biophysics effectively
prepares younger generation of researchers to acquire many necessary skills
for careers in a research world that increasingly values interdisciplinary and
integrative outlook, which we stress in this Advances series. There are many
research areas in biophysics such as electrophysiology, bioenergetics, supra-
molecular assemblies, and membranes. In this book we will focus our
attention mainly on the physiological, physical, and biochemical aspects of
membranes using experimental planar lipid bilayers and spherical
liposomes/vesicles.

Volume 9 of Advances series on planar lipid bilayers and liposomes
continues to include several invited chapters on a wide range of topics,
covering interesting results not only from valuable theoretical research but
also from many experimental studies and, last but not least, the published
results also refer to new practical applications in many areas of interface
sciences dealing exclusively with both planar lipid bilayers and liposomes.
The contributed chapters are separate entities to themselves, but they have
one common feature. They are based on planar lipid bilayers or spherical
liposomes and their practical applications. We are thankful to all contribu-
tors for their willingness to honor the memory of late Prof. H. Ti Tien
through their contribution of very interesting and inspiring chapters, which
are very much appreciated by the whole scientific community.

Only the first stage of editorial work of Volume 1 of the Advances series
was still based on a joint effort of late Prof. H. T. Tien and me. I wish to use
this occasion to express my deep gratitude to everybody who contributed a
chapter to one of our already published volumes of this Advances series.
I highly value the support and help of Dr. Kostas Marinakis, Publisher of
Chemistry and Chemical Engineering Department in Elsevier and all his
coworkers, especially Dr. Deirdre Clark in Elsevier Office in Amsterdam,
The Netherlands, and also his coworkers from the newly established
Elsevier Office in Chennai, India, in different stages of preparation of this
book series. I am particularly thankful to all of them for their big help in
preparation of this book series, which had a very challenging start shortly after
the unexpected death of Prof. H. Ti Tien, the founding editor in the year
2004. We will try our best to keep these Advances series alive in both fields
covering the planar lipid bilayers and spherical liposomes. In this way we all
members of the research community in this interdisciplinary field continue to
pay our respect to the scientific achievements of Prof. H. Ti Tien.

Angelica Leitmannova Liu
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Abstract

Liposome-encapsulated hemoglobin (LEH) is a formulation of hemoglobin-based
oxygen carriers where hemoglobin is encapsulated within the lipid bilayers. It is
believed that the encapsulated form of hemoglobin is the preferred means of
delivering oxygen in vivo, because of the favorable toxicity profile, and efficient
delivery of oxygen to the hypoxic tissue. This chapter describes the recent
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advances made in the field of LEH. Specifically, various factors that determine the
selection of constituent materials of LEH are discussed. A brief description of the
current method of manufacturing LEH has also been described.

1. INTRODUCTION

Every year, nearly 14 million units of packed red blood cells (RBCs)
are transfused in the United States alone [1]. Blood transfusion forms an
essential component of medical treatment in several different complications
ranging from acute hemorrhage to major accidents. Though, transfusion
procedures have become relatively safe, issues like requirement of blood-
typing and cross-matching, short storage-life, and inadequate supply of safe
blood still remain unresolved [2]. Responding to the need of a self-stable
oxygen carrier in special situations such as war and natural disasters,
researchers around the world are vigorously investigating the development
of an artificial oxygen carrier [3]. As discussed in this chapter, the growth
and quality of published literature suggests that we are close to wvital
breakthroughs in this field.

Ideal oxygen-carrying resuscitative fluid should emulate as many func-
tions of fresh whole blood as possible. For example, it should have the
capacity to carry and deliver oxygen as RBCs as well as provide plasma-like
oncotic activity to maintain circulatory-filling pressure. Like RBCs, it
should persist in the intravascular space for a prolonged time period with
full functionality, but without any toxicity or immunogenicity. This
oxygen-carrying resuscitative fluid may also contain therapeutic agents to
address other pathophysiological manifestations during hemorrhagic shock
and resuscitation, such as complement activation and reperfusion injury.
In addition, the optimal substitute is desired to have properties beyond those
of RBCs self-stability at room temperature, ease of use and moderate cost.
Even with all these positive characteristics, it is also preferable that the
oxygen carrier remains simple in regards to its formulation constitution,
and amenable to large scale production.

Oxygen carriage is attributed to be a major function of RBCs, because of
the presence of hemoglobin. Quite naturally, the earliest attempts revolved
around the administration of unmodified hemoglobin. Hemoglobin is a
tetramer containing two pairs of globular peptides (¢ and f subunits)
noncovalently bound to each other. Each subunit contains one heterocyclic
ring called porphyrin ring that contains one iron atom (Fe?T). This iron
atom in hemoglobin is the binding site of oxygen [3]. However, the use of
unmodified hemoglobin is associated with biological toxicity characterized
by renal failure and severe vasoconstriction [4, 5]. In addition, in the
absence of advanced technology, the initial preparations were often
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contaminated with remnant RBC stroma that resulted in severe toxicity [6].
The preparation demonstrated short intravascular persistence because of
hemoglobin’s tendency to break down into its constituent chains and
elimination via renal system. To overcome some of these problems,
researchers modified the hemoglobin molecule. These second-generation
preparations were typified by intravascular nitric oxide (NO) scavenging,
and high affinity of hemoglobin for oxygen [7]. These hemoglobin-based
oxygen carriers (HBOC:) are categorized as acellular HBOCs. They are
nothing but hemoglobin preparations where hemoglobin molecules have
been polymerized, cross-linked, polymer-conjugated or otherwise chemi-
cally modified to alter one or more of the biological and/or physicochemi-
cal properties [3, 8]. Acellular HBOCs are not compartmentalized in any
cell-like structure and the hemoglobin comes in direct contact with the
biological milieu resulting in a spectrum of undesired physiological effects.
A few of such hemoglobin products are in various stages of clinical devel-
opment and are being pursued in commerce [3].

Cellular HBOC:, on the other hand, rely on encapsulating hemoglobin
in some form of vesicular structure. Although not clearly understood, there
must be some reason for vertebrate hemoglobin to naturally evolve in a
spatially isolated existence inside the RBCs. We know that free hemoglobin
acts as a proinflammatory protein that may be detrimental if administered
for resuscitation in traumatic brain injury [9]. At the same time, auto-
oxidation of hemoglobin produces harmful reactive oxygen species [10]
and, therefore, hemoglobin has been called an oxidative neurotoxin. It may
contribute to brain cell injury after brain trauma and hemorrhagic shock
[11]. Products that encapsulate hemoglobin are less likely to cause these
proinflammatory eftects. Encapsulated hemoglobin is devoid of vasocon-
strictive effect that is commonly seen with molecularly modified free
hemoglobin [12, 13].

The notion of hemoglobin encapsulation within artificial membranes
was first investigated by Chang in 1964 [14]. Since then, nanocapsular and
liposome-encapsulated hemoglobin (LEH) products have been developed,
and currently are in preclinical phase. Compared to free hemoglobin
products, encapsulated hemoglobin has several attractive properties:
(1) a longer circulation time, (2) reduced vasoactivity, (3) potential to
coencapsulate allosteric modifiers and hemoglobin stabilizers, (4) RBC-
like oxygen diftusivity, and (5) metabolic clearance by the reticuloendothe-
lial system (RES) in a fashion similar to that of RBCs. In a recent study,
acellular preparations (cross-linked, pyridoxylated polyoxyethylene-
conjugated, hydroxyethyl starch-conjugated, and polymerized hemoglobin
preparations) were compared with hemoglobin encapsulated within the
polyethylene glycol-bearing liposomes of 224 £ 76 nm diameter [15].
Based on the permeation studies, the authors concluded that all the products
tested have the ability to reach and deliver oxygen even to the areas of
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thrombosis or infarction where flow of RBCs would not be sufficient. Few
acellular hemoglobin products were found responsible for RBC aggrega-
tion, which in vivo might lead to impaired blood flow. At the same time,
hemoglobin liposomes are excluded from the endothelial permeation result-
ing in the absence of NO-scavenging and vasoconstriction. In addition, the
encapsulated hemoglobin had an advantage of the longest circulation time
among the products tested [15].

Encapsulation of hemoglobin inside lipid bilayers or liposomes came
naturally to various research groups [16—22]. During its initial development
phase, LEH met with the same challenges that were common to all lipo-
some research at that time [23]. During this period the most important test
was to circumvent the rapid removal of LEH from circulation by the RES.
Another problem was the need to develop a large-scale production tech-
nology without altering the oxygen-carrying properties of the encapsulated
hemoglobin. Major breakthroughs in LEH research came when a high-
shear method was used to encapsulate hemoglobin inside the lipid bilayers
[24, 25], and polyethylene glycol-lipid in the lipid bilayer was found to
overcome RES uptake [26]. Today, the methods of hemoglobin encapsu-
lation are much improved, and allow encapsulation of large amounts of
hemoglobin in a stable and functional form. Products that encapsulate
highly concentrated and purified hemoglobin within phospholipid
membranes are variably called hemoglobin vesicles, neo-red cells or LEH.
In this chapter we will discuss the technical aspects of LEH preparation
followed by its biological behavior in animal models.

2. Lirip ComposiTION OF LEH

The synthetic phospholipids and cholesterol remain the backbone of
LEH preparations. Proper selection of phospholipids is very important
because it not only affects the processing of LEH, but also determines the
encapsulation efficiency and oxidative stability of the formulation. The
presence of an iron atom in hemoglobin makes it a player in oxidative
reactions resulting in phospholipid peroxidation, especially of unsaturated
phospholipids. Use of saturated phospholipids (hydrogenated phosphatidyl-
choline) and synthetic saturated lipids (diacylphosphatidylcholine) reduces
the problem of peroxidation. At the same time, unsaturated phospholipids
may also oxidize hemoglobin into methemoglobin. There is a good corre-
lation between lipid peroxidation and hemoglobin oxidation, indicating a
mutually detrimental effect. [27, 28]. In fact, upon prolonged incubation of
the unsaturated lipids and hemoglobin, complete hemoglobin denaturation
and dissociation of heme from globin may occur. It is, therefore, clear that
saturated lipids are a preferred choice despite being relatively expensive.
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Currently, distearoyl phosphatidylcholine (DSPC, T,,, = 55°C) and dipal-
mitoyl phosphatidylcholine (DPPC, T, = 41 °C) remain the most widely
used phospholipids in LEH compositions. Transition temperatures of these
lipids influence the processing conditions during manufacturing and in vivo
stability after administration. DSPC-LEH is more stable in vivo, but
demands a processing methodology involving higher shear compared to
DPPC-LEH.

Encapsulating a large amount of hemoglobin with least possible phos-
pholipids is another issue in formulation optimization. The encapsulation
efficiency is generally expressed in terms of hemoglobin-to-lipid ratio.
A high value of this ratio implies better hemoglobin encapsulation. Reports
suggested that the presence of anionic lipids like dipalmitoylphosphatidyl-
glycerol (DPPG) and dimyristoylphosphatidylglycerol (DMPG) in lipid
composition results in an enhanced protein encapsulation inside the lipo-
somes [29, 30]. It is suggested that anionic lipids interact with opp051tely
charged domains of proteins to cause this enhancement. However, anionic
lipids have their own disadvantages. They have increased tendency to
interact with in vive factors, such as complement proteins and other opso-
nizing factors resulting in rapid clearance from circulation by the RES.
Their presence in liposomes has also been associated with toxic eftects like
vasoconstriction, pulmonary hypertension, dyspnea, etc. [31]. Needless to
say, a fine balance has to be accomplished between the necessity of max-
imizing hemoglobin encapsulation in the least amount of lipid using anionic
lipids, and the importance of keeping charge-associated toxicity in control.
Recently, a synthetic anionic lipid, 1,5-dipalmitoyl-1-glutamate-N-succinic
acid, has been synthesized and shown to have improved tolerance profile
[32]. The absence of phosphate group in this novel lipid has been attributed
for the improved toxicity profile. Interestingly, our group has reported that
the inclusion of anionic lipid in the LEH composition had significant effect on
LEH retention in blood, yet the encapsulation efficiency of hemoglobin was
not significantly different among the preparations [33]. We are also experi-
menting with a synthetic, inexpensive anionic lipid (unpublished and propri-
etary), and have found enhanced encapsulation of hemoglobin in the LEH.
Among other synthetic anionic lipids, our experience with cholesterol
hemisuccinate has been poor.

Cholesterol is another important ingredient that is commonly used in all
LEH compositions. Addition of cholesterol increases the rigidity of bilayer
that otherwise show considerable fluidity in vivo. It is also thought to reduce
oxidation of hemoglobin. Since cholesterol has a tendency to transfer
between cell membranes and artificial lipid vesicles, cholesterol-less lipo-
somes consisting of pure phospholipid serve as net recipients of cholesterol
from interacting cells. This is important because the stability of LEH is
affected by ionic strength of the surrounding and enclosed aqueous envi-
ronment. Cholesterol, to a certain limit, also reduces the tendency of
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vesicles to fuse together and eventually collapse. Thus, it is believed that
cholesterol contributes to the mechanical strength of LEH [34]. Other than
inclusion of cholesterol, few groups have attempted polymerization of
phospholipids, or coating liposomes with polymers, in order to impart
mechanical strength to liposomes [35]. Recently, Palmer and coworkers
reported the use of actin matrix in the aqueous core of LEH for improved
mechanical stability of the preparation [36].

In an attempt to enhance the stability of LEH in biological environment,
lipids that polymerize upon UV-irradiation have also been tested for encap-
sulation of hemoglobin [37]. The potential of hemoglobin oxidation by UV
light is minimized by using carbonyl hemoglobin as a precursor. Polymeri-
zation of lipid is thought to impart more stable physical structure, and
maintains the particle size of LEH even after repeated freeze—thaw cycles
[38]. Novel nonphospholipid LEH using polyoxyethylene-2-cetyl ether
and cholesterol (3:1 M ratio) has also been reported, but it has not been
studied further [39].

3. PEG MobDIFICATION OF LEH SURFACE

An ideal LEH preparation should circulate in blood for a long period
of time. At the same time, it should not elicit any complement response.
Liposomes made up only of phosphatidylcholine, and cholesterol are rapidly
cleared from circulation by the RES. Decoration of the LEH surface with
biocompatible, hydrophilic polymers like poly(ethylene glycol) or PEG has
been the most common strategy adopted to circumvent the RES uptake.
It has been realized that avoiding the RES uptake of LEH is a prerequisite
for prolonged LEH efficacy. Ganglioside GM1 which is also used for
increasing the circulation time of liposomes proved of little value in case
of LEH [40]. PEG has been used for the modification of circulation time of
many different delivery systems [41]. PEG-conjugated lipids of various molec-
ular weights are currently commercially available. Conventional PEGylation
process of using PEG-lipids in the initial composition of LEH resulted in sub-
par use of expensive PEG-lipids, besides lowering the hemoglobin encapsula-
tion. Therefore, postinsertion of PEG lipid into the LEH bilayer is a more
popular method of PEGylation of LEH surface rather than incorporating the
PEG-phospholipid during thin film formation [33, 42]. In postinsertion
technique preformed, LEH is incubated with PEG-lipid solution where its
concentration is below the critical micelle concentration. At this concentra-
tion, the PEG-phospholipid molecules exist in monomeric form which favors
its incorporation into the LEH. The lipid portion inserts into the bilayer,
leaving the hydrophilic PEG portion extended outwards [32, 33]. The degree
of incorporation is a function of PEG chain length, fatty acid chain length,
concentration of lipids, and incubation temperature [43, 44].
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Although PEGylation appears to improve the circulation persistence, it
must be realized that it only delays the unavoidable clearance of LEH via the
RES. The PEGylated stealth systems can get opsonized, activate comple-
ments and are prone to macrophage-mediated phagocytosis [45]. Based on
the phagocytosis studies with fluorescently-labeled PEG-LEH, it has been
demonstrated that it may be a receptor driven process involving CD14,
CD36, and CD51/61 receptors [46]. Another important factor to consider
about PEG-LEH is its inability to circumvent clearance mechanisms in the
body upon repeated administrations. Accelerated blood clearance phenom-
enon for PEGylated liposomes after repeated administrations has been
documented recently [47, 48].

As the entire rationale behind the development of PEG-LEH is to admin-
ister large volumes as a substitute of RBCs, it is important that PEG-LEH has
the properties matching those of blood. At the same time, it is expected that
the administration does not alter the characteristics of recipient’s blood. It has
been shown that both PEG-LEH and LEH without PEG do not interact with
RBCs, but LEH without PEG has a tendency to aggregate by itself [49]. The
investigators also demonstrated no effect of PEG-LEH preparation on the
viscosity of blood. On the contrary, non-PEGylated LEH preparation
increased the viscosity of blood. [49]. Recently, our group has shown the
relative tendency of PEGylated and non-PEGylated LEH formulations to
activate platelets in blood circulation [50]. The results strongly suggest the role
of anionic charge in LEH-mediated platelet reactivity, which is significantly
subdued by the incorporation of PEG-lipid in the LEH bilayer. PEGylation
not only influences biological properties of the LEH preparations but also
positively aftects some of its physicochemical properties. For instance, PEGy-
lation improves self-stability of LEH by retarding aggregation and settling of
the particulate material. PEG-LEH remains stable even in liquid state at
ambient temperature for 1 year. Non-PEG-LEH, on the other hand, was
found prone to aggregation [51].

4. HEMOGLOBIN SOURCE

As with any other HBOC, the choice of hemoglobin for the LEH is
limited to that from human or bovine origin. Currently, stroma-free human
hemoglobin from outdated RBCs is the source of hemoglobin for most
LEH research around the world. However, during early stages of develop-
ment, purified bovine hemoglobin has been investigated for preparing LEH
[52-55]. Relative abundance, economy and higher stability are few advan-
tages of bovine hemoglobin over human hemoglobin. The deoxygenated
and carbonylated bovine hemoglobin preparations have denaturation
transition temperatures at 83 and 87°C, respectively, which are higher
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than those of human hemoglobin. Therefore, bovine hemoglobin may be
subjected to pasteurization [56]. It is also relatively easy to regulate oxygen
affinity of bovine hemoglobin, because of its responsiveness to chloride ion
(human hemoglobin responds to DPG). Although immunological response
to multiple infusions of bovine hemoglobin-based LEH is still a concern,
bovine hemoglobin appears to be a convenient and abundant choice for
LEH preparation. It has been shown that antibody response does not aftect
oxygen binding properties of bovine hemoglobin in dogs [57]. Converting
from human to bovine source of hemoglobin could also have significant
advantages in terms of the economics of LEH production.

At higher temperatures, native human hemoglobin is prone to denatur-
ation and oxidation, which makes cold processing of LEH (4-8°C) a
mandatory requirement. A more common practice is to use carbonylated
form of hemoglobin (CO-hemoglobin) instead of oxyhemoglobin.
CO-hemoglobin is a more stable form, and it resists oxidative denaturation
even at temperatures as high as 60°C for several hours. Carbonylation is
generally carried out by saturating hemoglobin solution with pure carbon
monoxide. Once the final processing of LEH is accomplished, hemoglobin
is reclaimed as oxyhemoglobin by oxygenation under bright light [58].

At this point, it is worth acknowledging recombinant hemoglobin as a
potential source of hemoglobin for LEH [59]. Although attractive, but it has
to go a long way before becoming a viable alternative. In an innovative
approach, Kobayashi et al. transformed the protoheme moiety of the
hemoglobin molecule into an amphiphilic compound. The amphiphilicity
imparted to the protoheme enables it to interact with lipid bilayer of LEH for
efficient encapsulation. It also protects heme from oxidative degradation [60)].

5. PARTICLE SIZE

As stated earlier that an ideal LEH preparation should be able to carry
as large amount of hemoglobin as possible. At the same time it should be
able to circulate in blood for a long period of time. In the absence of
PEGylation, both these properties depend to a considerable extent on the
size of LEH. Empirically, we know that a smaller size of LEH allows only a
limited encapsulation of hemoglobin. On the other hand, an increase in size
invites rapid clearance from circulation by the RES. Hence an empirical
selection of an appropriate LEH size must be performed. In general, circu-
lation kinetics is largely determined by the size of liposome, although other
factors like charge and lipid composition, etc., also play important role.
LEH is considered as foreign particulate material by the body defense
mechanism, and is rapidly removed from the circulation.

The RES uptake of LEH seems to be a size-dependent phenomenon.
Liposomes having size >200 nm are more prone to complement activation,
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opsonization and protein binding, and are cleared rapidly by the RES [61].
In order to avoid the RES uptake, it is customary to maintain a smaller
sized liposome preparation. AmBisome '™, for example, has a size range of
45-80 nm [62]. A smaller liposome size, however, does not guaranty its
longer circulation. It has been reported that liposomes in the size range of
approximately 80 nm accumulate in hepatocytes. These smaller liposomes
have an ability to cross the hepatic fenestration (100 nm in size), and interact
with hepatocytes. Even relatively larger (400 nm) phosphatidylserine-
containing liposomes have been shown to cross endothelial fenestration
and localize in hepatocytes by a blood cell-mediated forced extrusion
mechanism of deformation and squeezing of large liposomes through endo-
thelial fenestration [63, 64].

Understanding the process of clearance of liposomes becomes even more
complicated as the role of electrical charge carried by the liposomes comes
into play. Negatively charged lipids are commonly incorporated in LEH
composition as they allow higher hemoglobin encapsulation and resist
aggregation. The same negative charge is also responsible for enhanced
activation of complement system, and LEH clearance from circulation
[61]. PEGylation of LEH surface is a widely adopted technique for manag-
ing the issue of circulation kinetics; however, PEGylation has its own
limitations. There seems to be a size threshold beyond which the positive
effect of PEGylation dwindles in regards to the enhancing circulation
persistence. In the case of LEH, this threshold appears to be about 275 nm
when PEG5000-lipid is postinserted into the lipid bilayer [65]. PEGylation
also alters the apparent hydrodynamic diameter of the LEH preparations as
was observed by postinserting DSPE-PEG in DPPC/cholesterol/DPPG
hemoglobin vesicles [49]. Contradicting this observation is a reported
decrease in size of liposomes with increasing PEG-lipid content [66].
While the lipid composition of liposomes may have something to do with
this divergent observation, but the latter group argued that with increasing
PEG-DSPE concentration, the lateral tension between PEG chains
increase, and to reduce this tension, the curvature of the liposome surface
increases resulting in decrease in their size. They also observed a shift from
lamellar to miceller configuration with increasing PEG-lipid concentration
[66]. It 1s possible that the method (conventional versus postinsertion) of
PEGylation has something to do with these divergent observations.

6. HEMOGLOBIN AND OXYGEN AFFINITY

Oxygen affinity of hemoglobin is defined as a partial pressure of
oxygen to cause 50% saturation of hemoglobin or p50. Its normal value is
about 27 Torr; it is an important factor in regular feeding of the biological
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machinery with oxygen. Each hemoglobin molecule can bind four mole-
cules of oxygen. The sigmoidal nature of oxygen association—dissociation
curve serves well for hemoglobin to load oxygen from 21% oxygenated,
alveolar, moist air in lung (100 mm Hg) and unload oxygen in hypoxic
tissues (5—20 mm Hg). The unique shape of the curve is governed by the
cooperativity demonstrated by hemoglobin subunits. Deoxyhemoglobin
has a constrained configuration (tense-state), which upon oxygen binding
becomes relaxed. The relaxed configuration of hemoglobin makes it easy
for other subunits to bind oxygen.

Oxygen affinity of hemoglobin in the human RBCs is regulated by the
presence of an allosteric modifier called 2,3-diphosphoglycerate (DPG).
DPG has a strong negative charge, and binds to the central cavity of
deoxyhemoglobin molecule. It cross-links the amino acids of f-subunits,
and stabilizes the tense-state [67]. When hemoglobin is isolated from
RBCS, DPG is lost during processing, resulting in very high affinity of
hemoglobin for oxygen. Reconstitution of hemoglobin preparations with
allosteric modifiers is a convenient way of recovering the natural p50 of
hemoglobin. One of the most commonly used allosteric factors is pyridoxal-
5'-phosphate (PLP) which when coencapsulated with hemoglobin signifi-
cantly alters p50. The main binding site of PLP is the N-terminal of the
o- and f-chains and f-82 lysine within the fi-cleft. The change in p50 of
LEH is related to the PLP concentration [68]. Similar to PLP, inositol
hexaphosphate (IHP) has also been used to regulate p50 value [69].

Based on the assumption that it is physiological to match the p50 of
artificial oxygen carriers with that of natural blood, LEH formulations have
invariably been manufactured with an allosteric modifier. With the object
of restoring oxygen-carrying capacity of blood, very little attention was paid
to the actual exchanges taking place at microvascular level, and the role
oxygen affinity of hemoglobin plays therein. The emphasis was mainly on
the development of blood substitutes with p50 similar to or higher than
normal blood to facilitate oxygen delivery [70]. However, it has been
recently realized that the efficacy of LEH would be dependent on more
complex and interdependent factors than mere capacity to deliver oxygen.
In fact, it was found that LEH preparation with high p50 would release most
of bound oxygen in the arterioles, before they reach microvasculature,
where actual oxygen exchange to the hypoxic tissues takes place. Hyper-
oxygenation of arteriolar wall triggers autoregulatory vasoconstriction,
leading to reduced blood flow, which is contrary to the objective of
resuscitation in the first place. On the other hand, LEH preparations with
low p50 value (high oxygen affinity) have the capacity to unload oxygen
only at anoxic or hypoxic tissues, thus attaining targeted oxygen delivery
[71]. Using a hamster window model, it has been reported that an LEH
preparation with p50 adjusted to 8 Torr released oxygen more slowly as
compared to the preparation with a p50 value of 28, suggesting that LEH
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with low p50 could be a significant source of oxygen under ischemic
conditions [72]. At the same time it has been found that under extreme
hemodilution partial pressure of oxygen attained is significantly higher for
LEH with lower p50 (8 Torr) compared to the high p50 LEH (29 Torr).
This effect was attributed to the improvements at the microvascular level
characterized by the increased arteriolar blood flow and arterial pressure
with low p50 LEH [73]. The importance of improved microvascular
physiology in resuscitation is highlichted by the observation that mean
arterial pressure, heart rate, and partial pressure of oxygen were restored
independently of hemoglobin content after resuscitation with LEH
preparations carrying 3.8 or 7.6 g/dl of hemoglobin [56].

7. ViscosITY ofF LEH PREPARATION

The rheology of blood plays a critical role in the regulation of
cardiovascular physiology. The normal blood viscosity is a composite of
RBC concentration (hematocrit) and plasma viscosity. LEH is particulate in
nature, and demonstrates non-Newtonian flow behavior [74]. It has a lower
viscosity as compared to the equivalent concentration of free hemoglobin
solution. It is recommended that the viscosity of an HBOC/blood mixture
should be at least 2 cP in order to ensure normal microvascular function
[75]. The viscosity of LEH dispersion can be easily adjusted to a desired
value by adding viscosity building material to the dispersion phase. As such,
human serum albumin (HSA), recombinant HSA, hydroxyethyl starch,
dextran, etc., have been investigated to impart blood-like viscosity to the
LEH preparations [76]. The viscosity of LEH/albumin suspension is similar
to that of human blood when albumin concentration is about 5% [77].

Recent findings in the field of blood substitutes have challenged the
conventional thought that low-viscosity LEH will improve blood flow, and
hence the physiological consequence of resuscitation. It is now believed that
in hypovolemia, restoration of volume and microvascular function is of
immediate priority, and restoration of oxygen delivery capacity only comes
next. It has been determined that after hemorrhagic shock, survival depends
on functional capillary density (FCD or density of capillaries with RBCs
transit), and is independent of the tissue oxygenation. The FCD can be
restored by maintaining capillary hydraulic pressure to normal level. Use
of a high-affinity (low p50) oxygen carrier in combination with restoration
of FCD delivers adequate oxygen at a much lower dose of hemoglobin,
improving efficacy and economy of the preparation. In light of these observa-
tions, it is now believed that a blood substitute should not only have the ability
to deliver oxygen, but should also act as a high-viscosity plasma expander [71].
This is contrary to the earlier belief that the low-viscosity plasma expander
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would be more useful in negotiating the peripheral resistance and improving
cardiac output.

At 50% decrease in hematocrit, even nonoxygen-carrying plasma
expander having viscosity similar to plasma can provide eftective resuscita-
tion. Plasma expander compensates for the reduced hematocrit by increas-
ing the cardiac output. Beyond the so-called transfusion trigger, blood
transfusion or increasing plasma density becomes essential to restore the
normal FCD value. At 11% hematocrit, maintenance of plasma viscosity to
2 cP using high-viscosity dextran (500 kDa) successfully maintained the
FCD value to normal [78]. It has been postulated that the reduced viscosity
decreases the shear stress as well as the release of vasodilating factors resulting
in vasoconstriction, and decreased perfusion and O, delivery to the tissue.
On the contrary, high-viscosity plasma expanders have exactly opposite
effect leading to increased blood flow and oxygenation of tissue. At a certain
level of hemodilution, enhancing viscosity improves microcirculation by
directly influencing the vascular diameter via endothelial wall shear stress
[79]. However, too viscous of an LEH/plasma expander suspension may
result in aggregation and capillary blockage, and may also increase the
diffusion barrier for the flux of oxygen from LEH to the tissues.

8. ONcoTIC PRESSURE AND ISOTONOCITY

Blood is a complex system with a variety of circulating proteins that
not only enhance the viscosity of blood but also exert oncotic pressure in
the vasculature. Oncotic pressure acts in opposition to the hydrostatic
pressure and balances the fluid distribution between blood and interstitial
fluid compartments. Normal plasma has colloidal oncotic pressure of about
28 mm Hg [80, 81]. Unencapsulated hemoglobin solutions exert oncotic
pressure by virtue of their high hemoglobin concentration, and any modi-
fication of hemoglobin has a significant impact on its oncotic property [82].
On the other hand, encapsulated hemoglobin has very little effect on both
the overall osmolarity and the oncotic activity of LEH. Therefore, LEH by
itself has a poor oncotic pressure. An adequate oncotic activity in LEH is
necessary to correct and maintain the vascular volume deficit. To this effect,
the LEH preparations are made oncotically active by adding albumin,
pentastarch, or other such substance to the dispersion medium. LEH prepa-
ration with 5% extravesicular albumin has a colloidal oncotic pressure close
to that of plasma.

Like the oncotic pressure, the osmotic pressure is also a colligative
property, and depends on the number of species in solution. The osmotic
properties of LEH depend upon the constitution of the dispersion medium,
which usually contains salts and oncotic agents. Intuitively, a resuscitative
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fluid containing LEH should be isotonic with plasma since it will be
administered in large quantities. However, the existing theory is confronted
by the abundant evidence in support of the utility hypertonic saline as a
resuscitative fluid [83—85]. The widespread beneficial effects of hypertonic
saline have made this fluid an attractive choice, especially when combined
with hyperoncotic colloid [85, 86]. Not surprisingly, a combination of LEH
and hypertonic saline was found to be associated with improved blood
pressure, reduced acidosis, and increased survival in a rat model of 70%
hypovolemic shock [87]. It will be worthwhile to further investigate the
resuscitative properties of improved LEH formulations available today in
combination with a hypertonic dispersion phase. The effect of hyperosmo-
tic external medium on the long-term physicochemical stability of LEH also
needs further investigation.

9. HEMOGLOBIN AUTO-OXIDATION AND
METHEMOGLOBIN FORMATION

Useful encapsulation of hemoglobin within the lipid bilayer depends
on the mutual, but compatible interaction between the two. Hemoglobin
interacts with the phospholipid bilayer by both electrostatic and hydropho-
bic forces [88]. Hemoglobin has a tendency to undergo auto-oxidation.
Oxidation of hemoglobin increases the rate of heme loss resulting in its
denaturation and precipitation. Pure oxyhemoglobin is prone to auto-
oxidation even at refrigerated temperature. Deoxyhemoglobin retards
auto-oxidation, and is known to be more stable against thermal and chemi-
cal denaturation [89]. However, preparing oxygen-free hemoglobin is
technically difficult, because partially saturated hemoglobin is more suscep-
tible to auto-oxidation than the fully oxygenated hemoglobin [90]. Molec-
ular oxygen binds to ferrous atom of deoxyhemoglobin and can acquire one
of the unpaired electrons of the outer shell of ferrous to produce methemo-
globin and superoxide free radical (Eq. (1)). Auto-oxidation also is a regular
phenomenon inside the RBCs; however, native hemoglobin is kept in
functional form by a highly specialized enzymatic system present inside
the RBCs. Cellular methemoglobin reductase, superoxide dismutase, cata-
lase, glutathione peroxidase, and glutathione reductase help control the
oxidative end products [91]. The activities of these enzymes depend on a
constant supply of reduced nicotinamide dinucleotides.

HbFe?" + O, = HbFe*" — O, & HbFe’™ — O, = HbFe’" + O;.

(1)



14 H. Agashe and V. Awasthi

Purified hemoglobin is not expected to have an RBC-like protection,
because most of the enzymes and cofactors are lost during the isolation
process. Early attempts of using enzyme systems for in vitro reduction of
methemoglobin were based on reductases [41, 92]. While maintaining free
hemoglobin unoxidized is still an unconquered challenge, in LEH it is
possible to coencapsulate components of the enzyme system with hemo-
globin. LEH containing 0.1 mM f-NAD, 100 mM bD-glucose, 2 mM
adenine, 2 mM inosine, 1 mM MgCl,, 1 mM KCIl, 9 mM KH,PO,, and
11 mM Na,HPOy has been reported to reduce methemoglobin formation
from 1% to 0.4% per hour at 37°C [93]. The use of reductants (thiols,
ascorbate, methylene blue, etc.) and enzymes (catalase and superoxide
dismutase) has also been investigated [94]. The effectiveness of the reducing
agents depends upon their redox potential relative to that of the ferrous—
ferric system. Thus, homocysteine and glutathione are more efficient than
the easily oxidizable cysteine. In fact, cysteine demonstrates prooxidative
behavior because of its rapid auto-oxidation and generation of free radicals
[95]. Coencapsulation of catalase (5.6 X 10* U/ml) within the LEH reduces
peroxide-dependent methemoglobin formation [93]. Coencapsulation of
catalase and superoxide dismutase together with homocysteine (5-10 mM)
in LEH improves the reduction process as compared to the use of homo-
cysteine alone [95]. Our own experience with the use of the reducing
systems to maintain hemoglobin in functional form has been mixed. It is
important to remember that any additional component added to the LEH
formulation will potentially impact encapsulation efficiency of hemoglobin.

The reducing systems described above work well in vitro, but have a
tendency to fail in vivo [94]. In vivo, hemoglobin is saturated and desaturated
continuously depending upon the pO, that ranges from 100 mm Hg in the
arterial blood to about 20 mm Hg in the tissue capillaries. Considering that
deoxyhemoglobin is prone to rapid oxidation, and is produced at tissue
pOs, its repeated encounters with oxygen in lung may be the reason for the
failure [94]. It is possible to reduce hemoglobin oxidation by adding
reductants, such as methylene blue and ascorbate in the external phase of
LEH, but the external reductants are irreversibly and rapidly consumed [94].
From a manufacturing viewpoint, a photochemical method of reducing
methemoglobin in the presence of flavin electron acceptor [96] to the
reduction of methemoglobin in LEH has been investigated [97]. Visible
light irradiation (435 nm) of LEH containing flavin mononucleotide and
ethylenediaminetetraacetic acid (EDTA) rapidly reduces methemoglobin.
But there are practical limitations to this method for achieving methemo-
globin reduction. First, the EDTA-based reaction produces unwanted side
products, and second, the reaction requires significant dilution of LEH
suspension to allow visible light to penetrate and execute the reduction
process.
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In regards to the question of lipid oxidation in liposomes, there are
several well-presented reports in the literature. Suffice is to say that the
inclusion of a-tocopherol appears to retard lipid peroxidation by free
radicals [98—-101].

10. CURRENT MANUFACTURING TECHNOLOGY

It is not surprising to note that encapsulation of hemoglobin has been
attempted by most of the traditional methods of liposome manufacturing
including freeze—thaw, sonication [102], reverse-phase evaporation [103],
dehydration—rehydration [104], and detergent dialysis [105]. Conservation
of oxygen-carrying property of hemoglobin and accomplishing optimal
particle size are the chief factors governing the method of LEH preparation.
In addition, the ability to scale-up production of LEH in large volumes is
also an important determinant. The two techniques that have fulfilled these
requirements, at least partially, are extrusion through membrane filters of
uniform pore size, and high-shear homogenization.

In the conventional extrusion method, the lipid—hemoglobin mixture is
sequentially passed through filters of decreasing pore size [32]. Although
polycarbonate filters provide uniform-sized pores, they have a tendency to
rapidly clog when a highly concentrated lipid—hemoglobin suspension is
extruded. Cellulose ester membranes are relatively easier to work with, but
they do not provide a sharp cut-off in pore size. To improve the rate of
extrusion and encapsulation efficiency, and to impart reduced lamallarity to
the LEH, anionic lipids are added to the formulation. For practical purposes,
extrusion temperature needs to be maintained close to the T}, of the lipid,
but not so high as to damage and denature hemoglobin. This condition
limits the choice of saturated phosphatidylcholine to those with low melting
temperature. Although hemoglobin can be stabilized by carbonylation, the
successful laboratory method of converting CO-hemoglobin back to oxy-
hemoglobin is limited in scale-up. To ease the process of extrusion, and to
prevent the filter from clogging, a proliposome approach is often recom-
mended. In this approach, about 250 nm precursor liposomes are prepared
by repeated extrusion, freeze-drying, and rehydration [32]. This additional
step produces a proliposome powder with a stabilized and controlled size
which upon reconstitution with hemoglobin solution attains a particle size
close to that of the precursor liposomes. Such a method is reported to yield
highly uniform LEH, with large encapsulation efficiency and is exemplified
by a reproducibly high-quality LEH [106]. Appropriate selection of encap-
sulation conditions, such as pH, ionic strength, temperature, and the con-
tent of anionic lipid results in a maximization of hemoglobin encapsulation
[107]. The extruder-produced LEH has been characterized in detail [108],
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and has been a method of choice for several groups in Japan promoting LEH
to clinical phase [109]. Modern liposome extruders have the capacity to
produce large amounts of LEH, in both continuous as well as batch
operations.

Another useful method to produce LEH is based on homogenization of
lipid phase with hemoglobin solution in high-shear conditions. It all started
with the use of microfluidizer (Microfluidics Corp., Newton, MA), and has
catalyzed in the promotion of several other homogenizers. Simplicity and
scalability are the major advantages of this technique. The capacities of the
homogenizers vary from few milliliters to several liters. The actual process
of microfluidization and parameter setup have not changed too much since
it was first used for LEH production [17, 105]. The microfluidizer forces the
lipid—hemoglobin mixture at high pressure through an interaction chamber
where two high-velocity streams of liquid collide against each other result-
ing in particle size reduction. The pressure may be applied by a pneumati-
cally driven pump. The final particle size of LEH depends upon the channel
size of the chamber, the number of times the suspension is passed through
the chamber, lipid composition, the processing temperature and pressure
[110]. Processing the material several times through the interaction chamber
ensures uniformity in particle size; however, homogenous and compact size
distribution is difficult to obtain. It has been reported that the addition of
5-10 mg/ml albumin ofters a limited control over postmicrofluidization size
distribution [42]. In one of the current LEH manufacturing technique,
M110T model microfluidizer is used to pass the mixture 15 times through
an interaction chamber (200-400 pwm) under 20—40 psi [42]. It is possible to
produce 175-250 nm LEH under these conditions with optimization of the
lipid formulation [111]. Even with optimal processing methods, the hemo-
globin encapsulation efficiency is usually no more than 5-25%. To improve
the utilization of hemoglobin, recycling of unencapsulated hemoglobin has
been successfully investigated [42]. More advanced homogenizers that
combine the high shear process of microfluidizers and the size control of
extruders have recently become available from Avestin Inc. (Ottawa,
Canada). These combination machines offer a significant advancement in
LEH manufacturing, and are a machine of choice in our current laboratory
research (Fig. 1).

11. ToxXICOLOGICAL ISSUES

The major advantage of LEH over acellular HBOCs is that the
encapsulation of hemoglobin imparts vasoinactivity to the oxygen carrier.
Acellular HBOC are small in size, and can diffuse easily through the
endothelial wall. These products are thought to scavenge natural
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Front View Back View Finished LEH
Emulsiflex C3 Homogenizer from Avestin (Ontario, Canada) installed in a laminar hood

Figure 1 Photographs of current manufacturing setup inside a laminar hood. The
laminar hood was modified to accommodate the homogenizer driven by an electric
motor. Also shown is a batch of finished LEH product consisting of DPPC, cholesterol,
DSPE-PEGs, anionic lipid, and vitamin E. The p50 of the LEH was modulated to 35
by coencapsulating pyridoxal-5'-phosphate (PLP:Hb molar ratio = 2.5:1).

vasodilator, nitric oxide resulting in vasoconstriction and hypertensive
response. Overoxygenation of vessel wall by free hemoglobin in circulation
could be an additional factor contributing to the vasoconstriction. In case of
acellular hemoglobin carriers, the oxygen delivery to vessel wall is an
additive process where diffusion of free oxygen and facilitated diffusion of
oxygen bound to hemoglobin are the two components involved. Net result
is overoxygenation of the vessel wall triggering the autoregulatory constric-
tion response. Facilitated diffusion process is absent in case of the LEH
because of its larger size. The LEH, due to its larger size (~250 nm), is also
unable to pass through the endothelial membrane, and scavenge nitric oxide.
As a result LEH preparations are devoid of hypertensive response [70].
Encapsulation of hemoglobin subdues the toxicity observed with free
hemoglobin, but the liposome itself has a typical toxicity profile. The lipid
composition of LEH has a significant impact on LEH toxicity. LEH made
up of hydrogenated soy lecithin induces several transient untoward
biological responses, such as hypertension, tachycardia, thrombocytopenia,
hemoconcentration, and elevation of thromboxane B2. The fact that
platelet-activating factor (PAF) antagonist BN 50739 prevents these hemo-
dynamic changes, indicates that PAF is partially responsible for these effects
of LEH [112]. Use of synthetic DSPC in place of soy lecithin significantly
improves this toxicity profile [112]. Liposomes also have a tendency to
interact with complement proteins and cause pulmonary hypertension and
other hypersensitivity reactions in patients [113-115]. A marked reduction
in circulating thrombocytes has also been observed in animals [13, 42].
Incorporation of anionic phospholipid in the LEH composition aggravates
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thrombocytopenic reaction. These effects have been grouped within
complement activation-related pseudoallergy or CARPA [42, 113]. LEH-
mediated complement activation is dependent on the particle size, size
distribution, endotoxin contamination, charge, and surface coating. It may
be partially prevented by PEGylation, uniform size distribution, and by
reducing the content of anionic lipids.

Administration of large doses of LEH may also result in the RES
toxicity. It has been shown that LEH causes only a transient change in
plasma enzyme profiles in rats without any irreversible damage to the RES
[116, 117]. A similar observation was made earlier when LEH was adminis-
tered in mice (25% top-load); liver and spleen abnormalities were transient
and disappear within 1-2 weeks with no significant alteration of blood
chemistry [118]. The animals receiving LEH (20 ml/Kg body weight,
phospholipid 4 g/dl) show splenomegaly for several days after infusion,
but the total body weight tends to remain normal [116]. The phagocytic
index initially drops before reversibly increasing for several days beyond the
basal level [116].

In an attempt to investigate the effect of LEH on host immune response
to infection, Sherwood et al. injected phosphatidylinositol or PEG-PE-
containing LEH in mice challenged with Listeria monocytogenes [119]. LEH
enhanced mortality and reduced in vitro phagocytic activity of rat alveolar
macrophages [119]. In regards to the potential of generating antibody
response, LEH with homologous hemoglobin injected subcutaneously in
rats with or without Freund’s adjuvant were found to be nonantigenic.
Heterologous hemoglobin showed an insignificant increase in antibody
titers with Freund’s adjuvant [120]. How these results affect the possible
use of bovine hemoglobin in LEH preparations is not yet clear.

12. IN Vivo BilODISPOSITION

Opsonization of the vesicles by immunoproteins is the most likely
path of LEH clearance; however, an opsonin-independent pathway of LEH
clearance has been reported where monocytic uptake of LEH is blocked by
anti-CD14, anti-CD36, and anti-CD51/61 antibodies [46]. Like conven-
tional liposomes, the extent of RES uptake depends on several factors
including size, lipid composition, dose, surface modification, and the animal
species. The development of stable labeling of liposomes with the gamma
ray-emitting radionuclide, technetium-99m (Tc-99m), opened the possi-
bility of utilizing nuclear imaging to noninvasively follow LEH biodisposi-
tion [121]. This method has been extensively used to evaluate LEH
biodistribution in small animals. When Tc-99m-LEH (DPPC, cholesterol
DPEA, PEG-DSPE, 5:5:1:0.033 M ratio) was administered (top-load,
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14 ml/Kg), RES organs accounted for about 27% and 14% in rats and
rabbits, respectively, after 48 h; circulating LEH was 33.3% in rats and 51%
in rabbits [122]. It is important to note that the RES is also the normal route
for elimination of senescent RBCs. The accumulated LEH disappears from
liver and spleen within a week of infusion [116]. In a slightly different
formulation of LEH (DSPC:cholesterol:vitamin E, 51.4:46.4:2.2), adminis-
tration of a small dose (2 ml) of LEH in rabbits yielded 14% circulating LEH,
and enormous accumulation in liver (52.1%) after 24 h. PEGylation of the
same formulation improved the circulating LEH to 40% and reduced the
liver uptake to 19.1% of administered dose at 24 h [33]. In contrast to the
liver uptake, PEGylation increased the spleen uptake by 8.5-fold. With 10%
of anionic lipid (DMPG), the liver uptake of LEH dropped from 35% (non-
PEGylated) to 11.5% (PEGylated). A larger dose (25% of circulating blood)
of the same LEH in a rodent models of 25% hypovolemia demonstrated
18% and 31% of circulating LEH even after 48 h in rats and rabbits,
respectively [42]. Liver uptake (rats, 10.3% and rabbits, 5.4%) and spleen
accumulation (rats, 2.4% and rabbits, 0.8%) showed a corresponding drop.
Using nuclear imaging, it has been possible to visualize the temporal
accumulation of LEH in liver and spleen [26, 123, 124]. The relative
contribution of these organs to the LEH metabolism is a function of
liposome size, composition, and the presence of surface PEG-coating.
These recent studies demonstrate a significant improvement in the handling
of LEH in animal models, mostly attributed to the advances in formulation
and manufacturing technology.

It is desired that the intravascular persistence of LEH in humans should
be at least 5-7 days, which is the time the body needs to regenerate lost
RBCs [125, 126]. While circulation half-life of LEH is governed by its
RES-based elimination from circulation, functional capacity of circulating
LEH is determined by the rate of hemoglobin-to-methemoglobin conver-
sion. Once administered, methemoglobin is generated at a rate of about
1-2% per hour [127]. While it is not possible to prevent this process, it is
possible to retard hemoglobin oxidation by coencapsulating catalase and
cofactors [94]. Circulation T,, of LEH is also affected by the amount
administered [128]. A large dose of LEH exhausts the endocytotic or the
plasma-opsonizing capacity, and tends to increase the circulating liposomes
in blood [29]. On the basis of circulation kinetics in 25% hypovolemic
exchange models, the half-life of Tc-99m-LEH in blood was found to be
30 and 39.8 h in rats and rabbits, respectively. Although it is difficult to
accurately estimate circulation half~time of LEH in humans, on the basis of
animal experiments, it has been roughly estimated that a circulation half-life
of 12-20 h in rats translates into 40—60 h in humans [129]. Based on this
relationship, half-life of 30 h of current formulation of LEH in rats would
yield over 90 h of circulation half-life in humans.
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13. PHYSIOLOGICAL AND SURVIVAL STUDIES IN
ANIMAL MODELS OF HEMORRHAGIC SHOCK

The ultimate objective of LEH resuscitation is to globally improve the
physiology of shock, and enhance survival situations of in acute blood loss.
Cardiovascular parameters, such as mean arterial pressure, cardiac output,
heart rate, blood gas, and mixed venous oxygen tension are usually
measured as surrogate markers to evaluate the physiological responses to
LEH infusion in animal models of shock. The most comprehensive assess-
ment of LEH efficacy has been performed by Tuschida and colleagues.
Unlike albumin solution, LEH (10 g/dL in 5% albumin) maintained mean
arterial blood pressure, heart rate, aortic blood flow, and peripheral resis-
tance near basal levels when up to 90% of circulating blood in rats was
exchanged with LEH [130]. The LEH also preserved oxygen delivery and
consumption similar to the homologous RBCs for at least 30 min after the
completion of the exchange; however, renal cortical oxygen tension and
skeletal muscle oxygenation were significantly below the level seen in
animals transfused with RBCs [130]. Lower tissue oxygenation with LEH
may be due to the loss of shear-induced vasodilation or the complement-
mediated vasoconstriction [49]. Exchange transfusion (90%) with PEGy-
lated LEH shows higher blood flow in abdominal aorta than that with LEH
without PEG [49]. It is possible that nonaggregating behavior of PEG-LEH
improves its theological properties in small capillaries. PEG-LEH was also
shown to supply oxygen better than the LEH without PEG [49]. At the
microvascular level, LEH was found to improve subcutaneous blood flow
and tissue oxygenation in a conscious hamster model of 50% shock [56].
In regards to the efficacy of LEH to improve survival, rats with 50%
hypovolemic shock receiving LEH suspended in recombinant albumin
showed 100% 6-h survival as compared to only 75% 6-h survival of rats
infused with albumin alone [76]. Although important, not many long-term
survival studies are reported in the literature. Our group has recently
reported a novel noninvasive technique to quantify cerebral metabolic
rate of oxygen in a rat model of hemorrhagic shock using positron emission
tomography and inhalation of O-15 labeled oxygen gas. It was found that
the LEH resuscitation improved oxygen metabolism in brain tissue [131].

14. SUMMARY

Spatial separation of hemoglobin inside the lipid bilayers confers many
desirable properties to the LEH. Yet, like other HBOC:, it is not a complete
resuscitation fluid for hypovolemic shock. In severe hemorrhage, providing
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enhanced oxygen-carrying capacity by the resuscitation fluid is not enough.
At the same time, other associated pathophysiology related to hemorrhage
calls for additional components, such as oncotic and haemostatic agents.
Based on these facts, the artificially assembled hemoglobin preparations are
rightly described as oxygen therapeutics rather than as complete blood
substitutes. A complex LEH formulation which is stable over a wide
range of temperatures, contains inhibitors of complement activation, reper-
fusion injury, oncotic substance, and has long circulation and functional
half-life with minimal toxicity will be ideal and come close to replacing
whole blood for resuscitation. At the same time, many of the important
milestones have been achieved, and LEH continues to show promise as part
of an advanced armamentarium of oxygen therapeutics.
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Abstract

Despite the very low thickness, the lipid bilayer of biomembrane presents an
efficient permeability barrier to polar substances such as water or ions. Bio-
physical approach to membrane permeability study includes among others the
pure lipid pores appeared at the membrane lipid phase transition [Antonov et al.
in: A. Leitmannova Liu, H.T. Tien (Eds.) Advances in Planar Lipid Bilayers and
Liposomes, Academic Press, Amsterdam, 2005 pp. 151-173)] [1]. This approach
belongs to the methods of soft poration of planar BLM (pBLM) based on the
structural rearrangement of the lipid bilayer at the phase transition of mem-
brane lipid from liquid crystalline state to the gel one. This allows us to avoid
the unexpected influence of high electrical field at electroporation on chemical
components of the BLM. This chapter is aimed an experimental and theoretical
study of soft poration method and its application to the problem of lipid pore
ion selectivity and conductance blockade. It was shown recently [V.F. Antonov,
A.A. Anosov, V.P. Norik, E.Yu. Smirnova, Eur. Biophys. J. 34 (2005) 155-162)][2]
that the dependence of electric conductance in single lipid pore on the poly
(ethylene)glycols (PEGs) size in water solution resembled the behavior of
reconstructed protein pores like alamethicin channel [S.M. Bezrukov, I. Vodya-
noy, Biophys. J. 64 (1993) 16—25] [3]. When a PEG with a low molecular weight
was added to the medium, the pore conductance dropped by the same factor as
the bulk conductivity. Increasing of the PEG molecular weight was followed by a
nearly complete blockade of single lipid pore conductance in 1 M LiCl. However,
as the size of the PEG added was increased more, there was a recovery in
conductance as the PEG was progressively excluded from the pore interior. It is
shown that PEG-1450 being added to bulk solution strongly influences the
cation selectivity of BLM: while PEG-1450 completely blocks ion conductance
in 1 M LiCl, it does not block ion conductance in 1 M CsCl. Experimentally
observed in our study, complete blockade of lipid pores in the presence of
PEGs, and change of ion selectivity could be attributed to prevent the conver-
sion of hydrophobic lipid pore into hydrophilic one in evolution of lipid pore
occurred at lipid phase transition.

1. INTRODUCTION

It has been known long ago [4] that at temperatures well above the

lipid transition temperature liposomes exhibited osmotic shrinkage, which
was dependent on the cationic size of the solute used to bring about the
osmotic gradient. It indicated that the permeation through these less stable
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bilayers took place mainly via individual diffusion of the permeating ions.
An enhanced release of trapped K™ from liposomes was demonstrated in the
vicinity of transition temperature. The extent of the increase, however,
depended strongly on the length of paraffin chain. From measurements of
the shrinkage behavior of liposomes in the vicinity of the transition tem-
perature, it was concluded that the increased permeability decreased with
increasing diameter of the permeating ion. This finding implies that the
increased permeability at the transition temperature cannot be ascribed to
macroscopic rupture of the membrane. It was concluded that the maximum
permeability in the vicinity of the transition temperature should be dis-
cussed in terms of probability and size distribution of statistical pore forma-
tion at the boundaries of liquid and solid domains [4]. Just the reverse
conclusion has been made later by Cruzeiro-Hansson and Mouritsen [5],
who studied the passive ion permeability of lipid membrane via lipid-
domain interfacial area determined more closely using computer simulation.
They conclude that there is no need for aqueous pore formation to explain
the experimental observation of a dramatic increase in ion conductance at
the lipid phase transition. This evident discrepancy has been discussed in this
chapter based on the data obtained by soft poration of pBLM.

Water soluble polymers like poly(ethylene)glycols (PEGs) widely used
in membrane biophysics for the study of structural and functional state in
reconstructed protein ionic channels (see for review [6]). Recent usage of
the PEGs for ionic pore calibration in our study reveals the ability of
polymer molecules to induce nearly complete blocking of pore conduc-
tance [2]. Observed property of PEG allows us to extend the application of
pure lipid pores in pBLM itself as a model for ion channel blocking effect in
biomembranes. The advantage of novel biophysical approach consists in
evident simplicity of lipid pore in comparison with protein pores with
respect to chemical composition, local electrostatics, and flexibility.

The application of pure lipid pore appeared at the lipid phase transition
as an adequate model for the pore in biological membranes has a relatively
long history [7]. In 1980 we presented [8] the first observation of single-ion
channels in unmodified lipid bilayers at the phase transition temperature of
individual phospholipids. In our experiments we observed transmembrane
current fluctuations when the temperature of pPBLM was near the phase
transition of the lipid. The obtained histogram like that shown in Figs. 68
revealed the discrete character of the current distribution. It was found no
current fluctuation at temperatures higher or lower than the phase transition
temperature and a reversible change between the fluctuating and nonfluc-
tuating states. The current fluctuations were related to the lipid phase
transition. It was suggested that the appearance of current fluctuations
could be linked to the formation of domains in the membrane. Impurities
as the reason for the current fluctuations were ruled out by repeatedly
moving the system through the phase transition temperature. After a
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sufficient amount of cycles, we concluded that most of the impurities should
be released into the water solvent. Experimental data in this case remained
with no change.

Later Boheim et al. [9] presented their results on pore-mediated transport
in pBLM prepared from synthetic saturated phospholipids. They also found
conductance fluctuations in unmodified pBLM, coinsiding with phase
transition regime. Authors related these fluctuations to the presence of
few defects of extended size.

In 1989, Kaufmann and Singer [10] published their observations on ion
channel fluctuations in pure lipid membranes. They could present a variety
of phase transition induced phenomena in lipid bilayers including the
occurrence of current fluctuations in the phase transition regime and quan-
tization of the events. Kaufmann and coworkers [10, 11] related these
phenomena to fluctuations both in lipid area and bilayer thickness that
could be directly connected to the thermodynamics of lipid bilayer. From
these fluctuations they concluded that the appearance of hydrophilic defects
in a two-dimensional lipid lattice become unavoidable after sufficient time
interval. Such defects would then allow for transmembrane currents. Still
the bilayer lattice remained stable despite of the increased probability of
formation of defects. Only if the external compression was too large, the
membrane would break. It could therefore be expected that discrete defect
sizes appeared in the bilayer lattice. In any stable state the thermodynamic
fluctuations then imply the spontaneous and reversible formation of discrete
conductive defects in the lipid bilayer lattice.

1.1. Theoretical Background

Theoretical consideration includes a number of problems, among them we
focus on the appearance of structural defects in form of hydrophobic pore at
the temperature of lipid phase transition and evolution of the formed pore.
The first problem could be solved by analysis of surface tension change of
planar BLM (pBLM) at the temperature of the main phase transition.
For two main membrane phospholipids—dipalmitoylphosphatidylcholine
(DPPC) and distearoylphosphatydilcholine (DSPC)—the area per molecule
has been determined by X-ray examination [12]. By transition from liquid
state to the gel, the area per molecule decreases by ~0.1 nm?. At the
transition, molecules in gel domain were compressed in relation to equilib-
rium state and molecules in liquid crystal state were extended. As a result,
some tension appeared which could be resolved by appearance of trans-
membrane pore. To estimate free energy change, the formula derived
earlier by Kozlov and Markin [13] for osmotic lysis of liposome has been
used. The formula is adapted to the lipid phase transition in pBLM. The
adaptation takes account of a molecular area change due to lipid phase
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transition L, — Ly (Aa) and the size of the lipid cluster (domain) appeared at
the phase transition (N).

Involvement of these parameters in the model has been made possible
partly by the theory of Ipsen ef al. [14], who elaborated it for explanation of
Na*-permeability enhancement in DPPC bilayer at the phase transition.
They took into account that the main phase transition in lipid bilayer
followed by strong density fluctuations. These fluctuations manifest them-
selves in terms of a lipid-cluster (domain) formation by which the equilib-
rium bulk phase is invaded clusters of the opposite phase, that is, fluid
clusters in the gel state for T' < T, and gel clusters in the fluid phase for
T > T,,. The cluster formation leads to the creation of an interfacial
environment which is defined by the borders between the clusters and the
bulk. This phenomenon is a dynamic one: clusters are continuously created
and annihilated and they persistently fluctuate in size. However, they are
characterized by an equilibrium size distribution function.

Corrected formula for free energy change has been used by us in
the form:

(NAa — n2)

az

AG=T + 2mypr (1)

where I' is an elasticity coeflicient of lipid bilayer equaled 50 mN/m, N is
the number of phospholipid molecules in a domain, Aa is an area change per
single phospholipid molecule at the transition, r is the pore radius, a° is an
area of single phospholipid molecule in the liquid crystalline state, and 7y is an
edge tension of the pore. The size of the domain N, appeared at the
transition, assumed to be close to the cooperative unit determined calori-
metrically at the phase transition. These units for DPPC and DSPC are
equaled 260 and 130, respectively [15]. One can see in Eq. (1) that the
pore occurrence is followed by a decrease of the first term which is
responsible for elastic tension in membrane. However, concurrently with
this process the new process is developing due to appearance of linear
tension in the pore edge which gives the positive contribution in the energy
of the pore.

The results of calculations are presented in Fig. 1. One can see that the
curves for the dependence of free energy on pore radius have a minimum at
2.5 and 1.6 nm for DPPC and for DSPC, respectively. It means that the
more is the length of phospholipids molecule the less the radius of the pore
appeared at the phase transition. This conclusion agrees with experimental
data shown in Figs. 6 and 7, where the experimental results of the pore
conductance have shown for DSPC and DPPC, respectively. The conduc-
tance of pores in pBLM formed of DPPC is higher than the conductance of
the lipid pores formed from DSPC.
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Figure 1 Free energy change of pore-contained pBLM as a function of lipid pore
radius (Eq. (1)) at the lipid phase transition. Aa is fixed at 0.1 nm?: (1) lipid cluster
(domain) contains 260 molecules, (2) 190 molecules, (3) 160 molecules, (4) 130
molecules, (5) 100 molecules. First two arrows show the energy change due to
hydrophobic pore occurrence. Second two arrows show the energy change at the
pore resealing.

We suppose further that hydrophilic pore birth starts with creation of
hydrophobic pore due to thermal motion of lipid molecules at the lipid
phase transition. As shown in Fig. 1, the probability of hydrophobic pore
occurrence is determined by the height of energetic barrier equaled the
difference between the energy value at maximum and point r = 0. From this
figure we notice that energy barrier for hydrophobic pore appeared at 0.5 nm
equals to 5 kT, the energy needed for the pore resealing reaches about
18 kT. The significant change of energy in the resealing process implies the
work done for transformation of hydrophobic pore into the hydrophilic
one. The maximum in the curves corresponds to the occurrence of hydro-
phobic pore at r = 0.6 nm. It differs essential from the model which
proposes an obligatory transformation of hydrophobic pore into hydrophilic
one at this state of pore evolution. From geometrical constriction it is
evident that the transformation is possible only at r > 2.5 nm if the thickness
of bilayer equals to 5 nm. We suppose instead the occurrence of long-lived
hydrophobic pore-filled with water.

In 1999, Zhi Qi et al. [16] first described the ion-conducting properties
of a de novo synthesized channel, formed from cyclic octa-peptides consisting
of four alternate L-alanine and benzoic acid moieties. The reconstruction
of the hydrophobic channel in the BLM allows to register single channel
conductance of 9 nS, which corresponds to pore diameter ~0.6 nm.
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This size is close to our data shown in Fig. 1 for hydrophobic pore.
Therefore, in the model of lipid, pore occurrence should be included as a
transient step the long-lived water-filled hydrophobic pore.

The alternative way of energy barrier estimation is based on calculation
of free energy change resulting from the formation of cylindrical hydropho-
bic pore of the radius r in a lipid bilayer formed above phase transition
temperature. The pore is filled with water. The corresponding formula has
been derived by Petrov et al. [17]:

AG = 2nrhI(00) 2)

where h is the thickness of the membrane and I'(c0) is the interface tension
between hydrophobic lipid tails and water. From this equation the energy of
a hydrophobic pore was calculated in the order of 200 kT (with & = 5 nm
and I'(c0) = 50 mIN/m). It is evident that the spontaneous formation of
hydrophobic pores in this case is highly improbable.

To resolve the problem, Glaser ef al. [18] considered this discrepancy
more closely. They took into account the interaction between the walls of
the pore. According to Israelachvili and Pashley [19], the interaction of two
hydrophobic surfaces separated by a thin layer of water significantly reduces
the interface tension. The reduction of tension was attributed to changes in
water structure near the interface with hydrophobic substances as follows.
From the interface to the bulk phase, the properties of water undergo a
gradual transition with a characteristic length of 1 nm. The high interface
tension originates from the excess energy of this thin layer with disturbed
water structure. When two hydrophobic surfaces come to a distance of a
few nanometers, the overlapping of these layers reduces the effective surface
tension and causes hydrophobic attraction between the surfaces. Taking
into account this correction, Glaser ef al. [18] estimated the free energy for
hydrophobic pore of 0.5 nm in radius being equal to 40 kT.

Despite the correction, it means that the existence of hydrophobic pores
in liquid crystalline state of lipid bilayer is highly improbable. It should be
noted that taking into consideration the lipid domain occurrence at lipid
phase transition (Eq. (1)) makes the model more realistic.

The dependence of pore energy on pore radius at different molecular
area changes is demonstrated in Fig. 2. The set of curves reveals the first local
minimum for DSPC at the pore radius of 1.7 nm (Fig. 2, curve 3) with
energy depth about 5 kT. As a whole the free energy change does not
exceed 10 kT that has made possible the reverse transformation of hydro-
philic pore into hydrophobic one at small radius decrease.

The next problem to be resolved theoretically concerns the evolution of
hydrophilic pore. It was discussed in many papers devoted to membrane
electroporation (see for review [18]). However, taking into account the
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Figure 2 Free energy change of pore-contained pBLM as a function of lipid
pore radius (Eq. (1)) at the lipid phase transition. N is fixed equaled 100 molecules:
(1) Aa = 0.14 nm?, (2) Aa = 0.12 nm?, (3) Aa = 0.1 nm?, (4) Aa = 0.08 nm?.

evident difference between the soft poration approach and the electropora-
tion, we return to the theory based mainly on Derjagin—Gutop—Prokhorov’s
conception of critical pore derived for soap bubble stability [20]. According
to the theory of stability, the pore-contained lipid bilayer depends on
the balance between the surface tension of lipid bilayer and an edge tension
of the pore wall. The free energy of a hydrophilic pore is generally
calculated from:

AG = 2myr — mor” 3)

where 7 is the linear pore edge tension and ¢ is the mechanical tension of
the bilayer. Some comments are needed to this simple formula. It is
inapplicable for pores of small radius (much less than bilayer thickness)
because the packing of lipids along the wall side of a narrow pore leads to
substantial deformation of molecular order. The contribution of this defor-
mation to pore energy steeply rises when pore radius approaches the size of
lipid heads. In addition, strong hydration interaction causes repulsive forces
between the hydrophilic compounds of the pore wall. Since the precise
dependence of pore energy on small radii is unknown, only qualitative
description could be done. The dependence is assumed to have the form
shown in Fig. 3. One can see that the energetic profile for hydrophilic pore
contains a number of extremes.
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Figure 3 Comparison of the energy of hydrophobic and hydrophilic lipid pores in
pBLM at different pore radii: (A) hydrophobic pore, (B) hydrophilic pore. E,, is the
energy change at the transformation of hydrophobic pore into hydrophilic one, E,, is
the energy barrier which prevents the conversion of pores with r,,;, to pores with r,.
Overcoming of energetic barrier is followed by complete destruction of lipid bilayer.
Tmin 1S the radius of the pore at energetic minimum. r, must be close to 2.5 nm because
of geometrical restriction [16].

Figure 3 analyzes the energy of hydrophilic pores as a function of pore
radius r. The energetic profile reflects the existence of three critical points:
te corresponds to transformation of hydrophobic pore into hydrophilic one,
Fmin corresponds to the local energy minimum of pore, and 7., is the critical
radius of the hydrophilic pore, after which the lipid membrane is disrupting.
As indicated the formation of hydrophobic pore is energetically more
favorable for the pore of small radius. These hydrophobic pores are formed
spontaneously by lateral thermal fluctuations of the lipid molecules. How-
ever, when their radius exceeds a critical value, a reorientation of the lipids
becomes energetically favorable. This reorientation resulting in the forma-
tion of a hydrophilic pore is called the inversion of the pore.

Accumulation of pores in the minimum (Fig. 3) depends on the heights of
two energetic barriers E,; and E,,. The height of the latter can be determined
atr, = 7/0 as E; = m)* /0. As indicated (Table 2) in Section 2, we can take
7=10.88 x 107! N'and ¢ = 1.7 mN/m and find the barrier height equaled
34 kT. Thus, the energetic barrier E, is pretty high to prevent the pore
disappearance. Energetic barrier E,, has been estimated above as equaled
18 kT. The existence of high energetic barriers provides the accumulation
of quasistationary pores in vicinity of energetic minimum.

To accomplish the energetic profile analysis of hydrophilic pore, lets
consider the second energetic barrier more closely. Recently, we were
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succeeded in experimental study of subcritical pores [1]. The average radius
of these pores was found to be 5.1 £ 1.3 nm. The lifetime of subcritical
pores reached 1 s and more. Creation of such pores in lipid bilayer implies
the loss of membrane selectivity and barrier function at all. They are
responsible for complete disruption of the membrane at the electric break-
down and osmotic lysis in the living cell.

From the theoretical point of view, the subcritical pores should be
referred to the macroscopic pores because their radius is more than the
membrane thickness. The size of subcritical pore is close to r., defined above
as 1, = y/0. Taking the literature data fory =1 x 107" Nand 0 = 2 X
1073 N/m [17], we obtained the radius of the critical pore equaled ~5 nm,
which is close to the radius of subcritical pore [1].

The original theory of macroscopic lipid pore at the soft poration has
been proposed by Bronstein and Iserovich [21]. On the assumption of phase
coexistence at the lipid phase transition, they focus on the area per molecule
change as a main cause of bilayer stretch. Their theory is kinetic by origin.
If liquid lipid domain is located within the solid lipid bilayer, it exhibits
the tension which is accomplished by relaxation and pore appearance.
After accomplishment of the phase transition, the lipid pore could be
found in solid bilayer with radius

where r; is an area of lipid bilayer in solid state, Aa/a is a relative decrease of
membrane area at solidification.

The lifetime of the pore is limited because there is an energetic advan-
tage for lipid molecules to diffuse into the pore that is accomplished by
closing of the pore. The authors [21] found the expression for volume flow
(I) of lipids into the pore as a function of r in the form as:

I A 5 dr
= nr —
rin(r/r) "

where A = 2nDyw/fkT, D is a lateral diffusion coefficient of lipid, y is line
tension coefficient for pore edge, w is an area of lipid bilayer in solid state, f is
the reflection coefficient, k is Boltzmann’s coefficient, and T is absolute
temperature.

The integration of the equation allows calculating of the lifetime of the

pore (f).

_fkTV3(lnr/V1 —1/3)
N 3wDy

t
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The approximate evaluation of  is accessed if the expression f(In #/r; — 1/3)
assumed to be close to 1. Taking the well-known values for kT = 4 X
10721, fory=2x 107" N, formw =3 x 10715 cm?, for D =10~ cm?/s,
we obtain the lifetime of the lipid pore equaled several seconds if the pore radius
would be approximately 10 nm. This result is in a good agreement with
experimental data discussed in this chapter with respect of subcritical pores.

1.2. Formulation of the Experimental Problem

Based on theoretical predictions, we can formulate the main purposes of the
experimental study as follows:

e Elaborate experimental conditions for obtaining of lipid pore population
in pBLM from disaturated phospholipids at the temperature of lipid phase
transition to study the electric conductance of single pores;

e Estimate the size of single lipid pores appeared at the lipid phase transition
and their ion selectivity;

* Investigate the blocking effect of PEGs in pure lipid pores in comparison
with blocking effect performed by Pegs in reconstructed protein ion
channels.

2. EXPERIMENTAL

2.1. Lipids
Three disaturated phospholipids have been used in experiments:

¢ 1,2-Distearoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids);
* 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids);
e Hydrogenated egg lecithin (Avanti Polar Lipids).

All lipid samples obtained from Avanti Polar Lipids have been used
without additional purification. The membrane forming solution contained

25 mg of lipid dissolved in 1 ml of a mixture of n-decane/chloroform/
methanol (7:2:1 v/v/v).

2.2. Poly(ethylene)glycols

A series of PEGs includes PEG-300, PEG-600, PEG-1450, PEG-2000,
PEG-3350, PEG-6000, and PEG-20000. Except PEGs the sample of
glycerol has been used. All samples were obtained from Sigma.
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2.3. Differential Scanning Calorimetry

To determine the phase transition temperature of lipids, differential scan-
ning calorimeter (DASM-4, Puschino, Russia) has been used. To prepare a
sample of multilayer liposomes, the dry lipids were suspended in aqueous
solution of appropriate salt by mechanical shaking.

2.4. Planar BLMs

The pBLM were formed over a circular hole in a vertical wall of a Teflon
pot as described by Mueller ef al. in 1962 [22]. Before each experiment, the
vertical wall in the vicinity of the hole was covered with a thin layer of
membrane-forming solution and dried. To carry out experiments at con-
stant temperature, the measuring cell was placed in a water jacket connected
to a thermostat. The temperature near the pBLM was measured by a
thermocouple. The details of experiments with pBLM were described
earlier [1, 2].

2.5. Electrical Measurements

The membrane current fluctuations in the pBLM were recorded at voltage-
clamp condition by an ion operational amplifier (Puschino). The details of
the measurements were described earlier [2]. The specific electric conduc-
tivity of the bulk solution was measured in electrolytic cell equipped with
pair of Pt-electrodes.

2.6. Lipid Pore Size Evaluation

The pore size has been calculated according to Hille [23] from the formula:

R_PG n+ <n>2+4nl 0
C2m\2 2 pG

where R is the pore radius; G is the conductance of single lipid pore; lis the
length of the pore, assumed to be 5 nm; and p is resistivity of bulk solution
with correction factor introduced by Smart et al. [6].

2.7. Poly(ethylene)glycol Method

The method allows to measure the pore size [3,24,25] by recording of trans-
membrane ion currentin the presence of PEGs in the bulk solution. The effect
of PEG addition (20% w/w) on pore conductance at clamp-voltage has been
studied. PEGs are sphere-like, neutral polymers and their hydrodynamic radii
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are given in the diagram in Fig. 3. The application of this method to size
determination of protein channels has been discussed recently by Hinnah et al.
[26]. Their approach was based on the theory elaborated by Bezrukov et al.
[27]. Earlier we obtained the experimental data which showed the principal
resemblance of conductance-blocking procedure between the many protein
pores reconstructed in pBLM and pure lipid pores [1]. The principle of the
measurement 1s a follows. The electric conductivity of the bulk solution is
lowered in the presence of PEGs. At low hydrodynamic radius, polymer
molecule can enter the pore and lower the conductance of the pore by the
same factor as the bulk conductivity, but as their radius increases the PEG
molecules are progressively excluded from the pore interior and the conduc-
tance begins to recover. One aspect of this chapter aims to demonstrate the
applicability of quantitative approach of this method to ion-blocking effect
irrespective of what material is used to build the pore wall. The formula derived
by Bezrukov ef al. [27] is of the form:

8PEG 1 — Jpec w?
ool
2o LB W(2>

where gpeg /g0 is the ratio of pore conductance in the presence and absence
of polymer, ypra/ %o is ratio of bulk solution conductivity in the presence
and absence of polymer, f is the maximal conductance of solution, w/wy is
the ratio of the average monomer density inside the pore to that in the bulk
solution, and o is set as 1.

The equation yields the characteristic cutoff polymer radius wy. At
this radius the concentration of PEGs in the pore is reduced to 1/e of the
original concentration. Therefore, wy is the characteristic radius of the pore.

2.8. Estimation of Membrane Surface Tension ¢

The surface tension of pore-contained pBLM can be determined by bulging
of membrane by applied hydrostatic pressure under the control of electric
capacitance measurement. According to Moran and Ilani [28], computation
of membrane surface tension is based on the following assumptions: (i) the
increase in membrane capacitance above the minimum reflects only an
increase in membrane area; (i1) due to homogeneity, the bulged membrane
has a constant radius of curvature (depending only upon the degree of
bulging); and (iii) the membrane is anchored at the circumference of the
hole punched in the Teflon. The increase in membrane area in response to
applied pressure would reach an equilibrium when

20
P= 2 (computation based)



42 V.F. Antonov et al.

where P is the pressure difference across the membrane, ¢ is membrane
surface tension, and R is the radius of curvature of the bulged membrane.
The radius of the curvature of the bulged membrane could be calculated
from the increase in membrane area as follows:

1[4 1
S

2 | mA — w2a?

where A is an expression (C/C,n)7a® where in turn C is the electric
capacitance of the membrane, C,;, is a minimal capacitance of the mem-
brane, and a is the radius of the hole in the Teflon wall. Thus, knowing
C, Chin, and P, it is possible to calculate o.

The capacitance changes were measured by applying a voltage pulse of
triangle form on the pBLM and registration of the resulting cyclic current—
voltage (I-17) curves. It is well known that the measured current is the sum
of the ohmic and the capacitance currents. The capacitance of the pBLM
has been calculated using the formula:

I.

Cm = =
4f Umax

where I is the capacitance current, fis the frequency of applied voltage
pulse, and U,,,, is the amplitude of the applied voltage.

Experiments were carried out with pBLM formed from hydrogenated
egg lecithin (HEL) at temperatures above and below T, [1]. The capaci-
tance growth due to bulging of pPBLM was sensitive to the phase state of
lipids. The high rate of capacitance growth corresponded with liquid state of
lipids when slow rate was inherent with the gel state. Those results were in
complete agreement with experiments conducted by Evans ef al. [29] with
lipid bilayer from DMPC in experiments based on aspiration technique.
Indeed, the surface tension of the pBLM from the HEL in our experiment

reached of 5.0 &= 0.2 mN/m for the gel state and of 1.7 &£ 0.1 mN/m for the
liquid crystalline phase.

2.9. Estimation of Single Lipid Pore Edge Tension y

The principal advantage of soft poration of the pBLM is the possibility of
obtaining a small population of single lipid pores at small voltage applied to
membrane. It allows directly to count the number N of the pore in pBLM.
According to Freeman et al. [30], the number of the lipid pores N existed in
pBLM under small applied voltage depends only on the pore edge energy as
follows:
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N = nylexp (_Tm> (7)

where 1, is a constant, numerically equals to 1.2 x 10** m~!, 4 is the

characteristic length determined as k'T/27A, and 1, is the radius of minimal
pore. This approach greatly simplifies the experimental determination of
y for conducting lipid pores.

3. RESuLTS

The order of experimental data presentation includes three diagrams for
each phospholipid: thermogram of relevant phospholipids in liposome sus-
pension, a set of ion current fluctuation records in pBLM from this phospho-
lipid and corresponding histogram for current fluctuation distribution.

3.1. Registration of Lipid Pore Population Appeared in pBLM
from DPPC at the Lipid Phase Transition Temperature

Figure 4 demonstrates the records of current fluctuations in pBLM formed
from DPPC observed at different membrane voltage. To avoid the electro-
poration of the membrane, the voltage does not exceed of 100 mV which is
far below the threshold voltage of electroporation about 400 mV [18]. It is
seen a number of time-resolved fluctuation with average amplitude about
1.5 nA at 100 mV and dwell time in the range 0.3—1 s. The decrease of
voltage is followed by dropping of fluctuation amplitude up to the noise
level. -1 dependence is symmetrical and the increase of negative voltage is
followed by appearance of current pulses of opposite sign. Insertion shows
the -1/ characteristic for the single current fluctuations which is really linear
with the slope about 30 nS.

The ion selectivity of the pBLM formed from individual phospholipids
at the phase transition has been carried out in experiments with a series of
alkaline chlorides. The selective cationic conductance of the pBLM at the
lipid phase transition was observed earlier [2]. The results of present experi-
ments are shown in Table 1. Cationic selectivity measured by =17 char-
acteristics reveals the relatively high conductance for Li* and Na™ and more
modest for others. Selectivity order is as follows: Gy, : Gt Gra: Grpa:
Gesyr = 1:0.9:0.4:0.4:0.3. It should be noted that this selectivity order is
opposite to that known for wide hydrophilic membrane pores while this
order is close to selectivity of excited cell membranes like nerve axon [31].
According to Eisenman’s classification, the existence of such pores requires
the location inside the pore hole the chemical groups with high anionic field
[32]. However, the polar heads of lecithin are in general sense electroneutral
(see Section 4).
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Figure 4 Current fluctuations in the pBLM from DPPC formed in 1 M LiCl at the
temperature of the main phase transition corrected for Li* presence (43 + 0.5 °C).
Records observed at the clamp-voltage indicated in picture. Horizontal lines corre-
spond to zero level. The insert demonstrates typical current—voltage characteristics of a
single pore averaged over 150 experimental points.

Table1 Experimental data of single lipid pore conductance and pore number for the
pBLM from DPPC in 1 M solutions of LiCl, NaCl, KCl, RbCl, CsCl at the temperature of
the main phase transition

Radius of hydrated Lipid pore Pore radius (nm)
Cation cation (nm) conductance (nS) calculated by Eq. (4)
Lit 0.237 31 £ 15 (250) 2.1
Na* 0.183 28 £+ 16 (90) 1.9
K+ 0.125 12 £ 2 (100) 1.0
Rbt  0.121 12 £ 4 (50) 1.0
Cst 0.119 10 £ 6 (50) 0.9

Numbers in parentheses indicate a total amount of studied membranes.
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3.2. Lipid Phase Transition in pBLM
and Electric Current Fluctuations

Experimental approach used in this study allows to observe the correlation
between current fluctuations and the temperature of lipid phase transition in
pBLM. In Fig. 5 a set of current fluctuations, recorded at different tempera-
tures, is shown. The temperature change is shown for three different regions:
far above the temperature of phase transition T, (50 °C); middle record
corresponds to the temperature of the main phase transition of DPPC
corrected on Lit effect (43 °C); and last record obtained by the temperature
well below T, (33 °C). One can see that there is no any current fluctuation
well above and well below the temperature of main phase transition. At the
temperature T,, supported by thermostat with accuracy of £0.5 °C, a
number of discrete current fluctuations are observed of one-, two- and
threefold levels with basic amplitude of 1.5 nA. The duration of separate
fluctuations is widely dispersed in the range of one second. The histogram
reveals three levels of fluctuations concentrated close to 0, 1.5, and 3 nA. The
prevalence of zeroth current means that appearance of current fluctuation is a
relatively rare event. The appearance of current fluctuations in the vicinity of
the temperature of the main phase transition of the phospholipids and absence
of any fluctuations well above and well below the transition must not be
unnoticed. It reveals the correlation between membrane current fluctuation
appearance and lipid phase transition.

First evidence in favor of such suggestion has been obtained in 1980 in
experiments with pBLM formed from the DSPC [8]. In this study the
experiments with DSPC have been proceeded (Fig. 6). It is shown that in
pBLM formed from DSPC single fluctuations are registered while the
temperature in the experimental cell reached the temperature of phase
transition of DSPC. The amplitude of current fluctuation was changed in
diapason 0.8-2.4 pA. The histogram revealed the discrete distribution of
fluctuations.

It should be noted that there is an existence of great difference in the
amplitudes of current fluctuations between pBLMs from DSPC (Fig. 6) and
DPPC (Fig. 7). Thermograms for DPPC were obtained in 1 M chloride
solutions of a monovalent cations Lit, Nat, K+, Rb*, and Cs*
(not shown). It should be noted that the thermograms in all alkaline
solutions except Lit are typical for the DPPC at endothermic phase transi-
tion of (L,—Lg)-type. Their common thermograms demonstrate two peaks
at 35.5 °C (pretransition) and 41 °C (main phase transition) while in 1 M
LiCl (Fig. 7), there is a shift of both peaks toward the higher temperatures of
40 °C (pretransition), and 43 °C (main phase transition). Earlier the same
effect of LiCl has been observed by Cunningham et al. [33]. In their
experiments, the eftects of various monovalent cations on bilayer packing
and structure of DPPC were studied using X-ray diffraction and differential
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Figure 5 Typical electric current fluctuations recorded in pBLM from DPPC in 1 M
LiCl at different temperatures: (A) temperature well above the temperature of the main
phase transition of DPPC (50 °C), (B) temperature maintained at the temperature of
main phase transition of DPPC corrected for Li* presence (43 °C), (C) temperature
well below the main phase transition of DPPC (35 °C). The transmembrane potential
has been clamped at 50 mV (source: adapted from Ref. [2]).
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Figure 6 Soft poration of pBLM from DSPC in 0.1 M KCl: lef, thermogram of DSPC
vesicles in 0.1 M KCl with the main phase transition at 58 °C and pretransition at 41 °C;
middle, typical record of current fluctuations in pBLM from DSPC at the temperature of
the main phase transition, clamp-voltage of 50 mV; right, histogram of current fluctua-
tion distribution with two maximums at 1 and 6 pA, respectively.
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Figure 7 Soft poration of pBLM from DPPC in 1 M LiCl: left, thermogram of DPPC
vesicles obtained with differential scanning calorimeter: main phase transition at 43 °C
and pretransition at 37 °C; middle, typical record of electric current fluctuations in
pBLM from DPPC at the temperature of main phase transition, clamp-voltage of
50 mV; right, histogram of current fluctuation distribution with two maximums at
1.5 and 3 nA, respectively.

scanning calorimetry. They observed the same effect as shown in Fig. 5 and
made conclusion that Li* particularly involved in binding to DPPC bilayers.

It is shown in Figs. 6 and 7 that the difference in single pore conductance
between DSPC and DPPC reaches as much as three orders. We suggest that
this difference is conditioned by the difference in the edge energy of lipid
pore, which in turn is strongly dependent on lipid molecule length. The
dependence of many permeability effects observed at the lipid phase



48 V.F. Antonov et al.

transition on the acyl-chain length has been discussed by Ipsen ef al. [14].
A systematic computer simulation study has been conducted for a model of
the main phase transition in bilayers of saturated diacyl phosphatidylcholines
(DMPC, DPPC, DSPC). Among others, effect of transmembrane transport
of Na™ has been analyzed. Authors showed that the lateral density fluctua-
tions and hence the correlated effects such as lipid domain size change and
sodium ion permeability increase as the acyl-chain length decreased. The
conception formulated by Ipsen ef al. [14] on the basis of computer simula-
tion study allows giving a qualitative explanation of transmembrane current
difference between DSPC and DPPC membranes obtained in our experi-
mental study of current fluctuation in pBLM (Figs. 6 and 7).

3.3. The Appearance of Single Lipid Pores in the
pBLM from Natural Phospholipids

As a source of natural phospholipids, the HEL has been used. Before
proceeding to study the electric conductance of the pBLM, the thermogram
of the lipid was investigated. The thermogram in Fig. 8 shows an endother-
mic wide phase transition with a single peak near 52 °C. It should be noted
that the pretransition peak revealed for synthetic DSPC and DPPC escaped
detection in the HEL. These data are in agreement with the results obtained
earlier by Nuhn et al. [34]. The HEL belongs to mixed-chain phospholipids
enriched with palmitoyl and stearoyl fatty acid residues. A series of current
fluctuations shown in Fig. 7 indicate the appearance of lipid pores in pPBLM
at the temperature of phase transition. The duration of each pulse is close to
that indicated for DPPC (Fig. 7). As to the amplitude of current fluctuation,
it is to be found at three discrete current levels at 40, 60, and 80 pA. The
maximum at 60 pA corresponds to an intermediate position between the
DPPC and DSPC, which correlates with nearly equal distribution of
palmitoyl and stearoyl fatty acid tails in the HEL.

3.4. Line Edge Tension of Lipid Pore

Soft poration of pBLM allows measurement of single current fluctuation at a
very low voltage applied to membrane. Lipid pore existence in this case is
controlled predominantly by line edge tension. Equation (7) enables the
calculation of edge tension if the number of single pores is known. The
number of single pores in the pPBLM of DPPC does not exceed 3 as shown
in Fig. 5. For approximate evaluation of edge tension, we suppose the
existence of one pore in 1 M LiCl with average radius 2.1 £ 0.7 nm
(Table 1). The calculation gives the estimation for lipid pore edge tension
equaled 8.8 pN. For comparison of our experimental data with others,
obtained by different soft poration methods, we summarize them in the
Table 2. Comparison indicates the good agreement between the
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Figure 8 Soft poration of pBLM from hydrogenated egg lecithin in 0.1 M KCI: left,
thermogram of HEL vesicles with single maximum at 52 °C (the disposition of two
mixed-chain components inside is reconstructed according to Keough et al. [50]);
middle, typical record of current fluctuations in pBLM from HEL at the temperature
of phase transition, clamp-voltage of 50 mV; right, histogram of current fluctuation
distribution with three peaks at 30, 60, and 80 pA.

Table 2 Comparison of lipid pore line tension determined in this study with other
data obtained in experiments with soft poration

Line tension
System (pN) Reference Methods
DPPC 8.8 This work Soft poration at
the lipid phase
transition
DOPC 6.9+04 Karatekin ef al. Vesicle pore
[35] closure dynamics
SOPC 9.2+£0.7 Zhelev and Micropipette
Needham [36] aspiration
DPPC 6.5 Taupin et al. [37] Vesicle response to
osmotic stress
Egg 20 Harbich and Observation
lecithin Helfrich [38] of open
Cylindrical
vesicles
Egg 8.6 £0.4 Chernomordik Electroporation
lecithin et al. [39]

experimental data obtained with different methods of soft poration. It is of
interest to note that data obtained by the electroporation method [39] also
give close estimation for the line edge tension. For theoretical estimation of
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line tension, formula r., = /¢ has been used. Substituting critical pore
radius by experimentally determined subcritical pore radius equaled 5.1 nm,
we can calculate 7y if we take ¢ equaled 1.7 mN/m (liquid crystalline state of
lipid bilayer). The result would be equal to 9.4 pN, which is close to
experimental data shown in Table 2.

3.5. Evaluation of Lipid Bilayer Stability

The main criteria for bilayer stability, as shown above in theoretical back-
ground, are the critical radius pore r. and the barrier height E., (Fig. 3).
Barrier height can be calculated as E., = ny?/0. Taking y = 8.8 pN and
0 = 1.7 mN/m, we can calculate the energy barrier equaled of 34 kT in
liquid crystalline state. This barrier is pretty high to provide the lipid bilayer
stability.

The calculated critical pore radius equals to 5.1 nm. It is greater than r,;,
as much as twice. It should be remarked that there is a complete coincidence
between the theoretical and experimental values of .. determined in Ref. [1].

The stability of lipid bilayer is decreased at the temperature below
T,, due to increase of ¢. The calculation shows that E., is lowered up
to 11.6 kT. However, the experimental observation of pPBLM well below
T,, indicates that this barrier is sufficient to prevent bilayer rupture.

Based on obtained data, we can support the kinetic model elaborated by
Bronstein and Iserovich [21] for lipid pore occurrence mentioned above.
The calculated critical radius of the lipid pore depends on lipid phase state
being equal to 5.1 nm in the liquid crystalline state and to 1.8 nm in the gel.
The latter predicts the destabilization of the pBLM from DPPC in LiCl
(Table 1) because the experimental radius is 2.1 nm. This discrepancy
implies that the pore in frozen bilayer would be maintained in liquid
environment (see Fig. 9D). As shown in Figs. 6 and 7, each bilayer at the
phase transition contains a few if only one pores that conforms, in general,
to precondition of kinetic model. The last argument in favor of that model
consists in suggestion about an additional surface tension appearance which
would exert the liquid lipid inclusion surrounded by frozen lipids.
We experimentally determine ¢ to be equaled 5 mN/m in the gel state
and 1.7 mN/m for the liquid crystalline state of lipid [1]. Therefore, the
liquid lipid cluster (domain) captured by frozen lipid environment would
experience some additional tension. The value of additional tension would
be as high as three times. It could be able to provide the opening of the wide
lipid pore.

The schematic picture of lipid pore evolution at the lipid phase transition
of L, — Lg-type is shown in Fig. 9. It is seen that the main precondition for
lipid pore occurrence is a coexistence of liquid and gel lipid domains at the
temperature of phase transition. The fluid cluster captured by solid one
experiences the tension increase due to suction pressure and additional
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Figure 9 Diagram of phospholipid pore evolution at the phase transition of L, — Lj-
type: (A) a lipid bilayer in liquid crystalline state, (B) coexistence of liquid crystalline
and gel phase states (it is assumed that liquid domain is captured by surrounding gel
domain in pBLM), (C) hydrophobic pore occurrence (pore is filled with water), (D) the
conversion of hydrophobic pore into hydrophilic one with reorientation of phospho-
lipid molecules at the pore edge, and (E) a lipid bilayer in the gel state. Parts (A), (B),
and (C) are referred to the main phase transition.
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lateral pressure as mentioned above (Fig. 9B). The next step of hydrophobic
pore evolution needs a significant growth of the initial pore size from
r = 0 to 2.5 nm. The last limit is dictated by requirement to reorient of
lipid molecules from vertical position to horizontal one. Experimental data
of pore radius obtained in our measurements (2.1 = 0.9 nm (Table 1)) well
agree with prediction in 1 M LiClL. It should be noticed, however, that this
value of pore radius is cation dependent, and for 1 M CsCl it closes to
0.9 £ 0.4 nm. Taking into account this discrepancy, we would have to
suggest belonging of the pore to amphipathic type [40]. Amphipathic pore
presents a partly hydrophobic pore filled with water.

Recently, Roth ef al. [41] noted the remarkably new feature of hydro-
phobic pore that was existence of hydrophobic pore filled by a vapor. They
supposed that hydrophobic regions of the channel wall helped control
bubble formation much as hydrophobic surfaces control wetting and
dewetting; a hydrophobic surface allowed the cohesive forces of water to
pull the fluid away from the wall. The main advantage of this approach
concludes in simple explanation of specific rectangular form of current
fluctuations seen in many experimental records (Figs. 4-6). In fact, the
current flow through an open channel is blocked when a bubble forms in
a hydrophobic region of the pore. To advance the argument in favor of
these conclusions, we attract the data obtained in experiments with cation
selectivity of lipid pores (Table 1). One argument is based on comparison of
data obtained by us in experiments with PEGs and the behavior of fully
hydrophobic protein pore synthesized de novo by Zhi Qi et al. [16]. They
showed that the selectivity sequence among monovalent cations based on
permeability ratio fell into an order: Cs* > K+ > Na* >> Li*. The Lit-
permeability was close to zero. Based on our experimental data with PEGs
(Fig. 10), we suggest that complete blockade of ion conductance observed
in 1 M LiCl could be explained by conversion of amphipathic pore into the
fully hydrophobic pore due to high hygroscopicity of several PEGs used in
the research. Verification of this suggestion needs an additional study.

3.6. Blocking Effect of PEGs on Single Lipid Pore Conductance

Except pore size calibration, water soluble molecules of PEGs allow to study
the blocking effect in narrow ion-conducting pore whether it be the protein
or lipid origin. According to Smart ef al. [6], the standard experiment
measures the effect of the presence of high concentration (20% w/w) of
neutral polymers such as PEGs on the conductance of the pore of interest.
The variation of conductance is measured as a function of the molecular
weight of PEG at a constant weight fraction. In bulk solution, the conduc-
tivity of ionic solutions is reduced in the presence of PEG. This is due to the
increase in the viscosity of the solution, with a consequent decrease in the
ionic diffusion coefficients and conductivity. Krasilnikov et al. [24] showed
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Figure 10 Current fluctuations in the pBLM at a voltage clamped at 50 mV in 1 M LiCl
after addition of 20% PEGs of different molecular size: (A) without added PEG,
(B) glycerol, (C) PEG-300, (D) PEG-600, (E) PEG-1450, (F) PEG-2000, (G) PEG-3350,
(H) PEG-6000, (I) PEG-20000. Each blank in (E), (F), (G) lasts 5 min. Adapted
from Ref. [2].

that this reduction is broadly independent of the molecular weight of the
PEG used, provided a constant weight fraction is maintained.

The exclusion effect has been linked to the hydrodynamic radius of
polymer. Polymers such as PEGs have been shown to be approximately
spherical in solution. The hydrodynamic radius is obtained from the diftu-
sion coefficient of the polymers in solution and it is found to vary with the
square root of molecular weight of polymer. Different workers take distinct
approaches to obtain a characteristic radius of a particular pore, from the
measured the conductance profile inside the pore. Some take the 50% effect
for radius [3]. In contrast, Krasilnikov ef al. [24] prefer to fit two straight
lines to the data: one when the conductance plateaus at high radius/molec-
ular weight and another at lower radius. The characteristic radius is taken as
the intersection point between these lines.

When very large PEGs are added to the conductance medium, there is
normally an increase in protein pores conductance compared to the PEG-
free measurements. Such behavior has been observed for reconstructed
Vibrio cholera cytolysin [24] and for three different conductance states of
the alamethicin channel [3]. An explanation for this increase has been
offered by Krasilnikov ef al. [24] and Bezrukov and Vodyanoy [3]. This
indicates that PEG is hygroscopic—as the polymer is excluded from the
interior of the channel, the water activity of the solution is increased in this
space and the conductivity of the permeant ions consequently increases.
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This effect can also be shown to occur in bulk solutions using a sodium
electrode. Bezrukov and Vodyanoy [3] show how such measurements can
be linked to access resistance considerations and an effective end radius can
be assigned to a pore. This is because although the polymer is excluded from
the interior of the pore, it is still present at the approach to both mouths.
These authors also show that similar results can be obtained using nonhy-
groscopic polymers such as dextrans. This is important as it reduces the
possibility that specific interactions between the polymer and ion channel
could affect the result.

In the work presented here, we show how the results of the conductance
experiments with PEGs can be linked to structural arrangement in the pure
lipid pore appeared in unmodified pBLM at the lipid phase transition.
Experimental data represented in Fig. 10 were obtained in experiments
with the pBLM of DPPC, formed in 1 M LiCl. The concentration of added
PEG was 20% (w/w). First record reflects the control experiment carried
out in the absence of PEG. It corresponds to the data shown above in Fig. 6.
Other records are obtained by addition in the bulk solution of the PEG
molecules of different molecular size kept at the same weight fraction. One
can see that all PEGs could be arranged in three groups where the first
group includes PEG-300, PEG-600, and glycerol; second group includes
PEG-1450, PEG-2000, and PEG-3350; and third group is represented by
PEG-6000 and PEG-20000. In Fig. 10B the effect of glycerol (hydrody-
namic radius 0.31 nm) is shown. Comparison with control experiment
(Fig. 10A) demonstrates a decrease of current fluctuation amplitude and
an increase of a dwell time, the number of fluctuation is lowered. The effect
of PEG-300 (with radius of 0.6 nm) and PEG-600 (with radius of 0.7 nm) is
followed by proportional decrease of amplitude. The further increase of
molecular size of added PEG is followed by total absence of current
fluctuations. The second group of PEG molecules included PEG-1450,
PEG-2000, and PEG-3350 covers the hydrodynamic molecular radii from
1.05 nm (PEG-1450) up to 1.63 nm (PEG-3350). Extending the exposition
time up to 5 min did not change the situation. It was concluded that we
dealt with full blocking of lipid pore conductance. The further increase of
the molecular size of PEG (PEG-6000 with a radius of 2.1 nm and
PEG-20000 with a radius of 3.1 nm), added to the solution (Fig. 10H and
I), led to unexpected result. We observed the reappearance of current
fluctuation resembled that shown above in Fig. 10B, which were found
to belong to the first group of PEGs namely to glycerol with molecular
radius of 0.3 nm. Despite the great difference in molecular mass between
PEG-6000 and PEG-20000, there was no significant difference in current
fluctuations between them.

In this study the role played by conductivity of the bulk solution is very
important because the electric circuit for transmembrane current measure-
ment is completed through the electrodes placed in bulk electrolyte
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solution. In narrow pore the added PEGs influence the conductance inside
the pore and surrounding bulk solution in a different way. In Fig. 11 the
dependence of both bulk conductivity and lipid pore conductance on the
molecular size of PEG is represented. As shown in the figure, there is a
synchronization in conductance change between the bulk solution and pore
by addition of glycerol and PEG-300. By this is meant that the pore is a
hydrophilic hole filled with a bulk solution and accessed for glycerol and
PEG-300. Starting with PEG-600, one can see the slight divergence
between conductance change curves. This divergence sharply increases by
addition of PEG-1450, PEG-2000, and PEG-3350. Conductance of mod-
ified pore drops up to the level of a noise while the conductance of the bulk
solution remains constant. These three PEGs cover the pore size range from
1.05 to 1.63 nm. The final lapse of the curve is very important because it
allows comparing the observed effect of polymer exclusion in pure lipid
pores with analog effects in protein channels [38].

This lapse demonstrates the restoration of pore conductance due to
exclusion of PEG-6000 and PEG-20000 with high steepness. The intersec-
tion between two curves gives the cutoft value for the PEG in pure lipid
pore.

To compare polymer partitioning into the pore, Bezrukov ef al. [27]
apply a more simple scaling law that indicated above (see Experimental):

p(w) = exp (— (%)) )

O- Single lipid pore conductance
0.8+ @ - Bulk solution conductivity

1.2
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Hydrodynamical radius of PEG molecules. nm

Figure 11 The dependence of a PEG-induced pore conductance (open square) and
bulk solution conductivity (black diamond) on the polymer molecule size: (1) glycerol,
(2) PEG-300, (3) PEG-600, (4) PEG-1450, (5) PEG-2000, (6) PEG-3350, (7) PEG-
6000, (8) PEG-20000. In (4), (5), and (6), pore conductance has been registered at the
noise level. Arrow shows the point where the pore conductance equals to the conduc-
tivity of bulk solution.
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for the partitioning coefficient p(w) with adjustable o and wy. The first
parameter characterizes the sharpness of transition between regimes of
exclusion and penetration. Sharper transitions correspond to larger o
value. The second parameter w, is the characteristic polymer molecular
weight (“‘cutoft size”’) that separates these two regimes. Assuming a linear
relationship between the polymer monomeric concentration in the pore
and the reduction in the pore conductance, we can write:

_ T—gw/e
p(w) = Ty /10 ©)

where g, 1s the conductance of the pore in the presence of the PEG, g, is the
conductance of the pore in the absence of the PEG, y, is the conductivity
of bulk solution in the presence of the PEG, and  is the conductivity of the
bulk solution in the absence of the PEG. The experimental data are
summarized in Table 3. The first peculiarity of the lipid pore resides in
the fact that the calculated values of PEG partitioning exceed 1.0 for at least
several PEGs (PEG-300, PEG-600). According to Merzlyak ef al. [42], this
effect is attributed to strengthening of hydrophobic interaction between the
PEG molecule and lumen wall in the pore at high salt concentration.
In spite of very high water solubility of PEG, it is essentially nonpolar
[43]. Remembering that the lipid pore surface is lined by polar heads in
contact with water and the PEG avoids charged species, it is plausible to
assume that attraction of PEG to the pore lumen will increase with ion
strength of solution. Merzlyak et al. [42] showed in experiments with
reconstructed o-toxin pore that the increase of the salt concentration from
0.1 M KClI to 1.0 M KCI was followed by significant rise of portioning
coefficient from 1 to 1.7 for PEG-300, PEG-400, PEG-600, PEG-1450,
and PEG-2000. They explained this effect by hydrophobic attraction of
PEG molecules inside the pore. It should be noted that the polar molecule
of glycerol (Table 3) possesses the partitioning coefficient less than 1.

Next effect demonstrated in Table 3 concerns PEG-1450, PEG-2000,
and PEG-3350. They give anomalously high partitioning coefticient much
more than 1. This result corresponds the absence of any current fluctuations
in the pBLM (Fig. 10). Following arguments given before we can conclude
that this effect is due to hydrophobic interaction of these PEGs with lipid
pore wall.

The polymer exclusion effect shown in Table 3 starts in the lapse
between PEG-3350 and PEG-6000. This point called ““cutoff size” could
be detected in Fig. 10 as an intersection point at PEG-4800 with hydrody-
namic radius of 2.1 nm. Equation (8) could be used for estimation
of steepness of polymer exclusion process widely used in membrane
biophysics to compare experimental data of different pores in frame of



Table 3 Comparative effect of PEGs on the lipid pore conductance and the conductance of the bulk solution

Hydrodynamic radii Conductivity of bulk Single lipid pore

PEGs of PEG molecules solution, y (S/m) conductance, G (S) Gpeg/ Gy 1peG’ Lo p(w)
Control - 7.9 298 + 1.3 1 1

Glycerol 0.31 4.1 18.1 + 0.7 0.61 0.51 1.79
PEG-300 0.61 4.3 1234+ 1.3 0.41 0.54 1.29
PEG-600 0.78 4.1 10.1 £ 0.5 0.33 0.51 1.34
PEG-1450 1.05 4.4 0+0.5 0 0.56 2.26
PEG-2000 1.22 4.4 0+0.5 0 0.56 2.26
PEG-3350 1.63 4.1 0+0.5 0 0.56 2.26
PEG-6000 2.51 4.1 19.1 £ 0.6 0.64 0.52 0.33
PEG-20000 3.21 4.1 211 £04 0.70 0.52 0.15

The conductance of pBLM of DPPC has been studied in 1 M LiCl at the temperature 43 = 0.5 °C. PEGs were added symmetrically in concentration 20% (w/w). p(w) is
calculated from Eq. (9).
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scaling theory [42]. At the cutoff point p(w) close to 1, the ratio w/wq equals to
1.3, and o would be close to 4. It means the very high sharpness of transition
from penetration state to the exclusion state in lipid pore which is much
higher than in a number of protein pores like OmpF porin with o equaled
1.65 [25], a-toxin with o = 3.2 [42], and alamethicin with o0 = 1.3 [27].

The transition sharpness characterized by parameter o exceeds those
predicted by the scaling approach [44] and hard sphere partitioning [45].
These two models are tempting to use because they give the analytical
expression for partition coefficient. Based on it one can estimate the risk of
some complications to be ignored. One of them is the high polymer con-
centration used in our experiments. At 15% concentration, the PEG-1000
solution is on the border between diluted and semidiluted regimes, where
interactions between polymer molecules can no longer be neglected. It was
shown [42] that only the hard-sphere model is able to give an appreciably
sharper transition. One of the most important peculiarities of pure lipid pore
is a high elasticity of the wall in comparison with the rigid wall in protein
pore. We can suggest therefore that this model is more suitable for the
quantitative description of PEG interaction with pure lipid pore. In favor
of this suggestion, the fact of current fluctuation absence in the presence of
three difterent sized PEGs is indicated.

It should be noted that corrections for the finite access resistance men-
tioned above do not influence the transition sharpness and characteristic
cutoft polymer size significantly. However, it could be obligatory in an
attempt to determine the pore size with high precision. Based on theory
derived by Hall [46], we can calculate the value of access resistance of lipid
pore in our study. The formula is:

P
RHCC 41/

where p is the resistivity of the solution and r is the radius a circular pore.
Taking a resistivity of 1 M LiCl (with addition of glycerol, see above the
comments to Fig. 11) as 0.25 Q m, and the radius of the lipid pore equaled
2.1 nm (determined in Fig. 11 as cross-section point), we calculated R, as
equaled 3 x 107 Q. The corrected total resistance of the pore immersed in
the electrolyte solution with excluded PEG is given as:

RtOt - RPOI'@ _'_ 2IQSICC

Calculation gives the corresponding effective radius of pore entrances
equaled 1.4 nm. This value is very close to the results obtained indepen-
dently in experiments with a series of monovalent cations (Table 2). Mono-
valent cation selectivity in the pPBLM modified with PEGs.
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Figure 12 Comparison of typical records of current fluctuations in the pBLM at a
voltage clamp at 50 mV in 1 M LiCl after addition of 20% PEG-1450 (A) with the same
in 1 M CsCl. The blank in (A) lasts 5 min. The amount of experiments in both solutions
numbers 5.

The experimental results with PEGs allow to return to the discussion of
cation selectivity of pBLM modified with PEGs. We focus on Lit- and
CsTt-selectivity because both ions locate at the ends of each selectivity order
classified by Eisenman et al. [32]. From three blocking PEGs, we concen-
trate on PEG-1450 with hydrodynamic radius of 1.05 nm. As illustrated in
Fig. 12, the modification of pPBLM with PEG-1450 in 1 M LiCl is followed
by full blockade of LiT-selectivity. In contrast, the modified pBLMs formed
in 1 M CsCl demonstrate the appearance of current fluctuations. The
amplitude of current fluctuation equals in average to 0.5 nA with dwell
time ~1 s. Calculation of pore radius gives 1.1 nm. Taking into account the
radius of the pore and hydrodynamic radii Lit (0.24 nm) and Cs* (0.12 nm),
we could explain obtained result in a context of simple diffusion rate
difference between monovalent cations. It is reasonable to suggest that the
observed full blockade of lipid pores in 1 M LiCl is attributed to exclusively
feature of Li™ to bind by pore wall. The ability of Li*™ to bind the lipid
bilayer surface has been observed in thermogram while the T, for DPPC
was shifted from 41 to 43 °C [2].

4. DISCUSSION

Many experiments on pore formation avoid the complexity of
biological membranes by using one-component lipid bilayers, either artifi-
cial vesicles or pBLM. Soft poration of the BLM deals with thermally
generated transient defects occurred due to lipid phase transition [1] or
osmotic pressure [37]. The former is the main subject of discussion in this
chapter. Thermally generated transient defects, in which lipid headgroups
fluctuate apart, exposing their hydrocarbon tails to the aqueous medium, are
encouraged. It happened so that most studies of passive ion transport at the
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lipid phase transition were carried out on liposomes and only a few were
conducted with pBLM (see Section 1). It should be noticed that there is a
significant difference between them concerning the very important feature
of pore creation process as a surface tension. In the absence of osmotic
pressure gradient or aspiration, the surface tension in vesicles lacks while
pBLM experiences the suction tension due to torus. Additional source of
surface tension in pBLM aroused at lipid phase transition is provided by
Bronstein and Iserovich [21]. They analyzed the pore creation in fluid lipid
trapped by frozen lipid environment.

The criterion of critical pore could account for discrepancy between
monovalent cation selectivity at soft poration in free standing liposomes [4]
and absence of significant selectivity in our experiments with pBLM
(Table 1). At 6 = 0, the r, is tending to infinity and any pore appeared in
liposome bilayer would exist without rupture of bilayer. The existence of
lipid pore in liposome is governed presumably by line edge tension [35].
This explanation is agreed with theory of Petrov ef al. [17]. They suppose
that y depends on ¢ and r. Even though ¢ = 0, the line edge tension of
the pore is saved and this permits the existence of metastable or stable
toroid pores.

Based on this consideration, we can suggest that population of lipid pores
in liposome at the lipid phase transition could be enriched with pores which
are tending to close while the population of lipid pores in pBLM contains at
least a number of pores with radius close to r.. In model experiments,
Bekstein and Sansom [40] stated that the size of hydrophobic pore plays the
key role in pore blockade and cation selectivity. They referred both phe-
nomena to the process of conversion of hydrophilic pore into hydrophobic
one and vice versa. Based on molecular dynamic simulation, they show that
a short hydrophobic pore in protein channel is closed to water for radii
smaller than 0.45 nm. Ions behave similarly but the transition from con-
ducting to nonconducting pores is even steeper and occurs at a radius of
0.65 nm for hydrophobic pores. We suppose that partition of PEG mole-
cules into lipid pore lead to a decrease of intrapore space and provide the
conversion hydrophilic pore into hydrophobic one. This prediction is
tested in our experiments with PEG-1450 (Fig. 12). As would be expected,
the penetration of PEG molecule should be followed by significant increase
of selectivity in favor of Cs™ over Lit either due to occupation of the pore
by polymer molecule or its exclusion from the pore. In the case of Cs*-
pore, it could be accounted for by exclusion of PEG molecule with
hydrodynamic radius of 1.05 nm (Table 3) from the pore whose radius is
of 0.9 nm (Table 1). In the case of LiT-pore, the size of the pore (2.1 nm) is
sufficient for PEG molecule to penetrate inside the pore. The remaining
free space with radius of 1.05 nm would be enough for Li* to diffuse.
However, the effect of PEG-1450 is followed by full blockade of Lit
permeability. We prone to explain this contradiction by capability of Li*
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to induce the “salt out” effect [19]. The exclusion of PEG molecules from
the LiT-pore starts with PEG-4800 (Fig. 11) and continues with PEG-6000
and PEG-20000. As a result we observe a complete restoration of Lit
permeability. The mechanism of PEGs interaction with the pore wall
remains to be elucidated. Taking into account the high hygroscopes of
PEGs, we can suppose that the blocking effect should involve dewetting of
pore lumen. As a result the conversion of hydrophobic lipid pore into
hydrophilic one would be prevented (Fig. 9C and D).

The energy cost of structural defects, referred to as hydrophobic pores, is
essential for the energy of the exposed hydrocarbon—water interface [45].
It is evident that it is energetically favorable for the lipids in the rim of a large
hydrophobic pore to reorient, overcoming an energy barrier so that their
headgroups point into the pore lumen, and form a hydrophilic pore. This
transformation is provided in Fig. 9. A new aspect concerns the possibility of
sufficiently long time existence of hydrophobic pore filled with water [16]
or amphipathic pore filled with vapor [40,47]. More adequate for hydro-
phobic lipid pore is a model membrane formed of hexagonally packed
carbon nanotubes [47]. Molecular dynamic simulation shows that a narrow
hydrophobic pore of subnanometer radius pose a huge free-energy barrier
for ions, but a small increase in the pore diameter to ~1 nm nearly
eliminates that barrier. This pore model is able to mimic high ion selectivity
and gating effect known for a number of biological ion channels [23].

5. CONCLUSION

Soft poration of lipid bilayer occurred at the lipid phase transition
allows to trace the phenomenon of membrane pore conductance from
molecular perturbation of bilayer up to formation of long-lived transmem-
brane channel. In contrast to reconstructed proteinous channels, this model
is much simpler but reproduce many characteristics of ion-conducting
channels: current fluctuations, ionic selectivity, channel blockade, etc.
Recently, we discovered a model for self-sustained potential oscillation of
lipid bilayer membranes induced by the gel-liquid crystal phase transition,
published by Yagisava et al. [48]. In his replay, Dr. M.J. Zuckerman [49]
wrote: “If the excellent work of Yagisava et al. is to bear fruit in he realm of
biophysics, it will be necessary o go beyond the case of repeated bilayer
phase transitions. One possibility is to move to phase coexistence in lipid
mixture or to examine the effect of protein—lipid interactions on self-
sustained oscillations or both.” Our chapter has been devoted to another
aspect of nerve excitation—modeling of gating process which is studied in
more than one hundred protein channels (see for review [41]). We showed
that certain of the calibrated PEGs may control ion selectivity and blocking
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effect in pore occurred at the main lipid phase transition. The key stone in
the gating problem is the hydrophobic—hydrophilic transition in the pore
wall which is accessible for the study at the lipid phase transition.
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Abstract

Appropriate mixtures of phospholipid and surfactant were found to produce
ultradeformable vesicles which were claimed to pass through nanometer pores
of the stratum corneum (SC), allowing transdermal drug delivery. However, the
precise in vivo fate of encapsulated drug and whether ultradeformable vesicles
pass intact through the SC and can promote the transdermal delivery of any
substance remain open questions. Indeed, systematic physicochemical and
pharmacokinetic studies are still needed to define the mode of action and the
range of applications of these vesicles. This chapter presents different experi-
mental approaches, based on the use of calcein as hydrophilic fluorescent
marker, for probing the physicochemical and pharmacokinetic characteristics
of these vesicles. The ability of Co®* ion to quench the fluorescence of calcein
allowed determining the drug encapsulation efficiency and the membrane
permeability to calcein of ultradeformable vesicles. Ultradeformable mem-
branes made from natural phosphatidylcholine and sodium cholate were
found to be highly permeable to calcein, the resulting vesicles being therefore
unable to effectively retain the encapsulated marker. Both in vitro skin perme-
ation and in vivo transdermal (percutaneous) absorption studies were per-
formed. In vitro experiments used Franz diffusion cells mounted with hairless
mouse skin. In vivo experiments were carried out by applying calcein formula-
tions onto the dorsal skin of hairless mice and determining fluorimetrically the
plasma calcein concentration at different time intervals. Surprisingly, both
in vivo and in vitro skin permeation studies indicated that deformable vesicles
reduced the transdermal flux of calcein, when compared to a solution contain-
ing or not sodium cholate. Importantly, fluorescence measurements of the
receptor fluid of the Franz diffusion cell in the absence and presence of Co?*
revealed that the permeated calcein existed essentially under the nonencapsu-
lated form. In conclusion, the high membrane permeability of deformable
vesicles and the nonencapsulated state of calcein after in vitro skin permeation
argue against the passage of calcein through the SC under the encapsulated
form.

1. INTRODUCTION

The skin represents an ideal route of drug administration in terms of
accessibility and ease of application. However, the range of molecules that
can achieve therapeutic amounts at their target site following application to
the skin is severely limited. This is due to the effective barrier properties of
intact skin, which is primarily associated with the outermost layers of the
epidermis, namely the stratum corneum (SC). Lipid vesicles have been
extensively studied to carry drugs and enhance their penetration through
the skin. Classical liposomes, such as those made from lecithin, are generally
reported to accumulate in the SC, upper skin layers and in the appendages,
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with minimal penetration to deeper tissues or the systemic circulation [1—4].
Therefore, classical liposomes are too large and rigid to fit within the
intercellular lipid domains of the SC and are not useful as transdermal
delivery systems.

Other vesicle compositions have been investigated to develop systems
that are capable of carrying drugs and macromolecules to deeper tissues and/
or systemic circulation. These belong to the category that is variously
termed as deformable, highly deformable, elastic, or ultra-flexible liposomes
or vesicles. Transfersomes® (Idea AG) are a form of deformable vesicles,
which were first introduced in the early 1990s by Cevc and Blume [5].
Elasticity is generated by incorporation of an edge activator in the lipid
bilayer structure. The original composition of these vesicles was soybean
phosphatidylcholine (SPC) incorporating sodium cholate. The incorpora-
tion of ethanol in lipid vesicles is an alternative approach to fluidize the lipid
membrane [6], generating the so-called Ethosomes. Transfersomes® and
Ethosomes were reported to improve the penetration of a range of small
hydrophilic and lipophilic molecules, peptides, proteins, hydrophilic
macromolecules to deep peripheral tissues and/or to the systemic blood
circulation [7-9].

The mechanism proposed by Cevc [7] is that the high deformability of
these vesicles facilitates their penetration through the intercellular lipid
pathway of the SC. The osmotic gradient, caused by the difference in
water concentrations between the skin surface and interior, has been pro-
posed as the major driving force for the penetration of the vesicles [5].
A lipid suspension applied nonocclusively to the skin is subject to evapora-
tion and, to avoid dehydration, ultradeformable vesicles must penetrate to
deeper tissues.

Despite the substantial interest in the mechanism of vesicular delivery
over the past decade, there is still considerable debate as to whether ultra-
deformable vesicles behave as a true carrier system by penetrating intact
through the skin or act as a permeation enhancer [10-12]. Either drug
deposition into the skin or transdermal drug delivery to deep tissues
or/and the blood circulation has been reported following the topical appli-
cation of drugs in ultradeformable vesicles. However, the factors that
determine the depth of drug penetration remain to be elucidated. Indeed,
different drugs, vesicle compositions, and methods of preparation have been
employed, resulting in deformable vesicles having diverse characteristics
with respect to size, lamellarity, charge, membrane fluidity, permeability,
elasticity, and drug entrapment efficiency. This fact, in addition to the
variety of skin models used (man or animal, in vivo or in vitro) probably
account for the lack of understanding of the mode of action of these vesicles.
In this context, systematic physicochemical and pharmacokinetic studies are
still needed to define the mode of action and the range of applications of
these vesicles.
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Figure 1 Structure of calcein.

This chapter presents different experimental approaches, based on the
use of 4’,5'-bis| N, N-bis(carboxymethyl) aminomethyl] fluorescein (calcein)
as hydrophilic fluorescent marker (Fig. 1), for probing the physicochemical
and pharmacokinetic characteristics of deformable vesicles.

Calcein was also considered as a model of low molecular weight,
hydrophilic, and polyanionic drug. Importantly, new insights into the
mode of action of deformable vesicles were achieved through the determi-
nation of calcein encapsulation efficiency and membrane permeability as
well as in vitro and in vivo skin permeation studies.

2. PHYSICOCHEMICAL CHARACTERIZATION
OF ULTRADEFORMABLE VESICLES

2.1. Composition and Process of Preparation

Ultradeformable vesicles were made from phosphatidylcholine (PC),
sodium cholate, and ethanol, according to Cevc and Blume [5]. PC was
either soybean PC (SPC, 95%) or egg yolk PC (EPC, 100%) obtained from
Avanti Polar Lipids Inc. and Lipoid GmbH, respectively.

The vesicles were prepared through injection of an ethanolic solution of
PC in NaCl 0.15 M and HEPES 0.02 M buffer at pH 7.4 containing sodium
cholate and calcein, under stirring at 25 °C. The size of vesicles was
calibrated by repeated extrusions through two stacked polycarbonate
membranes with pore diameter of 100 mm, as described previously [13].

The formulation used for in vitro and in vivo skin permeation studies had
final concentrations of PC, sodium cholate, and ethanol of 8.8% (w/v),
1.2% (w/v), and 9% (v/v), respectively.

The final concentration of calcein was 0.1 mM for physicochemical
studies and 10 or 30 mM for in vitro and in vivo skin permeation studies.
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2.2. Mean Hydrodynamic Diameter and Deformability

Ultradeformable vesicles made from SPC showed a mean hydrodynamic
diameter of 90.1 & 2.9 nm (n = 11) and were monodisperse (polydispersity
index of 0.073 &£ 0.009), as determined by photon correlation spectroscopy.
Ultradeformable vesicles made from EPC showed a mean hydrodynamic
diameter of 99.9 + 2.7 nm and a polydispersity index of 0.064 £ 0.008
(n="7).

The high deformability of these vesicles was supported by the observa-
tion that extrusion of the suspension through polycarbonate membrane
with 30 nm pore size did not change significantly the mean vesicle hydro-
dynamic diameter. Moreover, the flux of the suspension across the 30 nm
polycarbonate membrane was significantly higher than that of a suspension
of PC vesicles prepared without sodium cholate. It is also noteworthy that
SPC and EPC deformable vesicles did not show significantly different
deformabilities (data not shown).

2.3. Encapsulation Efficiency of Calcein: Influence
of the Formulation Final Concentration

Two different methods were employed to determine the fraction of
encapsulated calcein in ultradeformable vesicles.

The first method used the minicolumn technique [14] based on the
purification of liposomes by Sephadex G50 gel filtration without dilution,
followed by the fluorometric determination of the amount of calcein
associated to the liposome fraction (excitation and emission wavelength of
490 and 515 nm, respectively; Varian spectrofluorimeter, Eclypse).

The second method, as illustrated in Fig. 2, exploited the ability of Co>*
ion to form a nonfluorescent complex with calcein [15]. The liposome
suspension was first diluted 100-fold in NaCl 0.15 M and HEPES 0.02 M
buffer at pH 7.4, and fluorescence intensity was measured before (Frow)
and after the addition of CoCl, (0.18 mM) (Fgycapsutated) and Triton X-100
(0.1%, w/v) (Fpasa). The encapsulation efficiency was then given by:

FEncapsulatcd — Fpal

encapsulation efficiency(%) = 100 x
Frotal — Fpasal

The values obtained for calcein encapsulation efficiency in ultradeformable
vesicles were 17.5 £ 1.2% (n =9) and 14.4 & 3.1% (n = 4), according to the
Co?* and minicolumn methods, respectively.

Since the suspension of ultradeformable vesicles suffers evaporation and
becomes more concentrated following a topical application under nonoc-
clusive conditions, an important question to be answered is how this
increase in concentration would affect the drug encapsulation efficiency.
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Figure 2 Fluorometric determination of encapsulated calcein (Cal), exploiting the
ability of Co®* ion to form a nonfluorescent complex with calcein (Cal-Co).

Two different experiments were performed to address this question. In
the first experiment, the suspension of ultradeformable vesicles was prepared
with twofold higher concentrations of both cholate and SPC, when com-
pared to the original formulation. In the second experiment, the conven-
tional suspension of ultradeformable vesicles was submitted to evaporation
under vacuum, resulting in a threefold volume reduction. In both cases, the
change in encapsulation efficiency was evaluated using the Co?" method.
The results displayed in Table 1 show that both processes promoted a
marked increase of calcein encapsulation efficiency, supporting the model
that the drug encapsulation efficiency increases gradually during the drying
of the formulation on skin surface.

This interpretation is consistent with a recent report by Cevc ef al. [8] that
the extent of association of the amphiphilic drug ketoprofen with ultradeform-
able vesicles increased following partial carrier drying. These authors attributed
this effect to the drug association to the membrane surface of vesicles. The
present study, however, reports for the first time that such phenomenon can
also take place in the case of a highly hydrophilic compound.

The model described here also provides an alternative explanation for
two previous observations which were claimed to support the permeation
enhancer effect of Transfersomes®. As a first observation, ultradeformable
liposomes carried not only the entrapped hydrophilic drug model (carbox-
yfluorescein) into the SC but also the nonentrapped compound [16]. As a
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Table 1 Encapsulation efficiencies of calcein in ultradeformable vesicles prepared at
different concentrations and with different compositions

% Encapsulated calcein £ S.D.
Formulation PC (w/v) (n=3-9)
Conventional 8.8% SPC 175+ 1.2
Twofold concentrated 17.6% SPC 35+6
Threefold concentrated? 26.4% SPC 43 £5
Conventional 8.8% EPC 172 £ 15

“ Obtained by evaporation of conventional formulation under vacuum.

second observation, the percentage of 5-fluorouracil permeated through the
skin from Transfersomes® was higher than the drug entrapment efficiency
in the original formulation [17]. Finally, this phenomenon may also account
for the negative impact of occlusive conditions on the effectiveness of
Transfersomes® [5,7].

The model that the calcein encapsulation efficiency increases as the
suspension of vesicles is submitted to evaporation also assumes that ultra-
deformable membranes exhibit a high permeability to calcein, allowing for
its rapid equilibration across the membrane. To validate this assumption, the
membrane permeability of ultradeformable membranes to calcein has been
investigated.

2.4. Membrane Permeability to Calcein

The permeability of ultradeformable membrane to calcein was evaluated, as
illustrated in Fig. 3, by adding calcein to preformed empty ultradeformable
vesicles and evaluating at different time intervals the fraction of encapsulated
calcein. The fraction of encapsulated calcein was determined by the Co?*
assay, as described in Fig. 2.

Figure 4 shows the kinetics of incorporation of calcein in ultradeform-
able vesicles at 25 °C, when those were prepared at different cholate/PC
ratios or with different phospholipid compositions (EPC or SPC).

Table 2 also summarizes the results obtained with different formulations
prepared at different cholate/PC ratios, phospholipid compositions, and
concentrations.

Surprisingly, the membrane permeability to calcein of ultradeformable
cholate/SPC vesicles, in the original suspension, was so high that it could
not be determined experimentally. This high permeability could be attrib-
uted to the effect of cholate, since a twofold reduction of its concentration
resulted in membranes of very low permeability.

‘When the total concentration of the formulation was decreased by twofold
when compared to original one, while maintaining constant the cholate/SPC



72 A.P.C.0. Bahia et al.
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at different time intervals
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Figure 3 Illustration of the fluorometric method used to determine the kinetic of
permeation of calcein (Cal) into ultradeformable vesicles.
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I
1
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Figure 4 Kinetics of incorporation at 25 °C of 0.1 mM calcein in ultradeformable
vesicles of different compositions: sodium cholate/SPC 0.25 (mol/mol), sodium
cholate/SPC 0.125 (mol/mol), and sodium cholate/EPC 0.25 (mol/mol). The final
PC concentration was 8.8% (w/v).

ratio, ultradeformable membranes exhibited a low permeability to calcein.
This is consistent with the observation of Cevc ef al. [8] that the deformability
of the elastic vesicles was reduced following dilution in water.

Interestingly, deformable vesicles made from EPC exhibited a mem-
brane permeability lower than those made from SPC, allowing the deter-
mination of permeability coefficient for calcein. It is also noteworthy that a
twofold increase of both cholate and EPC concentrations in the formulation
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Table 2 Membrane permeability to calcein of ultradeformable vesicles at 25 °C:
influence of the cholate/PC ratio, the total lipid concentration and the lipid
composition

Sodium Cholate/PC Permeability coefficient of

PC (w/v) cholate (w/v) (mol/mol) calcein” (cm/s)

8.8% SPC 1.2% 0.25 High

8.8% SPC 0.9% 0.19 High

8.8% SPC 0.6% 0.125 Low

4.4% SPC 0.6% 0.25 Low

8.8% EPC 1.2% 0.25 1.5+ 0.6 x 107°

17.6% EPC  2.4% 0.25 High

“ “High” means that the permeability coefficient was higher than 25 x 10~ cm/s; “Low” means that
the permeability coefficient was lower than 0.01 x 10™° cm/s. The permeability coefficient (P) was
determined from equation: In[1 — F x (V./V})] = —(3P/R)t, where F is the fraction of encapsulated
calcein at time ¢, V. is the external aqueous volume of vesicle suspension, V; is the total internal
aqueous volume of the vesicle suspension, and R is mean vesicle radius.

promoted an increase of the membrane permeability to calcein by a factor
higher than 15, suggesting that the drying of the formulation would result in
even more leaky vesicles.

This data supports the model that the permeability to calcein is influ-
enced by the amount of cholate associated to the vesicle membrane which,
in turn, depends on both the dilution and the cholate/PC ratio.

It can be anticipated from this data that the drying of the vesicle
suspension on the skin surface may promote an increase of the membrane
permeability to calcein and of its encapsulation efficiency. This data also
supports the idea that ultradeformable vesicles may be too leaky to act as a
true carrier system. On the other hand, the transfer of cholate from the
formulation to the SC may occur during the penetration of the formulation
within the SC. This phenomenon should result in a change of the vesicle
characteristics, those being gradually less deformable and leaky.

3. PHARMACOKINETICS OF CALCEIN FROM
ULTRADEFORMABLE VESICLES

3.1. In Vitro Skin Permeation of Calcein

In vitro skin permeation of calcein was determined using an open-cap,
ground-glass surface, Franz diffusion cells (membrane surface area of
1.77 ¢cm? and a receptor fluid volume of 6.7 ml). Full thickness skin was
excised from the abdominal surface of hairless mice (HRS/] strain,
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originally obtained from Jackson Laboratories, Bar Harbor, ME, USA), as
described previously [18]. The skin fragments were kept horizontally,
dividing the cell into two compartments: the donor and the receiver.
The receiver compartment was filled with 5 mM HEPES buftered isotonic
saline at pH 7.4. The skin, mounted in the diffusion cell, was allowed to
equilibrate with the receptor fluid and the environment for 1 h, in order to
maintain an in vivo transepidermal hydration gradient which has been
proposed as generating the driving force for the skin penetration of deform-
able vesicles [5]. After this period, the receiver content was totally removed
and this compartment was filled with fresh HEPES buffer. The buftered
solution was continuously stirred with a small magnetic bar to ensure
homogeneity. Experiments were conducted maintaining the skin surface
temperature at 32 &£ 1 °C, which was achieved by maintaining the receptor
phase, by means of cell jackets, at the correct temperature (37 °C).

To simulate the conditions of use, the upper chamber (donor compart-
ment) was left open (nonocclusive conditions) and a dose of the calcein
formulation (100 pL at 10 mM calcein) was applied to the skin. The
receptor fluid was collected through total removal of the receptor fluid at
2,4, 6, and 8 h, and refilling of the receiver compartment with fresh isotonic
HEPES-buffered saline. The calcein concentration was determined by
fluorescence measurement of the receptor fluid at excitation and emission
wavelengths of 490 and 515 nm, respectively, and by establishing a calibra-
tion curve using the fluid receptor obtained from a control diffusion cell that
did not received any formulation.

Figure 5 shows the kinetics of permeation of calcein across hairless
mouse skin, when calcein was applied topically either in the form of a
suspension of deformable vesicles (CHOL/SPC or CHOL/EPC) or in the
form of a solution containing sodium cholate and ethanol at the same
concentrations as in the vesicle suspension (CHOL). In the case of all
preparations, the flux of calcein was found to be higher during the first
4 h of permeation than on the subsequent 4—8 h period. Whereas CHOL/
SPC and CHOL/EPC showed similar kinetics, those differed significantly
from that obtained with CHOL (P < 0.01, two-way ANOVA). Impor-
tantly, the flux of calcein from CHOL was approximately 10-fold higher
(on the 0—4-h period) than that from CHOL/SPC and CHOL/EPC. It is
also noteworthy that the cumulative amount of transported calcein after 8 h
in the receiver compartment was less than 0.4% of the total applied amount
in the case of CHOL/SPC and CHOL/EPC and higher than 1.2% in the
case of CHOL. This data clearly establishes that the incorporation of PC
into the cholate/ethanol formulation, at a proportion that leads to the
formation of ultradeformable vesicles, considerably reduces the transcuta-
neous flux of calcein across mouse skin.

Even though the present data seems contradictory with the classical
model that ultradeformable vesicles improve the skin permeation of
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Figure 5 Kinetics of in vitro permeation of calcein across hairless mouse skin from
different formulations applied topically. CHOL/SPC, 100 pL of deformable sodium
cholate/SPC vesicles containing 10 mM calcein; CHOL/EPC, 100 pL of deformable
sodium cholate/EPC vesicles containing 10 mM calcein; CHOL, 100 pL of 10 mM
calcein solution containing sodium cholate and ethanol. Data are given as the percen-
tages of permeated calcein in relation to the total amount of applied calcein + S.E.M.
(n = 3). A significant difference between CHOL and the other groups was detected
using two-way ANOVA (P < 0.01).

drugs [7], it is consistent with two recent reports from Cevc et al. [8] and
El Maghraby et al. [17] for ketoprofen and 5-fluorouracil, respectively.
The transcutaneous flux of ketoprofen was much lower from deformable
vesicles than from conventional topical formulations. Ultradeformable
vesicles improved the skin deposition of 5-fluorouracil with little or no
effect on the drug transcutaneous flux. According to Cevc et al. [8], the
drying of the formulation of ketoprofen on the skin surface would increase
the drug binding to the carrier, resulting in a decrease of the free drug
concentration and of its transcutaneous flux.

In the case of the highly hydrophilic and polyanionic calcein, membrane
binding is not expected to be favored and one may propose that vesicle
encapsulation and retention contributed to the decreased transcutaneous
flux. However, since deformable vesicles were found to be leaky for calcein,
one should assume that deformable vesicles suffer a maturation process
during their migration through the skin layers, consisting of the gradual
loss of cholate and resulting decrease of membrane permeability.

Taking into account that both cholate and ethanol are known skin
permeation enhancers [19, 20], an alternative explanation for the reduced
flux of calcein from deformable vesicle may be that the association of
cholate with PC vesicles inhibited the permeation enhancer effect of
cholate.
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Table 3 Percentage of encapsulated calcein in the receptor fluid (nonaccessible to
Co?*" ion and released by Triton X-100) at different periods of time, following in vitro
permeation across hairless mouse skin from different formulations applied topically

Encapsulation efficiency (%) (mean £ S.D.)
Formulation 0-2 h period 6-8 h period
CHOL 0.15 £ 0.21 0.15 £ 0.14
CHOL/SPC 0.33 £ 0.37 0.40 £ 0.38
CHOL/EPC 0.44 £ 0.49 0.10 £ 0.12

In order to address the important question as to whether calcein exists in
the free or in the encapsulated form following permeation across the skin,
fluorescence measurements of the receptor fluid were performed before and
after the addition of CoCl, and Triton X-100, as described in Fig. 2, such as
to determine the fraction of encapsulated calcein. This assay was carried out
with the receptor fluids arising from both the early phase (0-2 h) and the late
phase (6-8 h) of the kinetics, immediately after being collected. Following
the addition of both CoCl, and Triton X-100, more than 95% of calcein
fluorescence was quenched. The mean values of calcein encapsulation
efficiency, as displayed in Table 3, were very low, typically less than 1%,
and did not differ significantly between the groups, indicating that perme-
ated calcein does not exist in the encapsulated form.

3.2. In Vivo Studies of the Transdermal Absorption of Calcein
to the Blood Circulation

3.2.1. Validation of fluorometric method for determination

of calcein in plasma
The fluorometric method for determination of calcein in plasma was
validated according to FDA recommendations for bioanalytical methods
(http://www.fda.gov/cder/guidance/4252fnl.htm).

Figure 6 shows the relationship between the fluorescence intensity and
the calcein concentration in mouse plasma. The method was found to be
linear for plasma concentrations of calcein in the range of 0.022—-0.18 pM,
showing a linear regression coefticient equal to 0.996.

The following equation was used to determine the plasma calcein
concentration from fluorescence intensity:

fluorescence intensity — 0.1291

Icei M) =
[calcein](uM) 5031


http://www.fda.gov/cder/guidance/4252fnl.htm
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Figure 6 Relationship between fluorescence intensity and calcein concentration in
mouse plasma. Calcein was added to mouse plasma at different concentrations (25 uL of’
calcein solution added to 30 UL plasma). After 1 h of incubation at 37 °C, samples were
diluted in NaCl 0.15 M solution and fluorescence intensity was measured at Ao, = 490
nm and ., = 515 nm. Data at each concentration represent the mean fluorescence
intensity of seven independent samples.

Table 4 Data related to the precision of the fluorometric method for the
determination of calcein in mouse plasma (n = 7, at each concentration)

Plasma calcein Mean fluorescence Standard Relative standard
concentration (uUM) intensity (a.u.) deviation deviation (%)
0.0218 0.608 0.174 28.6

0.0436 1.022 0.144 141

0.0654 1.386 0.138 9.9

0.0872 1.887 0.205 10.9

0.1308 2.642 0.248 9.4

0.1817 3.912 0.226 5.8

Table 4 shows the data related to the precision of the fluorometric method
for the determination of calcein in mouse plasma. Considering the limit of
15% for the relative standard deviation in bioanalytical methods, one can
conclude that the fluorometric method presented here is precise for the
determination of calcein in the concentration range of 0.044-0.18 uM.

The lower limit of quantification of the fluorometric method could be
estimated as 0.044 uM, since this concentration gave a precision lower than
20% and an analyte response higher than five times the response compared
to the blank response.



78 A.P.C.0. Bahia et al.

3.2.2. Pharmacokinetic of calcein in the plasma of hairless mice
after topical application

Hairless mice (HRS/J strain) were used in this study. Animals were first
anesthetized with a mixture of ketamine hydrochloride (57 mg/kg) and
xylazin (8.6 mg/kg) by i.p. route and the dorsal skin was cleaned with
distilled water. One hundred microliters of the formulations containing
either 10 or 30 mM of calcein were applied in a delimited area of 2.25 cm?
under nonocclusive conditions. At different time intervals, blood samples
(15 pL) were collected from the tail with heparinized tip and diluted in 3
mL of isotonic saline. After homogenization and centrifugation for 5 min at
1000 x g and 4 °C to sediment the red blood cells, supernatants were used
for fluorescence measurements at excitation and emission wavelengths of
490 and 515 nm, respectively. In all assays, a calibration curve relating the
fluorescence intensity to the plasma calcein concentration was established.

In a first experiment, the ability of a suspension of cholate/SPC deform-
able vesicles (CHOL/SPC) to promote the absorption of calcein to the
blood circulation was compared to that of a solution containing the cholate/
ethanol mixture (CHOL) at the same concentrations as those in the vesicle
suspension. A control group receiving empty cholate/SPC deformable
vesicles was also evaluated. Data are presented in Fig. 7, as (A) the mean
fluorescence intensity of diluted plasma (n = 6) and (B) the mean plasma
calcein concentration, at different time intervals. Importantly, the bioavail-
ability of calcein was found to be significantly lower from CHOL/SPC than
from CHOL. One-way ANOVA analysis indicated a significant increase of
the fluorescence intensity as a function of time only in the group that
received nonencapsulated calcein. Two-way ANOVA analysis of the fluo-
rescence data shows statistically significant differences between the group
that received CHOL and those receiving CHOL/SPC and empty CHOL/
SPC. Comparison of the plasma calcein concentrations between CHOL/
SPC and CHOL groups revealed significant differences at 1, 2, and 4 h
postapplication (P < 0.05, Student’s f-test).

The lower absorption of calcein to the blood circulation from deform-
able vesicles 1s consistent with the reduced transcutaneous flux of calcein, as
evidenced by our in vitro permeation study. It is also noteworthy that the
higher plasma calcein concentration over the 0—2-h period correlates well
with the higher transcutaneous flux of calcein over the 0—4-h period. This
data also supports the model that the rate-limiting step for the transdermal
delivery of calcein to the blood circulation from both formulations is its
passage through the skin.

To evaluate whether the cholate/ethanol mixture, at the concentration
used in the deformable vesicle suspension, may act as a skin permeation
enhancer for calcein, the transdermal absorption of calcein in HEPES-
buffered saline containing cholate/ethanol (CHOL) was compared to that
of calcein in the same buffer (Control). As illustrated in Fig. 8A, a significant
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Figure7 Transdermal absorption of calcein to the blood circulation of hairless mice, as
determined fluorimetrically, from different formulations applied topically. CHOL/
SPC, 100 pL of sodium cholate/SPC deformable vesicles containing 10 mM calcein;
CHOL, 100 pL of 10 mM calcein solution containing sodium cholate and ethanol at the
same concentrations as those in deformable vesicles; empty CHOL/SPC, 100 pL of
sodium cholate/SPC deformable vesicles prepared in the absence of calcein. Data are
presented as (A) mean fluorescence intensities of diluted plasma at /... = 490 nm
and Aey, = 515 nm (n = 6) and (B) mean calcein concentrations, as a function of time
(£ S.E.M.). *P < 0.05 for comparison between COL and CHOL/SPC, Student’s ¢-test
(n = 5-6). *P < 0.05 for comparison with the mean value at time zero, one-way
ANOVA followed by Dunnett posttest.

increase of calcein bioavailability was observed in the presence of the
cholate/ethanol mixture, confirming that this composition acts as skin
permeation enhancer.

On the other hand, as shown in Fig. 8B, the transdermal absorption of
calcein from CHOL/SPC was still significantly reduced when compared to
that from calcein in bufter.

Accordingly, ultradeformable vesicles and cholate micelles exert oppo-
site effects on the transdermal flux of calcein. The latter data also supports
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Figure 8 Transdermal absorption of calcein to the blood circulation of hairless mice,
as determined fluorimetrically, from different formulations applied topically. (A)
CHOL, 100 pL of 30 mM calcein in buffer containing sodium cholate and ethanol at
the same concentrations as those in deformable vesicles; Control, 100 puL of 30 mM
calcein in buffer. (B) CHOL/SPC, 100 LL of sodium cholate/SPC deformable vesicles
containing 30 mM calcein; Control, 100 pL of 30 mM calcein in buffer. Data are
presented as (A) mean fluorescence intensities of diluted plasma at /... = 490 nm and
Aem = 515 nm (n = 3) and (B) mean plasma calcein concentration (+ S.E.M.), as a
function of time. *P < 0.05 for comparison with Control using Student’s t-test.

the idea that the reduction of the transdermal flux of calcein by deformable
vesicles cannot be attributed solely to the inhibition of the permeation
enhancer eftect of the cholate/ethanol mixture.

As an attempt to uncover the occurrence of a late absorption phase of
calcein, plasma samples were collected at longer time points. Figure 9 shows
the mean fluorescence intensities of diluted plasma 48 h after application of
calcein in a suspension of deformable cholate/SPC vesicles, in a solution
containing cholate/ethanol and in the HEPES-buffered saline vehicle.
Although the values of fluorescence intensity were below to the method
quantification limit, those was significantly higher after calcein in
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Figure 9 Fluorescence intensities of diluted plasma of hairless mice, 48 h after
administration of different formulations of calcein. CHOL, 100 pL of 30 mM calcein
in buffer containing sodium cholate and ethanol at the same concentrations as those in
deformable vesicles; CHOL/SPC, 100 pL of sodium cholate/SPC deformable vesicles
containing 30 mM calcein; Control, 100 pL of 30 mM calcein in buffer. Data are
presented as mean fluorescence intensity at L., = 490 nm and Ao, = 515 nm + S.E.M.
(n=23).*P < 0.05, one-way ANOVA, followed by Newman—Keuls multiple comparison.

deformable cholate/SPC vesicles, suggesting the existence of slow absorp-
tion phase specifically in the case of this formulation (P < 0.05, one-way
ANOVA, followed by Newman—Keuls posttest).

In a second set of experiments, the extent of transdermal absorption of
calcein from SPC deformable vesicles was compared to that from EPC ones
(data not shown). No significant variation of the fluorescence intensity was
found in each group, according to one-way ANOVA statistical analysis.
Moreover, comparison of fluorescence intensities between the different
groups showed no significant difference. One can infer that deformable
vesicles made from EPC and SPC exhibit similar properties with respect to
their ability to reduce the transdermal flux of calcein to the blood
circulation.

4, CONCLUDING REMARKS: NEW MODEL FOR THE
MoODE OF ACTION OF ULTRADEFORMABLE VESICLES

The experimental approaches presented in this chapter bring new
insight into the mode of action of ultradeformable vesicles for transdermal
drug delivery.
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This work provides, for the first time, information on the membrane
permeability of ultradeformable vesicles. Our permeability data indicates
that the presence of cholate in deformable vesicles turns the membrane
highly permeable to calcein and supports the idea that these vesicles, at least
in their original form, are unable to act as a true carrier system. Our data also
suggests that the drying of the formulation on the skin surface enhances the
drug encapsulation efficiency, a fact that may explain, at least in part, the
impact of nonocclusive conditions on the effectiveness of deformable
vesicles.

Both in vive and in vitro skin permeation studies indicated that deform-
able vesicles reduced the transdermal flux of calcein, when compared to
solutions containing or not a cholate/ethanol mixture. These results are
quite surprising in the light of the classical model for deformable vesicles
action [7]. In fact, a similar effect of ultradeformable vesicles was recently
reported for the amphiphilic drug ketoprofen [8]. However, the present
study provides the first clear demonstration that deformable vesicles can
reduce the transdermal flux of a hydrophilic compound to the blood
circulation. These data also suggest that deformable vesicles promote a
sustained release system for calcein. Even though deformable vesicles are
initially very leaky for calcein, one can reasonably propose that these vesicles
suffer a maturation process during their penetration through the SC, con-
sisting of the gradual loss of cholate and decrease of membrane permeability.
Ultimately, these nonleaky vesicles would serve as a slow release depot
system, located in the deep layers of the SC, and may be responsible for the
late phase of calcein absorption. The proposal of an improved skin deposi-
tion of calcein after application with deformable vesicles is supported by the
observation by Touitou ef al. [21] that Ethosomes increased the amount and
depth of calcein penetration within the mouse skin, when compared to
conventional liposomes and hydroethanolic solution.

Another important contribution of the present work is the report that
calcein, following permeation through the skin from deformable vesicles,
exists essentially under the nonencapsulated form. This observation argues
against the passage of calcein through the SC under the encapsulated form
and the model that deformable vesicles would permeate intact through the
skin to the blood circulation. Nevertheless, one cannot completely exclude
the possibility that vesicles may be released from the skin at a latter stage
(time longer than 8 h).

These data taken altogether allow us to propose a new model to the
mode of action of deformable vesicles. According to this model, illustrated
in Fig. 10 as model 2, the drying of the drug-containing suspension of
deformable vesicles on the skin surface would lead to a highly concentrated
drug-lipid gel capable of penetrating deeply within the SC. During the
migration of the gel through the SC, the gradual transter of cholate from the
gel to the SC would result in less deformable and leaky vesicles which,
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Figure 10 Proposed models for the pathways used by deformable vesicle-associated
calcein and free calcein for reaching the blood circulation when applied to the skin.
Model 1 represents the classical model proposed by Cevc [7]. Model 2 represents the
model supported by our results. The width of the sets is related to the intensity of
calcein flux.

ultimately, would accumulate within the deep layers of the SC, where they
would act as a slow drug release system. This model differs markedly from
the classical model proposed by Cevc et al. [7] and illustrated in Fig. 10 as
model 1. The main difference is that, according to our model, the drug
would be released from the skin in the free form but not in the encapsulated
form.

Future studies varying the lipid composition and the total amount of
applied formulation should help answering to the question as to whether
this model is valid for any deformable vesicles and any dose of formulation.
Furthermore, the present work refers to the eftect of deformable vesicles on
the skin permeation of a highly hydrophilic molecule and it is possible that
the mechanism of drug penetration may depend on the physicochemical
characteristics of encapsulated compound. Indeed, the effect of deformable
vesicles on the transdermal flux of a hydrophilic compound is expected to
depend on its molecular weight. In the case of high molecular weight
compounds with very low membrane permeability, one may expect an
increase rather than a decrease of the transcutaneous flux when applied as
deformable vesicles.
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Abstract

In this chapter | will review electrical methods for inferring the surface potential
and surface charge density on lipid bilayers and the electrolyte composition at
the bilayer interface. | will review the early studies which measured electro-
static potentials between the bilayer interior and the external solution. These
include methods based on ionophores, open circuit potential measurements,
the inner field compensation and measurements of the ionic double-layer
capacitance. | will then go on to review two methods which | developed for
inferring changes in solute concentrations (solution transients) at a bilayer
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surface during solution changes which also allows simultaneous measurement
of single channel activity. These methods (1) use fast solution changes with
induce a shift in bilayer potential that can generate a transient, capacitive
current through the bilayer under voltage-clamp conditions and (2) use ion
channels embedded in the bilayer to sense solute concentrations during
solution exchange.

1. INTRODUCTION

The modern concept of cell membrane structure is that membranes
are two dimensional, oriented, viscous solutions of proteins and lipids (the
fluid mosaic model championed by Singer and Nicolson [1]). In the original
formulation of the fluid mosaic model it was believed that, on the whole,
the membrane structure is quite fluid in the plane of the membrane while
there are “islands” of restricted mobility associated with the occurrence of
phase separations of membrane components [2, 3]. However, even before
the proposal of the fluid mosaic model it was recognized that protein
function critically depends on the lipid environment [4]. It is well under-
stood that proper function of membrane proteins relies on the fluidity of the
lipid hydrocarbon chains and the chemical residues in the lipid polar heads.
Electrostatic charge on the lipid head groups is known to regulate a wide
range of biological processes including membrane adhesion, binding of
peptides, protein trafficking, and membrane transport [5].

The study of cell membrane structure using artificially produced bilayers as
an in vitro model began in 1962 with the work of Mueller ef al. [6]. Though, the
significance of such studies was realized much earlier by Langmiur and Waugh
[7]. The large area and planar geometry of these structures allowed easy access
to the aqueous phases on both sides of the membrane and thus proved to be
convenient membrane models in mechanical, electrical, and permeability
studies. Basically, the technique of Mueller ef al. [6] was to disperse the lipid
components of the membrane in a hydrophobic solvent and form a film of this
solution across a circular support submerged in an aqueous solution. The
surface active lipid components form monolayers at each oil-water interface.
The hydrophobic solution drains away from between the two monolayers
allowing them to form a bilayer. Such model membranes have been exten-
sively used to study the origin of electrostatic potentials on lipid surfaces (surface
potentials, see studies cited by Refs. [8, 9]). Several methods have been used to
measure surface potential, each probing the electrostatic potential from differ-
ent parts of the membrane solution interface [10]. Gouy—Chapman theory has
been effectively used to understand how surface potentials depend on ion
concentration, the presence of charged moieties on the lipid polar heads and
the adsorption of hormones, peptides, and drugs to the bilayer surface 8, 11].
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MacDonald and Bangham [11] were able to measure the surface poten-
tial on a lipid bilayer by rapidly establishing an electrolyte gradient across a
membrane held under open circuit conditions. The idea was to induce a
change in the surface potential on only one side of the membrane which
could be measured as a change in the potential difference between the bulk
aqueous phases on each side of the membrane. The rationale for this
approach is demonstrated in Fig. 1B. They were able to show that Gouy—
Chapman theory was indeed able to account for the magnitude of surface
potential and further went on to show that bilayer composition is very
similar to the composition of the lipid solutions from which they were
generated.

A Cis bath Bilayer Trans bath
weis___ b ____ ytrans

. v/trans

Wtrans
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Figure 1 The effect of surface potential on the trans-bilayer potential difference.
A hypothetical electrostatic potential profile across an electrolyte—bilayer—electrolyte
system. (A) In symmetric solutions the surface potentials (‘PSV — W%and P FEE )
at the bilayer—solution interfaces are equal so that the bilayer potential difference,
(P — i) is equal to the applied potential difference in the bulk solution (P —
W) (B) Under open circuit conditions, a change in surface potential on the cis side of
the bilayer causes a change in the potential difference between the bulk solutions.
(C) Under voltage-clamp conditions, a change in surface potential on the cis side of the
bilayer shifts the bilayer potential difference even though the applied potential between
the bulk solutions is unchanged.
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Both the capacitance and conductance of lipid bilayers have been used to
probe the surface charge on lipid bilayers. McLaughlin ef al. [12] used the
sensitivity of bilayer ion permeability to electrostatic potential within the
membrane to measure the surface potential. To this end they developed a
model to explain how voltage influences both the partitioning of charged
molecules into the bilayer and their rate of transport within the membrane.
Several studies [13, 14] used the voltage-dependence of bilayer capacitance
to measure bilayer surface potential. These measurements were based on the
principle enunciated by Frankenhaeuser and Hodgkin [15], that asymmetric
surface potentials cause an offset between the potential difference across
the bilayer and the potential difference between the bulk aqueous phases.
The mechanism for this is explained in Fig. 1C. The potential difference
between the aqueous phases can be directly measured via electrodes in the
bulk solution whereas the bilayer potential difference must be measured by
other means. For example, one method makes use of the fact that bilayer
capacitance is increases as an even power (~2) of voltage [16] because of
electrostriction. By adjusting the potential difference applied to the aqueous
phases to minimize the bilayer capacitance, one can determine when the
bilayer potential difference is zero. Under that condition, the applied
voltage is equal to the difference in the surface potentials on each side of
the bilayer.

A similar rationale underlay a much improved method which could
track rapid changes in bilayer surface potential, referred to as “inner
field compensation” [17]. A sinusoidal voltage was applied to the membrane
and the second harmonic of the current response indicated the presence of a
potential difference across the bilayer. The externally applied DC voltage
required to null the second harmonic was used to calculate the bilayer
“inner field”. This technique made use of the fact that both bilayer capaci-
tance and conductance increases as even powers of membrane potential.
Thus, by changing the electrolyte on one side of the bilayer they could
calculate the change in the bilayer surface potentials using the same logic as
MacDonald and Bangham [11] (see above).

A further step in the development of the method for measuring surface
potentials on lipid bilayers came with the observation that a fast change in
the ionic composition of the aqueous phase on one side of a lipid bilayer
caused the occurrence of a current transient under voltage-clamp conditions
[18]. It was realized that this was due to an ion induced change in the surface
potential on that side of the membrane. An asymmetric change in surface
potential shifts the bilayer potential relative to the voltage-clamp potential
and so induces a capacitive current through the bilayer and voltage-clamp
system. This method is very similar to that used by MacDonald and
Bangham [11] except that the measurement is simplified by using voltage-
clamp conditions rather than open circuit.
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2. BILAYER CAPACITANCE AS A PROBE FOR BILAYER
SURFACE POTENTIAL

Studies of the AC electrical properties of lipid bilayers have obtained
values of membrane capacitances ranging from 3 to 8 mF/m? depending on
bilayer composition. The first accurate measurement of the thickness of a
lipid bilayer came from measurements of the membrane capacitance using

Eq. (1) [19]:

E0€m
Cn = 1
‘ (1)

where 0 is the membrane thickness and &, is the dielectric constant of the
region containing the fatty acid chains which is ~2.1 [20]. The eftects of
ionic double layers on bilayer capacitance were first considered by applying
Gouy—Chapman theory to the bilayer water interface [21, 22]. These
studies showed that the ionic double layers have a capacitance (Cy) that
acts in series with the bilayer capacitance. The capacitance of the double
layer depends on the surface potential on the bilayer and is given by:

£0Ew P ) €08w
Cy= 0/1 cosh (226167?) which reduces to Cy4 = OT when Wy =0
(2)

The total capacitance of the electrolyte—membrane—electrolyte system is
given by

L _1. 02 ()
Cr Cy Cn

In eftect, the double-layer capacitance is equal to what is expected from
a slice of electrolyte on each side of the membrane with a thickness of one
“hypothetical” Debye length. The “hypothetical” Debye length here refers
to the Debye length of a bulk solution with an ion concentration equal to
that present at the membrane surface. Therefore, increasing either the ionic
strength of the bath or the surface potential of the bilayer will increase Cy
and hence Ct. Consequently the total capacitance of the electrolyte—
membrane system increases with ion concentration to an upper limit
given by C,, (Fig. 2). These predictions were verified experimentally for
neutral bilayers formed from glycerol monooleate [23, 24] and from zwit-
terionic (dipolar) phosphatidylcholine [25]. Therefore, one should be able
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Figure 2 Effect of ionic double layers on bilayer capacitance. The dependence of
bilayer capacitance neutral bilayers formed from glycerol monooleate/n-hexadecane
solutions. The dashed lines show the theoretical dependence expected from a double
layer—bilayer—double layer sandwich for the case when ¥, = 0 using Eqs. (2) and (3)
(after Ref. [24]).

to estimate the absolution value of W, under a specific condition by
comparing the comparing the bilayer capacitance with the capacitance
obtained in the limit of high ionic strength.

3. APPARATUS FOR MEASURING PERFUSION INDUCED
CURRENT TRANSIENTS IN LIPID BILAYERS

Bilayers separating two aqueous baths (cis and trans) were formed from
mixtures of palmitoyl-oleoyl-phosphatidylethanolamine (PE), palmitoyl-
oleoyl-phosphatidylserine (PS), palmitoyl-oleoyl-phosphatidylcholine, and
palmitoyl-oleoyl-phosphatidylinositol-4,5-bisphosphate (PIP,) in n-decane
using a modification of the film drainage technique of Mueller et al. [6].
Lipids were obtained in chloroform from Avanti Polar Lipids (Alabaster,
AL, USA). Bilayers were formed across an aperture of ~100 pum by
spreading the lipid solution across the hole using a glass bead (~1 mm
diameter) on the end of a flamed pasture pipette. Thinning of the lipid
film to a bilayer was monitored visually with 20X magnification and
electrically, using measurements of bilayer capacitance. Interference of
white light reflecting from both membrane solution interfaces of the bilayer
produced colored fringes on the unformed bilayer which vanished upon
bilayer formation giving its characteristic “‘black™ appearance. Although
spontaneous formation of the bilayer would occur within 5-10 min we
found that thinning could be triggered sooner by careful dabbing of the film
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with a clean glass bead. The bilayer chamber and schematic of the recording
apparatus is shown in Fig. 3.

Rapid exchange of solutions at the cis face of the bilayer was achieved by
puffing solutions from a tube introduced into the cis chamber such that it
covered the bilayer (Fig. 3). The methods for rapid exchange of solutions at
the cis face of the bilayer evolved during the course of these studies. Initially
solutions were introduced from a single reservoir through a PVC tube to a
stainless steel nozzle near the bilayer. Solution flow was initiated by releasing

Syringe pump Digital interface

b Patch-clamp amplifier

To other
pumps

Bilayer chamber

\\ Cis Trans

Microscope

Figure 3 A schematic of the bilayer apparatus. The bilayer chamber consisted of cis
and trans baths separated by a partition on which the bilayer was formed. A Delrin cup
formed the inner compartment and contained the frans bath. The outer compartment
(cis bath) was made from either glass or Delrin. A hole formed by spark discharge was
punched into the side of the inner chamber to produce the support for the bilayer. The
beveled PVC nozzle of the perfusion tube was positioned over the bilayer using a
micromanipulator. The nozzle was connected via quartz tubing (300 pm i.d.) and
micro manifold (2 pl dead space) to 12, glass syringes with Teflon pistons. The bath
partition near the bilayer aperture had a great deal of the lateral wall machined away to
provide adequate access for the perfusion tube and flow solution. The bilayer mem-
brane and perfusion tube was viewed under a 10—40 X binocular microscope. Electrical
connection with the bath was made using silver chloride coated silver wire. The cis
chamber was electrically grounded to prevent the tubing leading to the flow nozzle, the
reservoir and the solution they contained from becoming a source of electrical interfer-
ence. Voltage was controlled and current recorded with an Axopatch 200A amplifier
(Axon Instruments). During the experiments the bilayer current and voltage were
recorded at a bandwidth of 5 kHz.
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the pinch valve on the flexible PVC tubing. The pinch valve was fitted with
a micro switch that allowed a capacitor discharge to be recorded on the
voltage recording channel of the recording system to mark the beginning of
flow. Solution flow rate was set in the range 1-5 pl/s by adjusting the height
of the reservoir above the bilayer chamber. Lower flow rates allowed
moderate rates of solution exchange whilst conserving bilayer integrity
whereas faster rates were used to achieve rapid solution changes. Recent
experiments used more sophisticated apparatus in which perfusion could be
switched between twelve reservoirs in random sequence under computer
control. Desired flow rates were achieved using a pressure driven syringe
injection system (produced in-house).

In some experiments, ion channels were incorporated into bilayers by
adding vesicles of sarcoplasmic reticulum membrane from rabbit skeletal
muscle to the cs bath [26]. Due to the orientation of the vesicles, the
cytoplasmic side of the sarcoplasmic reticulum membrane, and the ion
channels in that membrane, face the cis solution when they fuse with the
bilayer [27].

During the experiments the bilayer current and potential were recorded
at a bandwidth of 5 kHz. Bilayer capacitance measurements (~ 5% precision
using a two terminal method) were made by measuring the amplitude of
the rectangular current response to voltage ramps. Background capacitance
attributable to the delrin cup was measured from the capacitance of the cup
when the bilayer hole was occluded by a thick lipid/n-decane film. Bilayer
capacitance (~200 pF) was calculated by subtracting the background capac-
itance (~50 pF) of the thick lipid/n-decane film from the total capacitance
(~250 pF) once the bilayer had formed.

4, EXCHANGE OF SOLUTIONS INDUCED BILAYER
CURRENT TRANSIENT

Triggering solution changes at the bilayer surface elicited a transient
current through the bilayer as shown in Fig. 4. The current depended on
the changes in ion concentration in the bath (e.g., changes in [Na™], [Cs*],
and [Ca®*], see Fig. 4A and B) and it was proportional to the bilayer
capacitance (not shown). The current transient was also sensitive to the
exchange of ion species at constant ionic strength (Na™ for Cst—Fig. 4B)
indicating that it arose, in part, from ion specific (i.e., ion binding at specific
sites on the lipids) as well as ionic strength-dependent mechanisms. This
phenomenon could not be attributed merely to a mechanical distortion of
the bilayer which would induce a microphonic current because it was not
present during solutions changes that did not involve changes in ion
composition (Fig. 4C and D). The current transient also depended on the
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Figure 4 Individual current transients induced by changing the composition of the cis
bath. Records are filtered at 100 Hz. The solution exchange begins at 200 ms after the
beginning of each trace (vertical dashed line). The bath solution (beginning of each
trace) is replaced by the perfusion solution during the transient. (A-D; bilayers com-
posed of 30% PS, 20% PC and 50% PE (by weight), data from [18] (A) 250 mM CsCl +
500 mM mannitol replaced 250 mM CsCl. (B) [Ca*"] decreased from 1 mM to 0.1 uM
whilst [CsCl] remained at 250 mM. (C) 250 mM NaCl + 0.1 mM CaCl, replaced 250
mM CsCl + 0.1 mM CaCl,. (D) The same record as in Part (B) except that the flow
valve was opened before the 250 mM NaCl from the previous puff had a chance to
dilute into the 250 mM CsCl of the cis bath. (E, F; data from [33]) (E) Addition of 0.5
mM DIDS in the presence of 250 mM CsCl to bilayers composed of PS or (F) PE.

lipid composition of the bilayers. A striking example of this was found for
the divalent anion, diisothiocyanostilbene-2',2'-di-sulfonic acid (DIDS)
which produced a large current transient in bilayer composed of PE but
had no effect on bilayers composed of PS (cf. Fig. 4E and F).

The brief spikes near the onset of solution exchange in Fig. 4 probably
do arise from acoustic effects (microphonic current) because they were
present during all solution changes and did not depend on the composition
of the bilayer of bathing solutions. In Fig. 4 the rate of solution exchange
was at the high end of the experimental range. The microphonic current
was substantially reduced when the rate of perfusion was slowed.

The way in which the current transients depended on changes in ion
concentrations suggests that they result from a change in the surface poten-
tial on the side of the bilayer facing the nozzle. An asymmetric change in
bilayer surface potential shifts the bilayer potential relative to the voltage-
clamp potential as previously proposed by others [8, 11]. This change in
bilayer potential will induce a capacitive current through the bilayer and
voltage-clamp system. We consider the possibilities that the current tran-
sients provide information about the bilayer surface potential and the time
course of solution exchange at the bilayer surface.
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5. DERIVING SURFACE POTENTIAL AND SURFACE
CHARGE DENSITY FROM CAPACITIVE CURRENT

A change in the bilayer surface potential by AW, (AP — APpore)
on only one side of the membrane shifts the bilayer potential relative to the
voltage-clamp potential by the same amount (Fig. 1). One can calculate the
size of this shift from the capacitive current, I and the bilayer capacitance, C,
as follows:

1 t
AYy=—| Id 4
‘ C,[o t )

In other words, the total shift in bilayer potential is equal to the area
under the current transient divided by the bilayer capacitance. In most
instances the acoustic current was relatively small so that integrating the
total current did not incur a significant error in estimates of A,

The origin of electrostatic potentials on lipid surfaces has been the
subject of many studies and these have been reviewed by McLaughlin
[8, 9]. There are at least two ways in which ions in the aqueous baths can
alter the bilayer surface potential. Firstly, ions can bind to the head groups of
lipids, becoming part of the bilayer and so contribute to the bilayer surface
charge density. Competitive binding of alkali metal ions to the polar groups
of lecithin has been detected using 2*Na NMR spectroscopy [28]. Further-
more, the effects of ion binding have been shown to depend on the
chemical nature both the ions and the lipid polar head groups [29]. Secondly
ions in the electrolyte will be distributed according to the electric field
associated with the surface charge on the bilayer. This has the effect of
screening the surface charge and reducing the bilayer surface potential.

Consider competition between two ion species, a and b, for a lipid head
group. The probability that the lipid is bound to a is given by

B K,C,(0)
14 K,G,(0) + K, G, (0)

(5)

a

where Kand C(0) are the association constants for each ion species and their
concentrations at the bilayer surface. The concentrations of ions at the
surface are related to their bulk values by

Ci(0) = Crexp [%‘;‘”O} (6)
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where z; are the valences of ion species, i. The net charge on each head
group is then given by

Q+Zapa+szb (7)

For an arbitrary number of ions the surface charge per lipid is given by
(each lipid molecule has a net charge of Q):

Q+ > 2K Ci(0)
14> ,KCi(0)

(8)

Using this approach, McLaughlin [30] derived the surface charge density, o,
for a lipid bilayer composed of negatively charged lipids (PS) and zwitter-
ionic lipids (PC and PE).

=P [1 - KC*(0)] 2K5PC*(0) 9
TR )+ KR 0] [+ KO 0) ©)

where
C*"(0) = C*rexp {%ﬁ}po} (10)

C(0) = CTexp [_e%] (11)

RT

where C?>* and C* (mol/m?) are the bulk concentrations of divalent and
monovalent cations, respectively, P~ and Pare the concentrations (mol/m?)
of negatively charged lipids (Q = —1) and zwitterionic lipids (Q = 0),
respectively. K; and K, (m®/mol) are the intrinsic association constants for
monovalent and divalent ions to PS head groups. Kj is the association
constant for divalent cations and the headgroups of PE and PC. The values
of Kj, K, and Kj have been determined from electrophoresis studies [30]
and their values are given in the caption of Fig. 5.

As previously stated, mobile ions in the bath screen the bilayer surface
charge and affect the surface potential. The Grahame [31] equation
(Eq. (12)) relates the surface charge density to the surface potential:

1/2
g = :l:{28r8()RTZ C,‘ [CXP (%?wo) — 1:| } (12)
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Figure 5 Measured changes in surface potential Ay, compared with Gouy—Chapman
theory. Ay at the cis bilayer surface in response to electrolyte substitution in the cis bath,
shown as ‘I"Beﬁ’re — ‘I‘;‘,ﬁer (symbols, mean of at least three measurements). (A) Ay, values,
calculated from the capacitive transients induced by solution changes in which Ca*" was
rapidly removed flowing nominally Ca®" free solutions (i.e., containing ~1 M for circles
and ~100 uM for squares). The circles show the data obtained from bilayers composed of
30% PS, 20% PC, and 50% PE (by weight) and the squares show data from 100% PS
bilayers. The lines show theoretical predictions using Egs. (9)—(12). (®) A[Ca®>"] in the
presence of 250 mM CsCL (cf. dashed line). (O) A[Ca®"] in the presence of 500 mM
CsCl. (cf. solid line) (O) A [Ca®'] in the presence of 500 mM CsCl. The model
parameters are those determined by McLaughlin et al. (1981). K; = 5 x 107>, K, =
1.2 x 1072, K3 = 3 x 1072, Lipid concentrations P~ and P were calculated from the lipid
weight-fraction multiplied by 2.28 x 107°. (B) Ay, upon rapid application of DIDS to
bilayers containing only zwitterionic lipids (PE, O, ®) and those also containing negatively
charged bilayers (PS, O, W). In the presence of 250 mM CsCl, the surface potentials
generated by application of DIDS are smaller than those in the presence of 25 mM CsCl.
Bilayers composed of PS had reduced response to DIDS application suggesting that DIDS
does not bind to PS. The model parameters from part A were used and in addition the
following parameters were determined from fits of Eqs. (12)—(16) to the data (curves).
The association constant for DIDS, K; = 5 m®/mol and F = 0.077.

In the case of a binary, monovalent electrolyte this reduces to the well
known Gouy equation. Both equations for surface charge (Egs. (9) and (12))
can be solved numerically to give the bilayer surface potential under various
experimental conditions and so calculate the voltage shifts, AW, that occur
when solutions are changed.

To test the utility of the capacitive current method for determining AW,
we compared these measured values to those predicted by solving Egs. (9)—
(12). It is noteworthy that theoretical predictions are based on parameters that
have been measured independently and do not involve any adjustable para-
meters. Figure 5A shows AW, obtained when Ca?" was removed from the
solution bathing the cis side of bilayers composed of PS, PC, and PE (data
from Laver and Curtis [18]). Ca?>* was added to solutions with ionic strengths
of 250 mM (e, O) or 500 mM (O) and the experimental determination of
AY, was in good agreement with predictions of the theory.
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We also investigated the binding of stilbene derivatives such as DIDS for
which the binding parameters had not been previously determined. Stilbene
derivatives are well known blockers of anion channels [32] and agonists for cation
channels such as the calcium release channel from the sarcoplasmic reticulum of
muscle [33]. In fact, it was during experiments measuring the effects of these
compounds onion channels that it was first apparent that stilbene derivatives bind
to lipid bilayers. Addition of DIDS to the cis solution causes a substantial capaci-
tive transient in bilayers composed of zwitterionic lipids (PE and PC, Fig. 4F).
This occurred even when the DIDS concentration (~100-500 pM) was much
less than the ionic strength of the bath (250 mM). At these low concentrations,
DIDS will not contribute significantly to charge screening so AW, is likely to be
due to a change in surface charge as a result of the adsorption of DIDS to the
bilayer surface. The presence of negative charged lipids in the bilayer could
completely abolish the capacitive currents indicating that these negative charges
repel DIDS from the bilayer (Figs. 4E and 5B). The effects of DIDS application
on surface potential is shown in Fig. 5B where it can be seen that the dependence
of A¥,, on [DIDS] is markedly sub linear. The ability of 50% and 100% mole
fractions of PS in bilayer the to decrease AW, induced by DIDS is shown in the
presence of 250 mM CsCl. Decreasing the ionic strength increased AW, induced
by DIDS as would be expected from Gouy—Chapman theory.

Equation (8) was applied to model the experimental situation with
DIDS. In order to fit the data it was necessary to assume that DIDS only
bound to a fraction, F, of the PE and PC lipid head groups. DIDS is a large
molecule compared to the polar heads of the lipids so that it is possible that
steric hindrances prevent DIDS from binding to every lipid. Equation (13)
relates the surface charge density, o, to the bilayer and bath composition:

=P [1 - KC*(0)] 2FP[K;C*"(0) — K4C?~(0)]
TN T KCH0) + KCH0)] T 1+ K3 C2H(0) + KaC2(0)]
2[1 — FJPK;C**(0) (13)
14+ K5C2*(0)]

where

—2e
C*(0) = C*exp |[——"
(0) = Cexp|

o —ewo
Ct(0) = c+exp[ RT }

C*7(0) = C*exp [Zapo}

RT
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C?~ is the concentration of DIDS and K} is its association constants with PE
and PC. The first term in Eq. (13) predicts the surface charge arising from
the binding of Ca?>" to PS in competition with Cs™. The second term
predicts the charge from competitive binding of DIDS and Ca®* to the
fraction, F, of PE or PC head groups. The last term shows the charge
contribution from Ca?* binding to the fraction of neutral lipids that do not
bind DIDS. The theory could fit the data very well when the association
constant for DIDS, K, = 5 m®/mol and F = 0.077. The value for F
indicates that DIDS can only bind to ~8% of the available lipid head groups.
The fits to the data are shown as solid curves in Fig. 5B.

6. BILAYER CAPACITIVE CURRENTS CAN BE USED
TO MONITOR SOLUTION EXCHANGE

By examining Eq. (4) one can see how the capacitive current transient
can be used to derive the time course of AW, and hence infer the time
course of the ion concentrations at the bilayer surface. The accuracy of the
capacitive current method for monitoring solution changes was tested by
comparing the [Cs™]| time course predicted by this method with that
obtained independently from the Cs* current through a calcium release
channel from the sarcoplasmic reticulum of rabbit skeletal muscle. In the
experiment, shown in Fig. 6A, a calcium release channel was incorporated
into a lipid bilayer as described above. The CsCl concentration in the cis
bath was lowered from 500 to 100 mM over a period of 500 ms. The
channel is well suited to sense the local [Cs™] because the unitary current
through the channel has a linear dependence on [Cs™*] between 100 and 500
mM at an applied voltage of 40 mV. Thus, the channel is being used as a
biosensor for the local [Cs™] in the cis bath. Channel openings are seen as
upward current steps from the baseline and during the solution exchange
the channel current decreases. Figure 6B shows the time course of [Cst]
calculated from the channel current amplitude (m). The capacitive current
induced by the solution change is seen as a negative deflection in
the channel baseline current. Equation (4) was used to calculate AW(f)
and Egs. (8)—(12) were used to infer [Cs™] using the parameters for mono-
valent ion binding to the bilayer listed in the caption to Fig. 5. Figure 6B
shows the time course of [Cs™] calculated from the integral of the current
transient is not significantly different to that determined from the channel
Cs™ current.
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Figure 6 Tracking solution composition during perfusion using capacitive current and
ion channels as biosensors. The effect of a rapid reduction of cis [Cs'] from 500 to
100 mM on a bilayer (30% PS, 20% PC, and 50% PE) containing one sarcoplasmic
reticulum, calcium release channel from skeletal muscle. The channel was activated by
the presence of 100 UM Ca>" in the cis bath which was present throughout the solution
exchange. The bilayer potential was clamped at 440 mV and channel openings are seen
as upward steps. The trans bath contained 50 mM CsCl plus 100 pM CaCl,. (A) The
dashed line labeled ‘“C”’ indicates the level of the current baseline and the RyR closed
state prior to the solution change. At time = 0 (time scale shown in part (B)) the flow
valve was opened. The first sign of a baseline shift (capacitive current) and the onset of
solution exchange are seen at time = 80 ms. During the solution change the channel
current is reduced. (B) The time course of [Cs '] inferred from the data in ““A’’ using
two independent approaches. (W) [Cs™] time course predicted from the linear relation-
ship between the RyR current and cis [Cs'] under these experimental conditions.
(Solid line) [Cs™] time course predicted from the capacitive current induced by the
solution change using Eqs. (9)—(12) (figure from Ref. [18]).

7. BILAYER CAPACITIVE CURRENTS CAN BE USED
TO MONITOR CHANGES IN LiPID COMPOSITION

A number of important biological processes involve chemical modifi-
cation of the lipids in the cell membrane. Inositol trisphosphate (IP3) is
intracellular second messenger molecule that triggers a wide range of Ca?*
signaling events in the cytoplasm. It is liberated from the membrane as a
result of cleavage of the head group of phosphatidylinositol-4,5-bispho-
sphate (PIP,) by the enzyme, phospholipase C (PLC). This reaction con-
verts the negative lipid, PIP; to a neutral lipid called diacylglycerol (DAG).
Therefore, one would expect to be able to change the surface charge density
of bilayer composed of PIP, by exposing them to PLC. To see if such a
process would cause a detectable capacitive current, PLC (10 pg/ml) was
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applied to bilayers composed of PIP, (30%), PS (20%), and PC (50%). PLC
was added to the perfusing solution and was repeatedly applied to bilayers for
periods lasting 8—15 s. Between each application the perfusion was stopped
and the PLC was permitted to dilute into the cis bath. Three such experiments
are shown in Fig. 7. The control experiment in Fig. 7A shows the current
induced by PLC in bilayers that did not contain PIP, (the bars show periods of
application). There were current peaks that coincided with application and
removal of PLC but there was no current that correlated with the sustained
presence of PLC during perfusion. In Fig. 7(B and C), two experiments are
shown in which PLC was added to bilayer containing PIP,. The application
and withdrawal of PLC produced pronounced capacitive transients which
presumably come from binding of PLC to the lipid bilayer since PLC was the
only component that differed between the perfusion and bath solutions. What
was also clear from these experiments was a sustained, 0.2 pA current that
correlated with the presence of PLC at the bilayer surface. This current
corresponds to a decrement of 1 mV/s in ¥, which in turn equated to a
loss of negatively charged lipids at a rate of ~ 1%/s.

A PLC
PC:PS
80: 20

B
PC:PS:PIP,
50:20: 30

C

’] PC:PS:PIP,

50:20: 30

20s
0.2pA

Figure 7 Changes in bilayer lipid composition during enzymatic treatment. Record-
ings of bilayer current during intermittent perfusion of the bilayers with solutions
containing PLC (indicated by the horizontal bars). The cis bath solution contained
250 mM CsCl and the perfusing solution contained the same plus 10 pg/ml PLC.
Bilayers were formed from solutions containing (A) PC and PS (80:20), (B, C) PC, PS,
and PIP2 (50:20:30).
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8. CONCLUSIONS

An electrical method for inferring rapid changes in the concentrations
of bilayer surface charge and electrolyte concentrations was evaluated in the
context of previous developments by other laboratories. Changes in surface
potential were detected by the capacitive current they induced under
voltage-clamp conditions. Using the ion binding properties of the bilayer
lipids previously determined from electrophoresis experiments by
McLaughlin [30], and the use of Gouy—Chapman theory it was possible
to get a very close agreement between experimental and theoretical esti-
mates of surface potential under a range of ionic conditions. These indicate
that capacitive currents induced by changing the electrolyte composition on
one side of the membrane is indeed suitable a method for obtaining AW¥,,.
The capacitive transient method for predicting ion concentrations at the
bilayer surface was cross checked with another method using the conduc-
tance of an ion channel to sense the concentration of conducting ions.
The surprisingly good agreement between these two methods again indi-
cates that bilayer capacitive current can be used to monitor solution
exchange as the bilayer surface.

It appears that capacitive currents can be used to detect catalysis of lipid
polar heads. However, the current induced by this process are extremely
small and this limits the use of the methods for this purpose. The capacitive
current method 1s better suited to situations where changes in the bilayer
surface charge are rapid. For long-term effects such as lipid catalysis it would
be better to measure bilayer voltage using the IFC method which has been
successfully used to track the surface charge on PC bilayers under the action
of phospholipase A, [34].
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Abstract

Micropatterned phospholipid bilayers on solid substrates offer an attractive
platform for various applications, such as high throughput drug screening. We
have developed a photopolymerization-based methodology for generating
micropatterned bilayers composed of polymerized and fluid lipid bilayers. The
polymeric bilayer acts as a framework that supports embedded lipid mem-
branes with defined boundaries. The embedded lipid membranes, on the
other hand, retain some important characteristics of the biological membrane
such as fluidity, and are used as a model system. The fact that polymeric and
fluid bilayers are integrated as a continuous bilayer membrane gives various
unique features to the model membrane. For example, enhanced incorporation
of fluid bilayers by preformed polymeric bilayer scaffold was observed. The
lateral mobility of membrane-associated molecules could also be modulated by
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controlling the composition of polymeric and fluid bilayers, resembling the
obstructed lateral diffusion in cellular membranes. Owing to these features,
micropatterned composite membranes of polymeric and fluid lipid bilayers
provide a versatile platform for constructing complex model systems of the
biological membrane, which should be useful for basic biophysical studies as
well as biomedical applications.

1. INTRODUCTION

1.1. Substrate-Supported Planar Lipid Bilayers

Artificial model membranes have a long history of playing important roles in
the development of our understanding on the structure and function of the
biological membrane [1—4]. Various types of model systems have been
developed, including Langmuir monolayers, planar bilayers (black lipid
membranes), liposomes (lipid vesicles), and substrate-supported planar
bilayers (SPBs). SPBs are a relatively new type of model membranes intro-
duced in the 1980s [5-7]. They typically comprise a single lipid bilayer
adsorbed on the solid surface by physical interactions or chemical bonds.
The lipid bilayer is trapped in the vicinity of the surface by colloidal
interactions with an estimated separation of about 10 A [8]. The presence
of a water layer ensures lateral mobility of lipid molecules in the bilayer
(fluidity), which is an important property of the biological membrane [7].

SPBs have some unique features compared with other formats of model
membranes. First, they are mechanically stable due to the fact that the mem-
brane is supported by a solid surface (in contrast to free-standing black lipid
membranes). Second, there are various optical and electrochemical analytical
techniques that can detect interfacial events with an extremely high sensitivity,
such as surface plasmon resonance (SPR) and quartz crystal microbalance
with dissipation monitoring (QCM-D) [9-12]. These features render SPBs
highly attractive for the development of devices that utilize artificially mimicked
cellular functions [7, 13]. One pertinent shortcoming of SPBs is, however, their
inherent limited stability. Possible pathways to improve the stability include the
use of self-assembled monolayers [14], tethered lipopolymers to the surface
[15—17], and polymerizable lipids |2, 18, 19].

1.2. Micropatterning Substrate-Supported Planar
Lipid Bilayers

One important feature of SPBs is the potential to generate micropatterned
membranes on the substrate by utilizing various microfabrication techniques.
As mentioned above, lipid molecules diftuse laterally in SPBs. Therefore, all
components are randomly mixed in continuous SPBs, unless there is a
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spontaneous phase separation in the lipid membrane. However, one could
also block mixing by imposing various types of diffusion barriers to the
membrane, as pioneered by the group of S.G. Boxer [20, 21]. The separation
of SPBs into distinct areas allows the creation of designed microarrays of
model membranes and should facilitate various new applications, such as
high throughput drug screening [22]. There have been several micropattern-
ing approaches reported to date. Developed methods are summarized chro-
nologically in Table 1. Some examples of patterning methods are
schematically depicted in Fig. 1. The patterning principles can be categorized
into three types. The first type is spatially controlled deposition or removal of
lipid membranes. This approach includes the use of mechanical scratching
[23], microcontact-printing [24, 25], microfluidics [26—28], micropipettes
[29], scanning probe microscope tips [30-32], inkjet printer [22], and air
bubble collapse [33]. The second type is the deposition of lipid membranes
on prepatterned substrates. In this approach, materials on which lipid mem-
branes do not adsorb or form SPBs (e.g., metals and polymeric materials) are
prepatterned on the substrate and lipid membranes are subsequently intro-
duced [20, 34, 35]. Materials such as self-assembled monolayers and proteins
were reported to be an effective barrier to confine lipid bilayers [36—38]. The
third type is photolithographic modification of lipid bilayers. This approach
includes decomposition of lipid membranes by deep UV light and UV
polymerization of lipid bilayers [39, 40]. Each type of micropatterned bilayer
has pros and cons in various properties, such as the ease of fabrication, pattern
size, stability, adsorption of biologically relevant molecules, etc. Therefore, a
suitable technique is usually adopted for individual applications. Micropat-
terned lipid membranes have been applied to various basic biological studies
such as immunological synapse formation [41] and signal transduction in cells
[42]. They also provide an attractive platform for microarrays of membrane
proteins [22].

1.3. Micropatterned Composite Membrane of Polymerized
and Fluid Lipid Bilayers

We have recently developed a methodology to create micropatterned
SPBs composed of polymerized and fluid lipid bilayers, where the poly-
merized bilayer forms an integrated matrix with the embedded fluid bilayers
[40, 43—45]. Micropatterned SPBs are fabricated in four steps, as illustrated
in Fig. 2: (A) formation of a monomeric bilayer on a solid substrate, (B)
photolithographic polymerization by UV light, (C) removal of the non-
reacted monomers, and (D) refilling the lipid-free regions with new lipid
bilayers. In this configuration, polymeric bilayers act both as a barrier for the
lateral diffusion of membrane-associated molecules and as a stabilizing
framework for embedded SPBs.
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Table 1 Chronological summary of patterning methods

Patterning methods Year’ Type® References

Patterning by scratching membranes with 1995 1 [80]
tweezers

Bilayer on patterned substrate of metal and 1997 2 [20, 34]
polymer

Bilayer on microcontact-printed SAM 1998 2 [36, 37]

Spatially addressable arrays by micropipette 1999 1,2 [29]

Pattern formation by a scanning probe 2000 1 [30-32]

microscopy tip

Patterning by microcontact-printed proteins 2000 2 [38]

Patterning by microcontact-printed bilayers 2000 1 [24]

Patterning by microfluidics 2000 1 [26-28]

Patterning by polymerized lipid bilayer 2001 2,3 [40]

Lipid self-spreading on microstructure 2001 2 [81]

Membrane protein microarray by inkjet 2002 1 [22]
printing

Patterning by parylene lift-off 2003 2 [82]

Patterning by deep UV light 2004 3 [39]
decomposition of lipids

Patterning by hydrogel stamping 2005 1 [25]

Patterning by enzyme lithography 2005 1 [83]
using lipases

Micropatterned corrugation of substrate 2006 2 [84]

Patterning by air bubble collapse 2007 1 [33]

* The year corresponds to the time of first publication in major scientific journals. It may differ from the
time the technique was actually developed or introduced in scientific meetings.

® Types of the patterning methods: (1) spatially controlled deposition or removal of lipid membranes;
(2) deposition of lipid membranes on prepatterned substrates; (3) photolithographic modification of
lipid membranes.

Polymerization of lipidic molecules in lyotropic, self-assembled aggre-
gations (lamellar, cubic, inverted hexagonal, etc.) has been studied exten-
sively in the last several decades (see Fig. 3 for general structures) [2, 18].
In particular, stabilization of lipid vesicles (liposomes) by polymerization of
lipids has been studied in conjunction with the potential application for
encapsulation of medicinal materials (drug delivery) [46]. Lipid molecules
having various moieties (e.g., dienoyl, sorbyl, diacetylene) were synthesized
and polymerized in situ within the bilayers. Upon polymerization, the
bilayers became significantly less soluble in organic solvents or detergent
solutions [47—49]. In addition, a decrease in the lateral diffusion constant
and the permeation coefficient of the bilayers was observed [50, 51]. More
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Method type 1: Spatially controlled deposition or removal of lipid membranes
(example: blotting with a PDMS stamp)

m Eﬂ — PDMS —>\_|_|_|_|_I

Substrate ﬁ

Method type 2: Deposition of lipid membranes on pre-patterned substrates

Vesicles O
Barriers (metal, O
polymer, etc.) —) O

i i

Lithographic
illumination

vy vy

—p Modified regions
V

Figure 1 Schematic illustration of pattering methodologies.

recently, polymerization of SPBs on planar substrates or capillaries has been
reported [19, 52-54]. For the present study, a diacetylene phospholipid,
1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine  (DiynePC),
has been used (Fig. 3). The choice of the diacetylene group for polymeriza-
tion of bilayers was based on the following two properties: (i) diacetylene
molecules can be polymerized efficiently in an ordered state (i.e., topo-
chemical or solid-state polymerization) [55] and (ii) polydiacetylenes form
long conjugation of ene—yne backbones that absorb UV/visible light
strongly, and certain types of polydiacetylenes show a marked fluorescence
(Fig. 4). These properties facilitate the characterization of the polymers
both spectroscopically and microscopically. Figure 5 shows fluorescence
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Figure 2 Schematic of the pattering method.

micrographs of a patterned bilayer. In Fig 5A, the polymerized bilayer is
observed due to the fluorescence from a conjugated polymer backbone.
Lipid bilayers of egg-PC containing 1 mol% of TR-PE were incorporated
selectively into the square-shaped areas (corrals) where monomers had been
protected with the mask during the lithographic UV exposure and selec-
tively removed with a detergent solution (0.1 M sodium dodecylsulfate,
SDS; Fig. 5B). The bilayers are continuous and fluid within the areas
surrounded by the polymeric bilayers (corrals) as demonstrated by the
formation of a concentration gradient of negatively charged TR-PE upon
application of an electric field (Fig. 5C and D).

Compared with other approaches, micropatterning of SPBs by litho-
graphic polymerization of lipid bilayers is unique in that polymeric and fluid
bilayers are integrated as a continuous membrane. This feature gives various
unique advantages and possibilities to the micropatterned model membrane,
as discussed in the following sections.
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Figure3 The general structures of polymerizable lipids and some examples (DiynePC
and DenPC).

2. LITHOGRAPHIC POLYMERIZATION
OF LiPID BILAYERS

The first step for generating micropatterned model membranes is the
formation of polymeric bilayers in a structurally and spatially controlled
manner. A typical procedure for this step is as follows. Two leaflets of
DiynePC monolayers (monomer) were deposited onto solid substrates
from the air/water interface, successively by the Langmuir—Blodgett (LB)
and Langmuir—Schaefer (LS) methods. We did not use the vesicle fusion
method for the deposition of DiynePC because of its high-phase transition
temperature. Thus, formed bilayers underwent a photolithographic
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Figure 4 Absorption and fluorescence spectra of a polymeric DiynePC bilayer on
quartz substrate. (A) Absorption spectrum before (a) and after the polymerization (b).
(B) Fluorescence excitation/emission spectra: The excitation spectrum (solid line) was
obtained by measuring the emission at 600 nm. The emission spectrum (dashed line)
was obtained by the excitation at 430 nm. (Reprinted with permission from Ref. [43],
Copyright: 2002 American Chemical Society.)

Figure 5 Fluorescence micrographs of a patterned bilayer on a glass substrate.
(A) Fluorescence from polymerized DiynePC bilayers (UV irradiation dose: 4.4 J/cm?).
(B) Fluorescence from TR-PE doped egg-PC bilayers incorporated in the wells
between polymerized bilayers (corrals). (C, D) Induction of the TR-PE concentration
gradient by the application of an electric field. The size of corrals was 50 pm.
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polymerization by placing a contact lithography mask on the bilayer surface
during the photopolymerization. After the UV irradiation, nonreacted
monomers were removed selectively by immersing the sample in a deter-
gent solution (0.1 M SDS) for 30 min (25 °C). Figure 6 shows the in situ
AFM images of a patterned polymeric bilayer. The grid-shaped area in
Fig. 6A is the polymeric bilayer (UV irradiation: 5.0 J/cm?), whereas the
square-shaped areas are voids formed after removing monomers by SDS.
Figure 6B is a magnified view of the boundary region marked in (A). The
boundaries of the polymeric bilayers were rather uneven, presumably due to
the limited resolution of the currently applied photolithography setup. The
height step between the polymer film and corral was 5.1 nm, as shown in
the line cross-section, which agrees favorably to a bilayer thickness [44, 56].

As described above, diacetylene polymerizes only in an ordered state
(i.e., topochemical or solid-state polymerization) [55]. The efficiency of
polymerization depends very sensitively on the factors that affect the
molecular packing, such as the structure of molecules, substrate materials,
and the way molecules are deposited onto the substrate [57-59]. For
investigating the eftect of molecular structures, we compared the photo-
polymerization behaviors of a diacetylene-containing single-chain amphi-
phile (monoalkylphosphate) and a phospholipid (DiynePC) [43].
Monoalkylphosphate showed a markedly higher reactivity compared with

>
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0 2 4 6 0 500 1000
Height (nm) Position (nm)

Figure 6 AFM image (80 X 80 pm?) of a patterned polymeric bilayer after the SDS
treatment (A). The image in (B) is a magnification (1 X 1 pm?) of the boundary of
polymeric bilayer marked. A histogram of height distribution and a line profile
measured along the line are given in the lower row.
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the phospholipid, resulting in a longer conjugation of the ene—yne back-
bones due to its favorable molecular packing in the bilayer. However at the
same time, it developed large domain structures with defects and made the
polymerized film mechanically less stable. The phospholipid (DiynePC), on
the other hand, showed a high stability of polymerized bilayers. The higher
stability of polymerized DiynePC bilayers should be, at least in part, due to
the fact that each molecule has two polymerizable groups and the formed
polymeric chains are cross-linked. The packing difficulties of the phospho-
lipid also seem to prevent the formation of sharp domain boundaries.
Photopolymerization of diacetylene amphiphiles in SPB also showed strong
dependency on the underlying substrates. For example, the presence of a
thin polymer layer on the substrate surface could alter the polymerization
process of the bilayers significantly, as shown in Fig. 7.

Another important factor that influences the polymerization is the
method for depositing monomeric lipid molecules onto the substrate. We
discovered that the homogeneity of polymerized bilayers from DiynePC
was very sensitively influenced by the film deposition temperature and
alternatively by the annealing/quenching protocols [56]. Whereas DiynePC
bilayers (monomer) deposited at a temperature below the triple-point
temperature of DiynePC monolayers (~20 °C) formed homogeneous
polymeric bilayers, those deposited at a temperature higher than the
triple-point temperature showed a markedly increased number of line
defects (Fig. 8). (Below the triple-point temperature, a direct transition
from a gaseous state to a liquid condensed state occurs, whereas a coexis-
tence plateau between the liquid expanded and liquid condensed phases is

Quartz Oxidized Si

W Bare

Y

/ Chitosan

J ] L

400

500 400 500
Wavelength (nm)

Figure 7 Fluorescence excitation spectra of polymerized DiynePC bilayers were
compared on quartz and oxidized silicon substrates, which were modified with a thin
layer of chitosan. The emission was measured at 600 nm. (Reprinted with permission
from Ref., [43], Copyright: 2002 American Chemical Society.)
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Figure 8 (A) n-A isotherms of DiynePC Langmuir monolayers at 16 and 28 °C.
(B) Fluorescence micrographs of polymeric DiynePC bilayers prepared by the LB/LS
method at 16 and 28 °C, followed by SDS treatment and backfilling with egg-PC. The
polymeric bilayers were observed by the NIBA filter set (left side), whereas the back-
filled fluid membranes were selectively observed by the WIY filter set (right side). The
scale bar corresponds to 20 pm. (Reprinted with permission from Ref. [56]. Copyright:
2007 American Chemical Society.)

observed above this temperature [60].) The differences were attributed to
the domain structures in the monolayer on water surface. Since the progress
of polymerization as detected by the polymer-backbone conjugation (UV/
visible absorption spectra) and the residual film thickness (AFM and ellip-
sometry) were unaffected by the film deposition temperatures, the domain
size, rather than the molecular packing in each domain, were postulated to
play a critical role. Changes in the spontaneous curvature and film area are
the plausible source of destabilization and detachment of the films upon
polymerization. These results highlight the importance of controlling the
domain structures of polymerized bilayers for generating homogeneous
polymeric bilayers.

3. INCORPORATION OF FLUID LIPID BILAYERS

In the present micropatterning methodology, the lipid-free regions
that were generated by photolithographic polymerization of bilayers and
removal of nonreacted monomers should be subsequently filled with lipid
membranes. These membranes retain the physicochemical features of the
biological membrane, such as lateral mobility of membrane components
(fluidity), and are intended to be used as a model system of the biological
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membrane. Incorporation of SPBs into the voids has been typically
achieved by the adsorption and subsequent reorganization of phospholipid
vesicles on the substrate (vesicle fusion) [5, 10, 61-64]. Vesicle fusion is a
self-assembly process widely used for the preparation of SPBs. However,
successful preparation of SPBs via vesicle fusion also poses significant
technological challenges for many types of substrate (such as hydrophilic
polymers and self-assembled thiol monolayers) and lipid (such as negatively
charged phospholipids), because it is not always possible for vesicles to
overcome an energetic barrier of rupturing on the surface (Fig. 9) [61].

In the present micropatterned model membrane, polymeric scaftolds and
incorporated fluid membranes have the same bilayer structure. This fact
gives a unique advantage for incorporating fluid lipid bilayers. We have
recently reported that incorporation of SPBs by the vesicle fusion method
was significantly accelerated by the presence of preformed polymeric
bilayers [65]. Total internal reflection fluorescence microscopy (TIR-FM)
observations revealed that vesicle fusion started at the boundary of the
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Figure 9 Schematic drawing of vesicle fusion processes occurring on the substrate
surface with (A) and without the presence of polymeric a bilayer edge.
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polymeric bilayers and propagated into the central part of the lipid-free
regions. Figure 10 shows a vesicle fusion process on a patterned DiynePC
bilayer substrate (20 pm stripe). For visualizing the vesicle fusion event
more clearly, very low concentration of the labeled vesicle suspension (egg-
PC/TR-PE, 30 mol%; 0.1 uM total lipid concentration) was first applied to
the patterned DiynePC substrate and subsequently diluted with nonlabeled
vesicles. Labeled vesicles are visible as bright dots, even though fluorescence
from TR-PE is quenched to a large extent (Fig. 10B). The vesicles adsorbed
preferentially on the glass surface between the patterned DiynePC bilayers.
Unlabeled egg-PC vesicles were subsequently added with a much higher
concentration (100 pM). Figure 10C shows the TIR-FM observation 5 min
after the addition of the unlabeled vesicles. The fluorescence intensity of
individual dots increased significantly by mixing of labeled and unlabeled
bilayers. A closer inspection reveals that there are continuous fluorescent
domains arising near the boundaries of DiynePC bilayers, which are most
likely SPB patches. The fluorescent domains expanded from the boundaries
toward the central regions of the stripes as shown in Fig. 10D and E, and
finally formed a continuous bilayer within these areas (Fig. 10F).

The kinetics of vesicle fusion in the presence of preformed polymeric
DiynePC bilayers was studied by QCM-D. Micropatterned polymeric
bilayers with different stripe widths (10200 pm) were generated in order
to investigate the effect of the number of boundaries per unit area on the
vesicle fusion process. Since the stripe width was approximately the same for
the polymerized bilayers and lipid-free regions, the area available for the
incorporation of new lipid bilayers was roughly half of the original silica-
coated sensor, regardless of the width of the stripes. Figure 11 shows the
measured responses in Afand AD (fifth harmonics: 25 MHz) obtained for
the application of 140 pM egg-PC vesicles containing 1 mol% TR-PE on
the substrates with 3 stripe widths (10 pm, 50 pm, and 200 pm). The
obtained QCM-D response on the SiO, substrate showed a characteristic
two-phase process, similar to previous reports [10, 63]. In the first phase, Af
decreased and AD increased due to the adsorption of vesicles with trapped
water (inside and between vesicles). In the second phase, the adsorbed
vesicles ruptured and formed SPB, releasing trapped water as indicated by
the increase of Af and decrease of AD. On homogeneously polymerized
DiynePC bilayer, on the other hand, Af and AD did not change upon
vesicle introduction. Vesicles apparently did not adsorb on the DiynePC
bilayer surface. For the patterned substrates, the QCM-D profiles revealed
smaller humps of Afand AD compared with the case of SiO,, indicating
that the amount of vesicles accumulated before SPB formation was smaller.
This tendency was more prominent on substrates with a higher density of
boundaries. No hump of Af was observed for the sample with 10-pm
stripes, suggesting a rapid transformation of adsorbed vesicles into SPB.
Regardless of the stripe width of patterned DiynePC bilayer stripes, the
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Figure 10 TIR-FM images of the vesicle fusion process on a glass substrate with
patterned DiynePC bilayer. Application of vesicle suspensions was conducted in two
steps. A dilute suspension of egg-PC vesicles (0.1 ptM) containing 30 mol% TR-DHPE
was first added and incubated for 5 min. Subsequently, unlabeled egg-PC vesicles were
added at a much higher concentration (100 tM). Formation of SPBs was visualized with
the increased fluorescence intensity (dequenching) due to the mixing of labeled and
unlabeled bilayers. (A) Image obtained before the addition of labeled vesicles. The
bright stripes are patterned DiynePC bilayers. (B) Image obtained after the addition of
egg-PC vesicles containing 30 mol% TR-DHPE. Vesicles adsorbed preferentially on
the glass surface. (C-F) Images obtained after the addition of unlabeled vesicles: SPBs
were formed preferentially at the boundaries of DiynePC bilayer and expanded toward
the central region of lipid-free stripes (D, E) and fused some independent domains
(marked by an arrow in (E), finally covering the glass surface completely (F). The inset
in each image is an intensity profile measured along the dotted line. The scale bars
correspond to 40 pm. The elapsed time after the introduction of unlabeled vesicles is
given at the top of each image. (Reprinted with permission from Ref. [65]. Copyright:
2006 Biophysical Society.)
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Figure 11 (A) QCM-D measurements of the vesicle fusion process on SiO, substrates
with patterned DiynePC bilayers: Afand AD were plotted during the fusion of egg-PC
vesicles (140 uM) containing 1 mol% TR-DHPE on SiO, (no DiynePC bilayer: solid
line), homogeneously polymerized DiynePC bilayer (dash-double dotted line), and
patterned DiynePC bilayers. The patterned DiynePC bilayers had stripe widths of
10 pm (dashed line), 50 pm (dotted line), and 200 pm (dash-single dotted line).
(B) Plot of vesicle fusion duration and maximum AD values versus inverse of stripe
widths (the results of SiO, substrate were also incorporated): (A) Duration of vesicle
fusion plotted versus the inverse of stripe widths. A line is given just to guide the eyes.
(B) Maximum AD values plotted versus the inverse of stripe widths. The AD values
were normalized, considering different areas of exposed SiO, for patterned substrates.)
(Reprinted with permission from Ref. [65]. Copyright: 2006 Biophysical Society.)

final Afwas approximately half of that obtained on homogenous SiO, and
the dissipation was near zero, corroborating the formation of SPBs in the
previously lipid-free regions. We plotted the duration of vesicle fusion and
the normalized maximum AD value as a function of the inverse of stripe
widths (density of bilayer boundaries). Figure 11B (upper row) shows the
duration of vesicle fusion, which was defined as the point where Af values
became constant after the formation of SPBs. The time needed for vesicle
fusion decreased by the presence of preformed DiynePC bilayers. The
reduction was significant also for large stripe widths (>50 pm), and rather
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leveled off for smaller stripe widths (20 pm and 10 pm). On the other hand,
the maximum AD values, which represent the amount of vesicles accumu-
lated temporarily on the substrate surface before transforming into SPBs,
decreased linearly with the inverse of stripe widths (Fig. 11B; lower row).
(These values were normalized considering the area occupied by the newly
incorporated SPBs.) These results suggest clearly that vesicle fusion was
accelerated in the presence of preformed polymeric bilayer domains, reduc-
ing the amount of transiently adsorbed vesicles.

Facilitated incorporation of fluid SPBs by preformed DiynePC bilayers
has the following implications. First, accelerated vesicle fusion indicates that
it is energetically favorable to incorporate guest SPBs into the matrix of
DiynePC bilayers. In order to obtain an energetic gain, these two types of
bilayers should be forming a continuous hybrid membrane, sealing the
edges of DiynePC and fluid lipid bilayers. The formation of such hybrid
membranes is the most important feature of the present micropatterning
strategy, because the polymeric bilayers can act both as barriers for the lateral
diftusion of membrane-associated molecules and as a scaffold to stabilize
incorporated fluid bilayer membranes. The enhanced vesicle fusion by the
presence of preformed polymeric bilayer scaffold also suggests the possibility
that a wider variety of lipid membranes, including native cellular mem-
branes, may be incorporated into micropatterned bilayers due to the cata-
Iytic eftect of preformed bilayer edges.

4, CONTROLLING THE RATIOS OF POLYMERIZED
AND FLUID LiPID BILAYERS

One of the unique features of the present micropatterning strategy is
the fact that the area fraction of polymeric bilayers can be regulated by
changing the UV irradiation dose applied for photopolymerization. This
feature gives a possibility to generate composite membranes of polymeric
and fluid lipid bilayers, where two types of lipid membranes are mixed as
nanometer-sized domains. Figure 12A shows the amount of polymeric
bilayers estimated by the ellipsometry for varied UV doses. The average
thickness increased as a function of the applied UV irradiation dose, reach-
ing a plateau between 4.0 and 5.5 J/cm?, and slightly decreasing above
6.0 J/cm?. Since the thickness of individual bilayer domains should be
constant, a higher thickness indicates a higher coverage by polymeric
bilayers. From the AFM observations, we suppose that the increase of
polymer coverage was due to the increase in the number of polymeric
bilayer domains without significant changes in their sizes. For estimating
the amount of incorporated fluid bilayers within the matrix of partially
polymerized DiynePC bilayers, we prepared composite membranes of
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Figure 12 (A) The amount of polymerized DiynePC that remained on substrate after
the SDS treatment was measured by the ellipsometry and plotted versus UV irradiation
dose. The thickness represents an average value of polymeric bilayers and voids.
(B) The fluorescence intensity of TR-PE arising from incorporated lipid bilayers was
plotted versus the amount of polymerized DiynePC measured by the ellipsometry.

polymeric DiynePC and fluid bilayers (egg-PC containing 1 mol% TR-PE)
and measured fluorescence arising from the fluid bilayer fractions. The
fluorescence intensity was plotted versus the amount of polymerized Diy-
nePC bilayers determined by the ellipsometry (Fig. 12B). The amount of
incorporated lipids decreased linearly with the amount of preformed poly-
meric bilayers. This result is a clear indication that polymeric and fluid
bilayers are forming a single layer of composite membrane. Interestingly,
the fluorescence intensity from TR-PE was not zero for samples with
the maximum polymer coverage. It may suggest that polymeric bilayers
do not completely cover the surface even for the maximum coverage
reached in the present experimental conditions. An alternative possibility
is that there are some adsorbed lipid materials on the polymer surfaces.
However, based on the QCM-D results, we do not suppose that this
factor has a major contribution to the observed fluorescence (data not



124 K. Morigaki

shown). By extrapolating the linear relation to the x-axis, the theoretical
thickness for complete bilayer coverage could be estimated to be 4.4 nm.

Polymeric bilayer domains can act as an obstacle for the lateral diffusion
of membrane-associated molecules. We determined the degree of obstruc-
tion as a function of the fraction of polymeric bilayers. The lateral diffusion
coefficients of lipids (TR-PE) were measured by using the fluorescence
recovery after photobleaching (FRAP) method. In the case of egg-PC/TR -
PE bilayers on a glass substrate (no polymer), the average diftfusion coeffi-
cient was determined to be 1.6 £ 0.4 pm?/s. This value agrees well with the
results in the previous reports [66—70]. The results of partially polymerized
DiynePC bilayers are compiled in Fig. 13. The diftusion coefficients were
normalized to the obstacle-free diffusion (i.e., 1.6 pm?/s) and expressed as
relative diffusion coefticients, D*. The area fractions of polymeric bilayers ¢,
on the other hand, were derived by dividing the film thickness from
ellipsometric measurements with the theoretical thickness corresponding
to the full coverage (i.e., 4.4 nm). The diffusion coefficients decreased
monotonically as a function of the area fraction, and were found to be
nearly zero for a higher ¢ (above ca. 0.7). The decrease was linear at low
obstacle area fractions below 0.4. The effective obstruction observed in this
regime should be ascribed to the small size of polymeric bilayer domains.
We observed that a finite lateral diffusion remained for the area fraction
between 0.4 and 0.7, and did not find a clear threshold at which the
diffusion coefticient became zero. The increased coverage of the substrate
surface with the polymeric bilayer domains, as indicated by the domain
fraction in the AFM images, has most likely acted as an effective obstacle for
the long-distance diffusion of lipid molecules [44]. For a sufficient
UV-irradiation dose, the lateral diffusion of lipid molecules was completely
hindered by the polymer domains.

1.0

0.5 1

Relative diffusion coefficient (D*)

0.0 L : : —@— aa
00 02 04 06 08 1.0

Area fraction of obstacle (c)

Figure 13 Relative diffusion coefficients of TR-PE in the composite membranes were
plotted as a function of the area fraction of polymeric bilayers (obstacles) obtained from
the ellipsometry and fluorescence microscopy.
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These results suggest that one could modulate the lateral mobility of
membrane-associated molecules by purposefully designing the geometry
and degree of polymerization. In this way, one should be able to construct
arrays of lipid bilayers that are not completely isolated but partially
connected. A simplified conceptual illustration is given in Fig. 14.
Figure 14A schematically depicts the procedure for generating a patterned
bilayer film with spatially defined polymerization profiles. Either by using a
contact mask with varied transmission profiles or by conducting successive
exposure with multiple protection patterns, one can modulate the UV dose,

A
Fluid i Composite i Polymeric
membrane i membrane i membrane

B Permeable channel connecting
two fluid bilayer membranes

Figure 14 (A) Schematic drawing of SPB composed of fully fluid, fully polymerized,
and composite membranes (left) and an example of a patterned hybrid SPB with
spatially varied degree of polymerization (right). The applied UV dose for polymeriza-
tion was varied with four steps (a = 0, b =2, ¢ = 3, d = 5 J/cm?) and fluid bilayers
(egg-PC containing 1 mol% TR-PE) were incorporated after removing monomers.
Fluorescence from fluid bilayers was observed. (B) A membrane channel of permeable
membrane domain consisting of polymerized DiynePC and fluid bilayers connects two
fluid lipid bilayer membranes: Schematic illustration (left) and an experimental demon-
stration (right). The channel connecting two square areas has been created by
polymerizing DiynePC with 40% of UV light dose compared with the surrounding
area. Fluorescence image of polymerized DiynePC (green) and TR-PE (red) were
superimposed. The scale bar corresponds to 50 pum. (Partially reproduced with permis-
sion from Ref. [45]. Copyright: 2004 American Chemical Society.)
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and therefore the progress of UV polymerization. After removing mono-
mers by a detergent solution, one obtains three distinctive regions: (i) a
lipid-free area, (ii) an area partially covered by the polymer, and (iii) an area
completely covered by the polymer. Lipid-free areas are subsequently
refilled with fluid lipid bilayers. The areas partially covered by polymer
can also incorporate fluid bilayer with partial lateral mobility of membrane-
associated molecules, whereas long-range diftusion is completely suppressed
in sufficiently polymerized bilayers. Figure 14B is an example of the
configuration where patches of fluid lipid bilayers are connected by a
membrane channel. In the channel region, the polymerization process is
optimized such that the formed polymerized bilayers allow penetration of
fluid lipid bilayers and lateral diftusion of membrane-associated molecules.
In the current example, the monomeric DiynePC bilayer in the channel was
irradiated with 40% of UV light compared with the surrounding area upon
polymerization, whereas the square-shaped areas were completely pro-
tected. As a result of this controlled UV photopolymerization, the channel
connects two fluid membrane domains with a reduced lateral mobility of
molecules. It should be basically possible to impose molecular-size-depen-
dent obstruction by optimizing the shape and area fraction of polymeric
bilayer domains [71].

5. INCORPORATION OF BIOLOGICAL MEMBRANES
INTO MICROPATTERNED BILAYERS

An important step for the development of micropatterned model
membranes is the incorporation of membrane-associated proteins in their
functional form. However, native biological membranes contain various
lipids and proteins, and their incorporation into model membrane systems
via vesicle fusion is generally very difficult. As an alternative approach, we
studied the incorporation of biological membrane fractions into micropat-
terned polymeric bilayer scaffold together with a detergent, 1,2-dihexa-
noyl-sn-glycero-3-phosphocholine (DHPC). A preliminary study by using
QCM-D suggested that incorporation of phospholipid bilayers by vesicle
fusion was significantly accelerated in the presence of DHPC. TIR-FM
observation demonstrated that homogeneous and fluid bilayers could be
incorporated in the corrals surrounded by polymerized bilayers (Fig. 15).
For the incorporation of biological membranes, we used sarcoplasmic
reticulum (SR) membrane vesicles prepared from rabbit skeletal muscle as
a model system [72]. SR membrane vesicles could not be incorporated into
the corrals if they were directly adsorbed onto the surface (Fig. 16A).
On the other hand, they could be homogeneously incorporated into the
corrals in the presence of DHPC (Fig. 16B). The concentration of DHPC
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Figure 15 Fluorescence microscopy observation of membrane incorporation from
POPC/DHPC/TR-PE (¢ = 0.1: [POPC] = 1 mM, [DHPC] = 10 mM, [TR-PE] =
0.01 mM). (A) DiynePC bilayers observed in the presence of POPC/DHPC/TR-PE in
the solution; (B) POPC/DHPC/TR-PE membranes incorporated in the corrals of
DiynePC bilayers shown in (A) (TIR-FM observation); (C) POPC/DHPC/TR-PE
membranes that remain in the corrals after rinsing with a buffer solution (TIR-FM
observation). The size of corrals is 20 pum.

Figure 16 Incorporation of SR membranes into the corrals surrounded by polymeric
bilayers using POPC/DHPC mixtures: (A) application of SR membranes; (B) SR mem-
branes incorporated with DHPC (1% (w/v) = ca. 22 mM). The patterned membrane was
observed after rinsing the solution (removing DHPC). (In all samples, membranes
contained a fluorescence dye, 3,3'-dioctadecyloxacarbocyanine perchlorate.)

(1% (w/v) = ca. 22 mM) was higher than its critical micelle concentration
(cmc) of 11 mM [73]. Therefore, SR membranes should be partially
solubilized by DHPC. This result suggests that a purposeful use of detergents
significantly improves the incorporation of membranes obtained from
biological samples.

A more pragmatic approach for immobilizing membrane proteins in
micropatterned bilayers is to attach them onto fluid bilayer domains by
using fusogenic lipid compositions. For example, we have recently reported
on a methodology for immobilizing cytochrome P450 enzymes that play
critical roles in the oxidation of xenobiotics, including drugs and environ-
mental pollutants [74-76]. We could attach microsomes containing P450
and detect the enzymatic activity on the substrate by using micropatterned
membranes composed of a matrix of polymeric DiynePC bilayer and
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incorporated fluid bilayers composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-ser-
ine (POPS), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE). The bilayers of POPC/POPS/POPE had a significantly heightened
adsorption of microsomes compared with the surrounding DiynePC bilayer.
Phospholipids having a phosphatidylethanolamine (PE) polar group are
known to induce membrane fusion due to their strong tendency to form
inverted structures [77]. Therefore, one of the driving forces for the preferen-
tial adsorption of microsomes should be the fusion between the preformed
planar bilayer and the microsomal membranes. From the microscopic features
and the amount of adsorbed P450, we infer that microsomes are adsorbed
with their vesicular structures retained on the surface of POPC/POPS/
POPE. The enzymatic activity was significantly higher on lipid bilayer sub-
strates compared with direct adsorption on glass. Furthermore, competitive
assay experiments between two substrates demonstrated the feasibility of
bioassays based on immobilized P450s. The polymeric bilayer played multiple
roles in this configuration, that is, stabilization of incorporated bilayers,
suppression of nonspecific binding to the surface, and patterning of P450s.
Although the structure of immobilized membranes was not yet well-defined
as in the case of pure lipid bilayers, this result represents an important step
toward the high-throughput screening of P450 activities.

6. CONCLUSIONS AND OUTLOOK

Since the pioneering work by the group of S.G. Boxer, many
approaches have been invented for micropatterning SPBs. The methods
could be classified into the following three categories: (i) spatially controlled
deposition or removal of lipid membranes, (ii) deposition of lipid mem-
branes on prepatterned substrates, and (iii) photolithographic modification
of lipid membranes. The present approach can belong to both the second
and third categories. Compared with other approaches, micropatterning of
SPBs by polymerized lipid bilayers is unique in that polymeric and fluid
bilayers are integrated as a continuous membrane. This architecture gives
various unique features to the model membrane. We observed accelerated
transformation of vesicles into SPBs due to the presence of preformed
polymeric bilayers, suggesting that edges of polymeric bilayers acted as a
catalyst for the transformation [65]. This observation suggests that
preformed polymeric bilayers could also facilitate the incorporation of
membranes derived from biological samples. It should also be noted that
polymeric bilayer matrices are a useful tool for studying the incorporation of
various components derived from cellular membranes, because they are
resistant toward nonspecific adsorption and provide a framework with a
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defined thickness. Since polymeric bilayers of DiynePC have a defined
thickness of ca. 4.4 nm and a relatively low roughness of the surface,
this bilayer scaffold can be used as a reference system for analyzing
the thickness and structures of incorporated membranes. For example, it
should be possible to study the structures of adsorbed membranes in detail
by using SPR and surface plasmon fluorescence spectroscopy (SPR-SPES)
[12, 64].

We have also demonstrated that the composition of polymerized and
fluid bilayers could be controlled by changing the applied UV dose for
polymerization. By changing the compositions, the lateral diffusion of
membrane-associated molecules could be regulated. Such obstructed lateral
diffusion is commonly observed in cellular membranes, and in fact nonran-
dom distribution of membrane components and confinement of them in
microdomains are regarded as a prerequisite for numerous vital functions
such as signal transduction and trafficking [78, 79]. Therefore, micropat-
terned model membranes with modulated lateral mobility should be able to
reproduce more precisely the situations in cellular membranes, such as
interactions between membrane proteins and signal transduction through
cell membranes in an artificial platform.

Based on these unique features, micropatterned membranes composed
of polymeric and fluid bilayers provide a versatile platform for constructing
complex model systems of the biological membranes with a well-defined
architecture. For example, the fact that polymeric and fluid bilayers have an
imprinted pattern in the membrane allows the membrane to be independent
of the substrate and one could possibly construct a patterned bilayer
separated from the substrate by a thin layer of soft polymeric cushion.
Such polymer layers have been used as a spacer in order to accommodate
membrane proteins in solid-supported bilayers in a functionally active form.
It should be also possible to covalently attach the polymerized bilayer to the
underlying polymer cushion by using a chemically reactive head group. The
polymeric lipid bilayer might contribute to the mechanical stabilization of
the membrane system, similar to the conjunctions between cytoskeleton
and membrane proteins.
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Abstract

The transition of catanionic micelles to vesicles upon the addition of salt was
explored. The catanionic surfactant solution comprised sodium dodecylsulfate
(SDS) and dodecyltrimethylammonium bromide (DTAB) with an excess of SDS.
The change in aggregate size can be accommodated by the increase of counter-
ion binding and consequent dehydration of the surfactant headgroups. A new
type of intermediate structure was found: a symmetrically shaped spherical
superstructure, which we named blastulae vesicle. In contrast to known
raspberry-like or egg-carton structures, we believe that charge fluctuations
within the bilayers are responsible for this spontaneous superaggregation to
occur in the presence of only a small amount of sodium chloride. A possible
mechanism for the observed pattern formation is proposed.

1. INTRODUCTION

1.1. Self-Assembly of Amphiphilic Molecules

Surfactants are molecules with an amphiphilic character that makes them
particularly favorable to reside at interfaces. Their chemical structure (simi-
lar to phospholipids) consists of two parts, one which is soluble in water (the
hydrophilic part) and the other which is insoluble in water (the hydropho-
bic part). The degree of the hydrophobic chain branching, the position of
the polar head group, and the length of the chain are parameters that aftect
the physicochemical properties of the surfactant [1, 2].

When surfactants are dissolved in water, the hydrophobic group disrupts
the hydrogen-bonded structure of water and therefore increases the free
energy of the system. The distortion of the water structure can be decreased
(and the free energy reduced) by the aggregation of surface-active molecules
into clusters (micelles) with their hydrophobic groups directed toward the
interior of the cluster and their hydrophilic groups directed toward the
water. The process of surfactant clustering or micellization is primarily an
entropy-driven process [1, 3]. However, the surfactant molecules trans-
ferred from the bulk solution to the micelle may experience some loss of
freedom from being confined to the micelle. In addition, they may experi-
ence an electrostatic repulsion from other similarly charged surfactant
molecules in the case of surfactants with ionic head groups. These forces
increase the free energy of the system and oppose micellization. Hence,
micelle formation depends on the force balance between the factors favor-
ing micellization (van der Waals and hydrophobic forces) and those oppos-
ing it (kinetic energy of the molecules and electrostatic repulsion).

Beside micelles, surfactants can self-assemble in dilute aqueous solutions
into a variety of other microstructures, including vesicles, bicontinuous
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phases, and bilayers. In recent years, there has been an increasing interest in
unilamellar vesicles, which are composed of a curved bilayer that separates
an inner aqueous compartment from the outer aqueous environment. This
is mainly because of their wide application in biology and medicine as
model cell membranes, as well as their strong potential as drug carriers
and other encapsulating agents of industrial relevance [4].

The first form of a primitive cell probably was a vesicle (from lat. vesicula =
blister) [5—7], a simple biological membrane composed of lipids, which
separated the substance inside from the outside. If the membrane is com-
posed of aphospholipid and cholesterol bilayer, such a vesicle is called a
liposome. In 1965, Alec Bangham discovered that phospholipids, when
introduced into an aqueous environment, spontaneously form liposomes.
The major force driving the formation of lipid bilayers is the hydrophobic
interaction between the tails and their repulsion by water. From a biological
view, vesicles are appropriate compartments in which cellular processes can
occur apart from cytoplasm. Accordingly, vesicles are natural containers for
storage and transport inside of a cellular system. For this reason, these type of
molecular aggregate is of big scientific interest [8—22]. By varying the lipid
compounds the characteristics of biological membranes (and also vesicles)
can be selectively controlled to fulfill different tasks [23, 24]. Due to the fact
that vesicles are closed biological membranes, it is imaginable to use the
coherences of biochemistry to develop best biocompatible vehicles contain-
ing pharmacological active agents. But applicable and marketable vesicle-
building surfactants must have certain properties that are adapted to their
convenience.

1.2. Spontaneous Formation of Vesicles

It is known for a long time that phospholipids and double-chain surfactants
can form vesicles [25]. In many cases, however, the formation of vesicles
requires the input of some form of energy, for example, sonication, injec-
tion, or extrusion [26—31]. However, vesicles have been found to form
spontaneously in some aqueous surfactant systems, including solutions
containing (i) mixtures of lecithin and lysolecithin [32], (i1) mixtures of
long- and short-chain lecithins [33], (iii) mixtures of AOT and choline
chloride [34], (iv) dialkyldimethylammonium hydroxide surfactants
[25, 35-38], (v) cationic siloxane surfactants [39], and (vi) mixtures of
cationic and anionic surfactants [40—44]|. These spontaneously forming
vesicles offer advantages over the more traditional phospholipid vesicles in
being easier to generate and more stable, thus making them more attractive
as encapsulating agents in diverse practical applications, including the con-
trolled delivery of drugs, active substances in cosmetics, and functional food
ingredients such as enzymes [45, 46]. A similar phenomenon can be
observed with mixtures of cationic and anionic surfactants (here called
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catanionics). These systems display a wide variety of phase behavior and
structures such as micelles, vesicles, discs, and folded bilayers can be
observed [41, 47, 48]. Recently, new self-assembled structures, such as
onion phases and icosahedra were found in “‘true” catanionic solutions
with no other ions than the surfactant molecules [49, 50]. Spontaneously
formed vesicles are of interest, especially in catanionic systems, since they
can be tailored at will by varying the anionic/cationic surfactant ratio, the
size of the chain length, or the nature of the polar heads [51].

Two major theoretical approaches have been pursued in the modeling of
surfactant self-assembly: the curvature—elasticity approach and the molecu-
lar approach. The curvature—elasticity approach describes the vesicle bilayer
as a continuous membrane characterized by the spontaneous curvature and
the elastic bending modulus [52]. In this approach, the formation of finite-
sized vesicles thus depends on the interplay between these two quantities
[53, 54]. The theory provides an elegant, simple way to describe the
formation of vesicles. However, because this approach is based on a curva-
ture expansion of the free energy of a membrane it breaks down for small
vesicles for which the curvature is quite pronounced.

The molecular approach was pioneered by Israelachvili et al. [55-57],
who developed a geometric packing argument that allows one to predict the
shape of self-assembling microstructures, including spheroidal, cylindrical,
or discoidal micelles, vesicles, and bilayers. Which aggregates form is deter-
mined primarily by geometric packing of amphiphiles, hydrocarbon chain
stiffness, and the hydrophilic-hydrophobic balance? For dilute solutions
in which interactions between aggregates are not important, the necessary
(geometric) conditions for formation of an aggregate can be described by a
surfactant packing parameter P = v/ (l,,,a) [55—57], where v is the volume
per hydrocarbon chain, or the hydrophobic region of the surfactant, a is the
actual headgroup area in the film, and /., is an optimal hydrocarbon chain
length related to about 90% of the maximum extended length. The optimal
stability of the different aggregates occurs as follows: (i) spherical micelles
P < 1/3; (ii) globular or cylindrical micelles 1/3 < P < 1/2; (iii) vesicles or
bilayers 1/2 < P < 1.

Low packing parameters (around 1/3) are found for single-chain surfac-
tants with a strongly polar head group. An increase in the packing parameter
can be obtained by adding a second chain, therefore doubling the hydro-
carbon volume. To reach this value, double-chain surfactants [36, 38,
58-61], two surfactants of opposite charge [41, 51, 62, 63], or the associa-
tion of a surfactant and a cosurfactant [64—70] can be used. In the latter
two cases, a pseudo-double-chain surfactant is obtained by either an ion-
pair formation between the anionic and cationic surfactant or due to an
association of the two different molecules via hydrogen bounds.
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1.3. Catanionic Surfactant Mixtures

The main thermodynamic driving force for the association of a cationic and
an anionic surfactant mixture is the release of counterions from the aggre-
gate surfaces. This results in a large entropy increase. Since the two surfac-
tants are single chained, the resulting catanionic surfactant can be considered
as a pseudo-double-chain surfactant, in the sense that the two chains are not
covalently bound to the same headgroup. For these systems a nonmono-
tonic change in P is observed, with a pronounced maximum as the mixing
ratio is varied [1, 3]. Due to the strong electrostatic interaction between the
oppositely charged headgroups catanionic mixtures exhibit CMC values
much lower than those of the surfactants involved. The CMC is directly
correlated to the cleaning efficiency of surfactants, pointing to yet another
advantage of such systems.

Mixtures of anionic and cationic surfactants exhibit rich microstructure
phase behavior in aqueous solutions. Aggregate structures such as spherical
and rod-like micelles, vesicles, lamellar phases, and precipitates have all been
observed depending on the concentration and the ratio of the surfactants in
solutions [43, 51, 71-75]. A zone of precipitation is observed around
equimolarity. However, when one of the surfactants is present in a small
excess, the cationic—anionic surfactant bilayers usually spontaneously form
closed vesicles.

Yuet and Blankschtein [76] presented a detailed molecular thermody-
namic theory to describe the formation of catanionic vesicles as follows:

(1) The distribution of surfactant molecules between the two vesicle leaf-
lets plays an essential role in minimizing the vesiculation free energies
of finite-sized vesicles.

(i1) The composition of mixed cationic/anionic vesicles is mainly deter-
mined by three factors: the transfer free energy of the surfactant tails,
the electrostatic interactions between the charged surfactant heads, and
the entropic penalty associated with the localization of the surfactant
molecules upon aggregation.

(1)) The entropy associated with mixing finite-sized vesicles can be an
important mechanism of stabilizing vesicles in solution. The present
molecular thermodynamic theory also has the ability to cover the
entire range of vesicle sizes (or curvatures), thus enabling a description
of small, energetically stabilized, vesicles.

The free energy of vesiculation, g,.,, can be viewed as composed of the
following five contributions: (i) the transfer free energy, ¢, (ii) the packing
free energy, gn.ck, (iii) the interfacial free energy, g5, (iv) the steric free
energy, fierc» and (v) the electrostatic free energy, gee.. These five free-
energy contributions account for the essential features that differentiate a
surfactant molecule in the vesicle and in the monomeric state. The transfer
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free energy, g, reflects the so-called hydrophobic eftect [77], which con-
stitutes the major driving force for surfactant self-assembly in water. Indeed,
the transfer free energy is the only favorable free-energy contribution to
molecular aggregation, with the other four free-energy contributions work-
ing against this process. The hydrophobic region in a vesicle is different
from bulk hydrocarbon. In a vesicle, the surfactant tails are anchored at one
end on either the outer or inner interfaces, which restricts the number of
conformations that each surfactant tail can adopt while still maintaining a
uniform liquid hydrocarbon density in the vesicle hydrophobic region. This
subtle difference between a bulk hydrocarbon phase and the hydrophobic
region in a vesicle is captured by the packing free energy, g,.ck- In addition,
free-energy penalties are imposed, upon aggregation, by the creation of
the outer and inner hydrocarbon/water interfaces, captured in g5, and by
the steric repulsions andelectrostatic interactions between the surfactant
heads, captured in gyeric and gejee, respectively.

A distinction is made in the literature between two types of catanionic
systems: (i) the “‘simple mixtures” of cationic and anionic surfactants or
catanionic surfactant systems with excess salt, both surfactants still behold
their own counterions; (i) the “true catanionics” (ion pair amphiphiles)
consist of surfactant systems where the original counterions have been
removed and replaced by hydroxide and hydronium ions. The combination
of the counterions at equimolarity thus forms water molecules. Each surfac-
tant stands as counterion for the surfactant of opposite charge. The present
work will focus on the first type of catanionic systems (with counterions).

1.4. Application of Catanionic Vesicles in Cosmetic
and Drug Delivery

Vesicles from catanionic systems are easily prepared. There is an expectation
that they might also be used in cosmetics and pharmacy as vehicles for
controlled delivery of drugs [78-80]. Active molecules can thus be
encapsulated in the bilayer membrane if they are lipophilic or in the core
of the vesicle if they are hydrophilic. Encapsulation is useful to protect
actives in preventing any undesired reaction. Vesicles can thus be used as
vectors to deliver drugs to a specific place, without being destroyed. The
pharmaceutical applications continuously increase and vesicles are used
more and more in the dermatology for prevention, protection and therapy.

The first encapsulation experiments on catanionic systems were per-
formed by Hargreaves and Deamer [19] on the cetyltrimethylammonium
bromide/sodium dodecylsulfate system. They successfully entrapped glu-
cose. However, the system was limited to high temperatures (>47 °C). Ten
years later, Kaler et al. [41] proceeded with similar experiments using
vesicles formed from cetyltrimethylammonium tosylate and sodium dode-
cylbenzenesulfonate (CTAT/SDBS) mixtures. A more comprehensive
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study of the entrapment ability was made by Tondre and Caillet [78] on the
CTAT/SDBS and by Kondo et al. [44] on the didodecyltrimethylammo-
nium bromide/sodium dodecylsulfate (DDAB/SDS) system. The surfactant
concentration as well as the ratio of the two participating surfactant have
proved to have a big effect on the entrapment efficiency.

Another problem is the release of the entrapped active ingredient. In most
cases a nonionic surfactant is used (i.e., Triton X-100) [44]. A more elegant
solution for targeted drug delivery is designing vesicles that become unstable
at an easily tuned pH value. It is known that, for example, tumors and
inflamed tissues exhibit a decreased extracellular pH [81-85]. For this reason
a large number of groups have focused their attention on the preparation
of pH-sensitive liposomes [86—96] as possible drug carrier systems.

In addition to their entrapment abilities, vesicles serve also as models for
membranes of biological cells [9, 20, 21] and as templates [79, 80, 97-101]
for the synthesis of nanoparticles, extraction of rare earth metal ions [102],
and as gene delivery systems [103].

1.5. The Present Study

One advantage of catanionic vesicles as compared with more robust genu-
inely double-chain surfactants is their greater sensitivity to parameters such
as temperature [104] or the presence of salts [40] used to induce transitions
from vesicles to micelles or to precipitation. Of particular interest is the
direct transition from micelles to vesicles. Such a phenomenon offers in
principle an easy way of encapsulating active agents by dissolving them in
the micellar phase prior to vesicle formation. Micelle-to-vesicle transition
was already observed when diluting a micellar solution with water [51, 105,
106], changing the anionic/cationic surfactant ratio [107-109], increasing
temperature [110], or upon the addition of organic additives [111] and salt
[112-114].

The effect of ionic strength on catanionic systems was previously studied
experimentally by Brasher ef al. [40]. Their results show that the addition of
monovalent salt changes the phase behavior and aggregate properties of
mixed surfactant solutions. Theoretically the effect of salt on the catanionics
was described by Yuet and Blankschtein [76]. However, due to the con-
strictions of the model (smeared surface charges and point-sized ions), they
could not reveal the specificity of different ions.

In this chapter we explore salt-mediated transition of micelles to vesicles
in a well-studied system [40, 43, 115]. We are concerned with the influence
of salts on a catanionic system composed of SDS and dodecyltrimethylam-
monium bromide (DTAB) in aqueous solution, with an excess of anionic
surfactant. Increasing amounts of sodium chloride was successively added to
a solution of mixed SDS/DTAB micelles. The micellar system was first
characterized by rheometric measurements and cryo-TEM. We report on
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the particular morphologies that arise during the salt-induced micelle-to-
vesicle transition. The formation of irregular convex—concave patterns and a
secondary self-assembly of vesicle-like structures upon the addition of
sodium chloride is presented. In order to study this transition in detail, the
concentration of salt in the system was increased in small increments and the
effect was studied using dynamic light scattering (DLS), cryo- and freeze-
fracture transmission electron microscopy. Two different microscopy tech-
niques were used in order to exclude the artifacts that might arise during the
preparation of samples. FF-TEM provides a direct visualization of the three-
dimensional structure of particles. The fracture follows the path of least
resistance, and in colloidal dispersions, the fracture surface propagates along
the interface of two phases. This makes FE-TEM ideal to study membrane
surfaces. To observe whether the vesicles are closed and if the membranes
are intact cryo-TEM was employed. Furthermore, cryo-TEM is very
appropriate to study micellar solutions.

2. EXPERIMENTAL PROCEDURES

2.1. Materials

SDS (purity: 99%) and sodium chloride were purchased from Merck,
Germany. The cationic surfactant used was 99% DTAB, purchased from
Aldrich, Germany. All chemicals mentioned above were used as received
without further purification. Millipore water was used as solvent in all cases.

2.2. Sample Preparation

Surfactant stock solutions were prepared by dissolving weighed amounts of
dried substances in Millipore water. The solutions were then left for 24 h to
equilibrate at 25 °C. The catanionic solutions were prepared by mixing the
surfactant stock solutions to obtain a fixed anionic/cationic surfactant mass
ratio of 70/30 (this corresponds to a molar ratio of about 2.5:1). The total
surfactant concentration was kept at 1 wt.% at all times. Salts were added to the
micellar solution at increasing concentrations. The solutions were then stirred
and left to equilibrate for a week at 25 °C before making measurements.

2.3. Dynamic Light Scattering Measurements

Particle size analysis was performed using a Zetasizer 3000 PCS (Malvern
Instruments Ltd., England), equipped with a 5 mW helium neon laser with
a wavelength output of 633 nm. The scattering angle was 90° and the
intensity autocorrelation functions were analyzed using the CONTIN
software. All measurements were performed at 25 °C.
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2.4. Rheology

Rheological experiments were performed on a Brookfield DV — III+ rate
controlled rheometer. A cone-and-plate geometry of 48 mm diameter and
with a 0.8° cone angle was used (spindle model CP-40).

2.5. Cryo-Transmission Electron Microscopy (cryo-TEM)

Specimens for cryo-TEM were prepared by placing a small drop (ca. 4 pl) of
the sample on a holey carbon grid. Immediately after blotting with filter film
to obtain a thin liquid film over the grid, the sample is plunged into liquid
ethane (at its melting temperature). The vitrified film is then transferred
under liquid nitrogen to the electron microscope. The grid was examined
with a Zeiss EM922 EF transmission electron microscope (Zeiss NTS mbH,
Oberkochen, Germany). Examinations were carried out at temperatures
around 90 K. The TEM was operated at an acceleration voltage of 200 kV.
Zero-loss filtered images (DE = 0 eV) were taken under reduced dose
conditions (100-1000 e/nm?). Images were registered digitally by a
bottom-mounted CCD camera system (Ultrascan 1000, Gatan, Munich,
Germany) combined and processed with a digital imaging processing system
(Digital Micrograph 3.9 for GMS 1.4, Gatan, Munich, Germany).

2.6. Freeze-Fracture Electron Microscopy

Samples used for cryo-fracture were cryoprotected by 30% glycerol and
frozen in liquid N,. Freeze-fracture was performed in a Balzers (Balzers,
Switzerland) apparatus at —150 °C under a vacuum of 10~ Torr. Metallic
replicas were obtained by Pt and carbon shadowing of fracture surfaces. The
replica were examined and photographed with a Philips CM 12 transmis-
sion electron microscope.

3. RESuLTS

3.1. Characterization of SDS/DTAB Micellar Solution

The system under study is a well-known mixture of cationic and anionic
single-chain surfactants. The total surfactant concentration (1 wt.%;
/33 mM) and the anionic/cationic molar ratio (2.5:1) remained constant
throughout all the experiments. The initial sample was colorless and isotro-
pic, corresponding to the micellar region of the phase diagram (Fig. 1).
DLS measurements confirm a micellar solution indicating a hydrody-
namic radius (Ry) of 10 nm and a relatively high polydispersity index (0.27).
Figure 2 (left) shows a cryo-TEM image of our reference solution (without
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Figure 1 Schematic ternary phase diagram of the SDS/DTAB system at 25 °C (the
black cross shows the starting point (reference sample), to which sodium chloride was

added).
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Figure2 Left: cryo-TEM image of a SDS/DTAB aqueous solution at the molar ratio of
2.5:1 and a total surfactant concentration of 1 wt.%; right: viscosity of the same sample as
a function of shear rate. Reprinted with permission of ACS, 2007, from Renoncourt

et al. [149].

added salt), exhibiting very long rod- or ribbon-like micelles, in equilibrium
with spherical micelles (hence explaining the high polydispersity). Long
rod-like micelles have already been observed by SANS measurements in
systems similar to ours [116]. Results from rheometry experiments show
that the viscosity decreases with applied strain rate (Fig. 2 (right)), therefore
exhibiting properties of non-Newtonian shear-thinning fluids. This kind of
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behavior is common for solutions containing large nonspherical molecules
in a solvent with smaller molecules. It is generally supposed that the large
molecular chains tumble at random and affect large volumes of fluid under
low shear, but that they gradually align themselves in the direction of
increasing shear and produce less resistance. This behavior confirms the
presence of rod-like micelles. No enthalpy change could be detected by
differential scanning calorimetry so that no information could be deduced
about possible phase transitions occurring in the system between 10 and
80 °C [117—-119]. Probably, the amount of surfactant was too low for such a
detection with our equipment.

3.2. Salt-Induced Micelle-to-Vesicle Transition

Upon the addition of sodium chloride, the solutions exhibited a transition
from a colorless to a blue solution, the blue color being typical of the
presence of large objects. Samples with different salt concentrations were
analyzed by DLS. The addition of chloride salts causes an increase in average
particle size and a certain turbidity of the solution (Fig. 3). DLS indicated a
significant increase in the mean hydrodynamic radius (Ry) of the micelles
from 10 to ca. 70 nm. It can be expected that the salt screens the electrostatic
interactions, which leads to smaller headgroups and therefore a higher
packing parameter.

Freeze-fracture and cryo-TEM confirm the formation of lamellar sheets
in the sample (Fig. 4). However, by carefully observing the cryo-TEM
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Figure 3 Increase in the mean hydrodynamic radius of catanionic aggregates upon the
addition of sodium chloride.
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Figure 4 Cryo-TEM (left) and FF-TEM (right) photographs representing the forma-
tion of multilamellar sheets upon the addition of 10 mM NaCl. The arrows show regions
where we can observe the unraveling of ribbon-like micelles into lamellar sheets.
The molarity in the case of FF-TEM experiments corresponds to the concentration of
the solutions prior to cryoprotecting.

Figure5 Cryo-TEM photographs representing the breaking up of ribbon-like micelles
and consequent clustering of the pieces. Clusters of elongated aggregates are indicated
by black (left), whereas individual aggregates are designated by white arrows. The
image on the right shows clusters of smaller aggregates (black arrows) and vesicles with
perforated surfaces (white arrows). Reprinted with permission of Elsevier, 2008, from
Vlachy et al. [150].

images one can see that at lowest concentration of added salt (10 mM) the
long rod-like micelles present in the starting solution start to break up and
cluster together, see Fig. 5 (left). Other images from the same solution show
that these clusters seem to form small pieces of lamellae, which eventually
close to form round vesicles. The curving of membranes is represented by
the presence of darker, stiff-looking edges, due to the higher electron
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density in these points. Figure 5 (right) shows some curved pieces of
lamellar sheets as well as some complete vesicles. The vesicles represented
in cryo-TEM appear to be perforated; such perforated vesicles have previ-
ously been observed in various surfactant systems [120-124]. Surprisingly,
FF-TEM images do not confirm such perforations.

The addition of salt produces dramatic effects detected by freeze fracture.
At 20 mM of NaCl, large spherical, highly undulated aggregates are
observed. As mentioned previously, FF-TEM exploits the property that
surfaces fractures along the area of least resistance. In the case of vesicles this
is within the bilayer. Therefore, only three-dimensional objects can be
observed. The size range of the particles is from 150 to 500 nm, see Fig. 6
(left). This apparent polydispersity is most likely due to the characterization
technique used; the measured size of the object depends on the region
where the samples are fractured. Some of the aggregates are fractured close
to the middle; Fig. 6 (right) shows a ring of vesicles. Since the aggregates
pictures in Fig. 6 are observed in high amounts, they most likely represent
the same object, fractured in different places (close to the “poles” of the
blastulae vesicles, as opposed to the middle of the vesicle). The images
suggest that the inside of these particles are hollow and filled with the
same solvent as the surrounding (water). Due to the similarities in appear-
ance we named the observed structure blastulae, taking the name from
biological origin; the blastulae are an early stage of embryonic development
consisting of a spherical layer of cells surrounding a fluid-filled cavity.
On the basis of the present pictures we cannot say whether the blastula
vesicle is an aggregate consisting of one individual membrane or a cluster of

r
200nm 200nm & Y

Figure 6 FF-TEM photographs representing the formation of blastulae-like clusters
upon the addition of 20 mM NaCl cut near the surface (left); cut through the middle
(right), clearly representing the solvent filled cavity. The arrow shows an individual
vesicle with its own membrane. Reprinted with permission of Elsevier, 2008, from
Vlachy et al. [150].
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elongated micelles as observed in cryo-TEM. Both possibilities will be
explored further in the text. However, it is interesting to note that some
unilamellar individual vesicles are also present. Interestingly, the average
diameter of the vesicles (ca. 60 nm) is of the same size as the bulges forming
the blastulae structure. This might speak for the possibility that the blastula is
actually a cluster of individual small vesicles. These, however, are not
deformed in a way that it is usually observed in aggregates. A mechanism
for this type of clustering will be discussed later, pointing to the similarity
with specific site (or ligand-receptor) binding. It should be noted that
similar aggregates have been observed in another context [125, 126] and
will also be discussed later.

As more salt is added to the system the clusters begin to disaggregate. At
sodium chloride concentrations of 30 mM only individual unilamellar
vesicles are observed as can be seen in Fig. 7.

Finally, at NaCl concentrations of 40—45 mM, a loose and unstructured,
randomly packed aggregation of vesicles is observed, see Fig. 8. These
aggregates are not spherically symmetrical and the individual vesicles
forming the aggregates are deformed.

In summary, two features are new in this system: (i) the appearance of
blastulae structures, and (ii) the series of different structures that are induced
by salt addition only, without any further additives.

50nm

Figure 7 FF-TEM image of individual unilamellar vesicles upon the addition of
30 mM NaCl. The bar represents 100 nm.
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Figure 8 FF-TEM photograph representing the aggregation of vesicles upon the
addition of 45 mM NaCl to the reference SDS/DTAB micellar solution. The bar
represents 200 nm.

4. DISCUSSION

4.1. Models of the Micelle-to-Vesicle Transition

In the following we propose a possible mechanism for the observed pattern
formation. The different steps are represented in Fig. 9.

4.1.1. Lamellar model

It is well known that as an electrolyte is added to a mixed micellar solution
the effective surface area of the surfactant headgroups becomes smaller. This
effect 1s mainly due to counterion concentration and screening as well as
consequent dehydration of the neutralized heads. This effect favors a lamel-
lar packing (step a — b’). The formation of large multilamellar sheets is
energetically unfavorable, so these start curving and consequently forming
large spherical objects. A theoretical model has been suggested by Safran
et al. [54], showing that in cases of mixed surfactants vesicles are more stable
than lamellar structures. This is due to the formation of surfactant bilayers,
where the two monolayers consist of different surfactant concentrations,
which results in equal and opposite monolayer spontaneous curvatures. This
model is in accordance with our result, where the large spherical aggregates
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Figure 9 Schematic representation of the observed structures that form through
increasing salt concentration: From the starting micellar solution, which exhibits rod-
like micelles (A) two possibilities are presented: In the *‘clustering model,” the rod-like
micelles (A) start breaking up into smaller pieces (B), which start clustering together to
form spherical aggregates. In the ‘‘lamellar model,” multilamellar sheets are formed
upon addition of salt (b’). These start closing to form undulated giant vesicles(c’).
At higher ionic strength, the formation of blastulae clusters (C) is observed, where
the outer layer is composed of individual vesicles, which enclose a fluid-filled cavity.
The vesicles interact through oppositely charged headgroups of surfactants belonging
to different vesicles (f; the open and filled circles represent headgroups of opposite
charges). As salt concentration is further increased, the attraction is screened and the
vesicles segregate (D). Still higher concentrations of salt in the system produce a
nonspecific interaction, where van der Waals forces dominate, causing the vesicles to
loosely aggregate while deforming (E).

are shown to form from micelles via lamellar sheets. The main factor
governing the packing arrangement in these phases is the degree of
hydration of the polar headgroup.

As the polar headgroups are dehydrated even more by the addition of
salt, the packing parameter increases and the formation of individual vesicles
is favored. In the present catanionic system the outer layer of the vesicles is
composed of positively and negatively charged groups with the latter being
in excess. A redistribution of charges may then take place in the highly
flexible vesicle membranes leading to local patches of positive and negative
charges. The locally positive charges of one vesicle can interact favorably
with the negative charges of another vesicle and vice versa (Fig. 9, stage f).
In other words, the vesicles can attract each other due to the +, — inter-
actions among the headgroups of surfactants belonging to different vesicles.
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This is somewhat similar to charge fluctuations in polarizable objects leading
to van der Waals interactions. But the difference is that here the ion charge
distribution of the headgroups fluctuates, and not the electron distribution.
The local Coulomb attraction may be strong enough to overcome the
overall repulsive force of equally charged vesicles acting at larger distances.
Since vesicles are spontaneously formed from lamellar sheets, they are, at
this starting point, in close enough contact for this to happen. In this case
only localized parts of the membrane (patches) are interacting, similarly to
specific site binding.

As the ion strength in the solution is increased the blastulae vesicles
disaggregate. We suppose this is due to the fact that the interactions between
the oppositely charged headgroups of neighboring vesicles are weaker than
those within a vesicle (one must consider the additional strong van der Waals
forces between the hydrophobic surfactant tails). Therefore, as more salt is
added and the charges on the vesicles are screened, the “bonds™ between
the vesicles are broken. The cluster begins to disaggregate due to the net
negative charge of the individual vesicles, resulting in the formation of
individual unilamellar vesicles.

At still higher ionic strength the electrostatic repulsions are screened and
the effect of van der Waals forces becomes significant. A loose and unstruc-
tured, randomly packed aggregation of vesicles is observed. A similar
behavior (flocculation of vesicles) was observed upon the addition of
NaCl to the micellar solution of dodecylbenzene sulfonic acid [127].

4.1.2. Clustering model

In this model, the ribbon-like micelles start breaking up into smaller
cylindrical aggregates (corresponding to step a — b). These could be small
vesicles, which grow until retaining a radius at which they are most stable
(small vesicles are thermodynamically unfavorable due to high curvature).
Again these aggregates start clustering together despite an overall net nega-
tive charge. Steps ¢ — e remain the same as in the lamellar model.

4.2. Blastulae Vesicles

Microscopy images clearly show that the blastulae clusters are spherical and
hollow. Figure 6 (right) shows the fluid-filled cavity and the astounding
symmetry of the aggregate. The interesting phenomenon is that in this
cluster the vesicles are not deformed in a way that is usually observed in
aggregates. Aggregation of vesicles without accompanying deformation of
membrane had until now been observed only in systems to which specific
ligands and receptors were added. In such case no deformations occur when
vesicles are brought together by a specific site-binding (ligand—receptor)
interaction. This is because not the whole vesicle surface is involved in the
interaction, but only a discrete number of contact points on each surface.
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This kind of self~assembly of vesicles driven by ligand—receptor coupling
was reported by Chiruvolu ef al. and Walker ef al. [128—130].

It is interesting to translate this concept to blastulae formation by proposing
a fluctuation of the electron density in the membrane as was described above.
Such a formation of localized partitions of opposite charge has been previously
reported by Aranda-Espinoza ef al. [131]. A spontaneous partitioning of
positively charged mixed bilayer vesicles in the presence of negatively charged
particles resulting in an electrostatic repulsion between oppositely charged
particles was observed. In our case the effect is reversed, electrostatic attraction
of vesicles of equal net charge are found. Recently, the asymmetry of charge
in lipid bilayers induced by monovalent salts was reported. According to
Gurtovenko [132], the difference in the headgroup orientation on both
sides of the bilayer, coupled with salt-induced orientation of water dipoles,
leads to an asymmetry in the charge density profiles and electrostatic potentials
of the bilayer. In this report lipid vesicles with only one type of molecules are
present. In our case, where two oppositely charged surfactants are present, the
salt-induced asymmetry may be the reason for the patches of the single-
charged surfactants of opposite sign. Finally, the overall shape of the blastulae
formed by the “attached” vesicles can be explained by the preferential local
aggregate curvature determined by geometrical constraints, obeying the same
rules as the formation of vesicles from surfactants. It should be noted that the
attraction of overall equally charged objects is discussed from time to time in
literature [133]. The present findings and the model proposed here may help
to understand such phenomena.

As far as coexistence of vesicles and micelles are concerned, intermediate
structures have been reported in the literature: open vesicles, mesh phases, or
even patches and discs [71, 124, 134]. However, to our knowledge such
symmetrically shaped hollow structures as the blastulae vesicles have never
been observed before in catanionic systems. One of the possible explanations
is that blastulae are the diluted counterpart of the “oyster phase,” which has
been observed for other charged bilayers in the absence of salt [135].

The rationale in the sequence of observed shapes (as schematically
represented in Fig. 9), when spontaneous curvature is varied via composi-
tion, is given by a general mechanism: a cocrystallization occurs, followed
by a segregation of excess material. The amount of nonstoichiometric
component distributes between the lattice and the edges and thus controls
the shape of the crystallized colloids [136].

4.3. The Occurrence of Convex—Concave Patterns in
Biological Systems

Experimentally, the occurrence of convex—concave deformations of high
regularity, similar to our blastulae, was first observed in a study of lipid
extracts from bacterial membranes [137, 138]. The egg carton pattern is
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mostly found in complex lipid mixtures of biological origin such as Strepto-
myces hygroscopicus and brain sphingomyelin [139]. Later on, this kind of
curved patterns has also been observed in a few examples with a more
simple composition such as in vesicles of DMPC mixed with a polymerized
amphiphile with butadiene groups [140], N-nervonoyl sphingosylpho-
sphorylcholine [141] both in their gel state and in systems containing the
lipid complex soybean lecithin and poly(diallyldimethylammonium chlo-
ride) [142]. However, the repeating convex—concave patterns in these so-
called “egg carton” structures are found on flat sheets and the objects are
multilamellar vesicles with diameters largely exceeding the diameters of the
bulges. By contrast, FF-TEM images of the present catanionic system show
that the building blocks forming the blastulae aggregate are of the same
average diameter as the individual vesicles present (ca. 60 nm) in solution.
The origin of convex—concave bilayer deformation is believed to result
from constraints imposed by limiting hydration of the headgroup and a
frustration arising from the spontaneous curvature of the bilayers [143]. This
effect had already been discussed by Gebhardt ef al. [144]. Undulation and
the formation of so-called egg carton structure had been extensively studied
theoretically. A “hat and saddle”” model was proposed by Helfrich [145] to
explain the existence of corrugated membranes of biological origin.
Fournier has shown that anisotropic inclusions can induce spontaneous
bending in flat lipid membranes, which attract each other to form an egg
carton structure [146, 147]. A model calculation based on bilayer bending
elasticity yielding disordered egg carton textures was proposed by Goetz and
Helfrich [148]. However, all these calculations are not appropriate to
explain the peculiar vesicle patterns experimentally observed in present
work.

4.4. Raspberry Vesicles

For the same reason the blastulae are different from the so-called raspberry
vesicles. The term ‘“‘raspberry vesicles” was used previously to describe
convex—concave vesicles obtained after the induction of osmotic shock on
giant unilamellar vesicles in different phospholipid systems [125]. The
“raspberry effect” is related to the deflating of the liposome due to the
volume reduction, the consequence being the existence of an excess mem-
brane. This excess membrane induces the formation of inverted “daughter
vesicles.”” Similar observations have been reported by Ménager and Cabuil
[126] for the osmotic shrinkage of liposomes filled with a ferrofluid and
in the case of liposomes subjected to a gradient of glucose [144]. However,
the evolution of these vesicles is different from the one observed in our
case. The initial membrane undulation of giant vesicles seems to be a
common step in all cases. In the aforementioned cases, the osmotic shrink-
age of vesicles was shown to be reversible which is proof of a persistent
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membrane neck connection between the mother and daughter vesicles.
At high enough osmotic strength the membrane ruptured. No vesicles with
individual membranes were observed. This is not the case in our system,
where the increase of ionic strength promotes the formation of individual
membranes, resulting in a spherically symmetrical cluster of unilamellar
vesicles, the blastulae. Higher ionic strength results in a separation of the
vesicles.

4.5. Blastulae Vesicles: A General Trend in
Catanionic Systems?

Finally, we would like to report that similar images have been found also in
samples containing cesium chloride and in a system composed of sodium
dodecylcarboxylate and DTAB in the presence of sodium chloride
(cf. Fig. 10). Further experiments and theoretical insights are necessary in
order to clarify the exact mechanism of formation of such structures and the
reason for this intermediate structure to be found only in catanionic systems
containing salt.
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Figure 10 Blastulae vesicles in an SDS/DTAB system with the addition of 20 mM
CsCl.



Salt-Induced Transitions in Nonequimolar Catanionic Systems 155

5. CONCLUSIONS

We have presented a way to make hollow regularly shaped structures
by spontaneous secondary self-assembly of vesicles without additives except
salt. These spherical, symmetrical aggregates of individual vesicles were
never observed previously, even in systems with ligand—receptor binding.
A mechanism of formation for this type of superstructures was proposed,
showing the importance of charge fluctuation. Finally, such blastulae aggre-
gates could be considered as an intermediate step in the formation of
unilamellar vesicles from bilayers in nonequimolar catanionic systems.
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Abstract

Cubic phases of lipid membranes are nonbilayer membranes with connections
in three-dimensional (3-D) space that have a cubic symmetry. Especially, one
family of cubic (Q) phases such as Q%24 (D surface), Q>*° (P surface), and Q23°
(G surface) phase, which has an infinite periodic minimal surface (IPMS) consisting
of bicontinuous regions of water and hydrocarbon, have been observed in
biological lipid membranes. Biomembranes having 3-D regular structures
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similar to cubic phases have been observed in various cells by transmission
electron microscopy. It is very important to elucidate the mechanisms involved
in the phase transitions between the bilayer liquid-crystalline (L,) phase and
Q phases and also to identify the factors which control these phase transitions.
So far, effects of temperature, water content, and pressure on the stability of
the Q phases and phase transitions between the L, and the Q phases have been
investigated. However, changes of these conditions are too severe for most cells
to survive. Therefore, from a physiological point of view, it is important to find
milder conditions inducing these phase transitions. Recently, we found for the
first time that electrostatic interaction due to surface charges of lipid
membranes is an important factor to control the stability of Q phases and to
induce phase transitions between the L, and Q phases. In lipid membranes of
monoolein (MO) and negatively charged lipids such as dioleoylphosphatidic
acid (DOPA) mixture, as electrostatic interactions in the membrane interface
increased as a result of either an increase in the surface charge density of
the membrane or a decrease in salt concentration, the most stable phase of these
lipid membranes changed as follows: Q**4 = Q*° = L,. The surface charges in
MO membrane due to the adsorbed charged peptides had the same effect as the
charged lipids; as the peptide concentration increased (and thereby the surface
charge density of the MO membrane due to the bound peptide increased), the
most stable phase of the MO membrane changed as follows: Q**#4 = Q**° = L,.
Changes of the electrostatic interaction due to the surface charges in aqueous
solution are mild for cells, and this interaction can also be controlled by ions, pH,
and peptides. Low concentrations of Ca®" induced an irreversible transformation
of bilayer membranes of dioleoylphosphatidyl-glycerol (DOPG)/MO to cubic
phases, and pH changes induced the reversible phase transitions between L,
and cubic phases in dioleoylphosphatidylserine (DOPS)/MO membranes. Posi-
tively charged peptides induced a Q**° to Q23° phase transition in DOPA/MO
membranes. On the basis of these results, we have proposed that in cells
transformations between the Q phases and the bilayer membranes would occur
by the modulation of the electrostatic interactions due to the surface charges.

1. INTRODUCTION

Biomembranes and lipid membranes usually form planar bilayer mem-
branes in the liquid-crystalline (L,) phase. However, it is well known that
under some conditions lipid membranes form nonbilayer membranes such
as hexagonal II (Hy;) phase (Fig. 1A), interdigitated gel (Lgl) phase (Fig. 1B),
and cubic (Q) phases (Fig. 2). The Q phases of lipid membranes are
nonbilayer membranes with connections in three-dimensional (3-D)
space which have a cubic symmetry. One family of the Q phases, which
includes Q?** phase (Schwartz’ D surface, or diamond surface) (Fig. 2A),
Q2% phase (P surface) (Fig. 2C) and Q%" phase (G surface or gyroid
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Figure 1 Structures of (A) hexagonal II (Hy;) phase and (B) interdigitated gel (L4I)
phase.

Figure 2  Structures of (A) Q*** phase (Schwartz’ D surface, or diamond surface) and
(B) Q**° phase (P surface).

surface), has an infinite periodic minimal surface (IPMS) (or triply periodic
minimal surface) consisting of bicontinuous regions of water and hydrocar-
bon [1, 2]. The minimal surface has zero mean curvature (H = (C; + Cy)/
2 =0, where C; and C; are the principal curvatures, that is, the maximum
and the minimum of the normal curvatures at a point in the surface) and
negative Gaussian curvature (K =—C;+C, = —C7 < 0) at all points
[2, 3]. Figure 3 shows three kinds of example of the minimal surface;
(A) catenoid, (B) helicoid, and (C) Scherk. It is well known that the Bonnet
transformation from helicoid to catenoid occurs without changing the
Gaussian curvature, zero mean curvature, and length and angles defined at
corresponding points [3]. In the Q phase membranes, the minimal surface is
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Figure 3 Example of the minimal surface: (A) catenoid, (B) helicoid, and (C) Scherk.

located at the bilayer midsurface, which is the interface of two monolayer
membranes. Figure 4 shows the images of the minimal surfaces of Schwarz’
D surface and Schwarz’ P surface drawn by the Surface Evolver program.
In the Q?2* phase (D surface), four water channels meet at tetrahedral angle
(109.5°) in the node of the D surface in a thombic dodecahedron (Fig. 4C)
and also two interwoven tetrahedral networks of rodlike water channels are
arranged on a double-diamond lattice. In the Q??° phase (P surface), six
water channels meet at orthogonal angle (90°) in the center of the cubical
unit cell (Fig. 4D). The Q phases and their structures have been identified
using small-angle X-ray scattering (SAXS) (Table 1) [1, 4-7]. The Q?**
phase, the Q2?2 phase, and the Q3" phase are a primitive Q phase of space
group Pn3m, a body-centered Q phase of space group Im3m, and a body-
centered cubic phase of space group Ia3d, respectively. Freeze-fracture
electron microscopy and NMR spectroscopy also have provided valuable
information for determination of the phase and structure of the Q phases [8].
These Q phases have a different topology from spheres (Table 1). The
topology of a surface is defined by the genus per unit cell, ¢ (i.e., the number
of handles or holes attached to a spherical surface), and Euler characteristics,
% (.e., in the case of a polyhedron, the number of vertex + the number of
face — the number of edge) [2, 3]. The relationship between y and gis y = 2
(1 — 9. According to the Gauss—Bonnet theorem, the topology (i.e., the
Euler characteristics or the genus) is related to average value of Gaussian
curvature of the membrane over a unit cell, (K), as follows [2, 3]:

(K) = ZZX _ 471'(1A— g)

where A is the total surface area of the minimal surface per unit cell. Thereby,
the transformation between the Q phases and a sphere (or a plane) requires
some kinds of rupture and fusion of surfaces to change the topology.
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Figure 4 The images of Schwartz’ D surface (corresponding to the Q?** phase) (A—C)
and Schwarz’ P surface (corresponding to the Q??° phase) (D, E) drawn by the Surface
Evolver program developed by Dr. Ken Brakke. (A) a cubical unit cell of the D surface,
(B) four cubical unit cells of the D surface, (C) the D surface in a rhombic dodecahe-
dron, (D) a cubical unit cell of the P surface, and (E) four cubical unit cells of the P
surface.

So far extensive studies on structures and phase stability of the Hy; phase
and the Lgl phase have been conducted (e.g., [9-15]), but direct informa-
tion on existence of biomembranes in the Hy; phase or those in the Lgl
phase in cells has not been reported yet. In contrast, 3-D regular structures
of biomembranes similar to the Q phases have been observed in various cells
using transmission electron microscopy (TEM). Some of them were
identified as cubic membranes using the direct template correlative (DTC)
matching method based on pattern and symmetry recognition between the
TEM micrographs and theoretical computer-generated projections of
IPMSs [2, 16, 17]; for example, Q phase membranes are formed in prola-
mellar bodies (PLBs) of various plants [18—20], organized smooth endoplas-
mic reticulum (OSER) [17, 21], and mitochondrial inner membrane in
starved amoeba (Chaos carolinensis) [22, 23]. It is considered that several
kinds of environmental changes may induce the transformation between
these Q membranes and bilayer membranes [6, 17].
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Table 1 Three kinds of IPMS cubic phases of biological lipid membranes

The ratio of
reciprocal spacing
Cubic  Schwartz Space of SAXS Cubic
phase  surface group reflections aspect b
Q** D (Diamond) Pn3m \2:\3:N4:6:18:\9: #4 —16
V10:N11:\12:N14
Q*® P Im3m \2:V4:6:48:010:\12: #8 —4
\14:416:V18:020
Q%% G (Gyroid) Ia3d \6:18:N14:116:\20: #12 -8
\22:\24

In membrane fusion and vesicle fission, topological changes of biomem-
branes (or lipid membranes) occur, and thereby, to reveal their molecular
mechanisms the elucidation of the mechanism of any kinds of topological
changes of lipid membranes is valuable [24, 25]. The physical properties of
the Q phases may play an important role in a control of functions of
membrane proteins and ultrastructural organizations inside cells [6, 26].
Recently, it was elegantly shown that the Q phases are also very useful for
crystallization of membrane proteins [27-29].

Therefore, it is very important to elucidate the mechanism for the
stability of the Q phases of biomembranes, especially; the mechanisms
involved in the phase transitions between the Q and the L, phases and
also to identify the effective factors which control these phase transitions.
Several factors have been reported to affect the stability of the Q phases.
Among them, temperature and water content have been vigorously inves-
tigated (Table 2). In most cases, increasing temperature or decreasing water
content induces transitions from the L, to the Q phases. For example, at low
water contents, phosphatidylcholine (PC) membranes form the Q phases
[8]. In didodecyl phosphatidylethanolamine (DDPE) membrane, as tem-
perature increases, the most stable phase of this membrane changed in high-
temperature range (100—140 °C) as follows: L, = Q%**° = Q** = Hj;
[30]. In N-methylated dioleoylphosphatidylethanolamine, as temperature
increases, an L, to Q phase transition occurs at 62 °C [31]. In membranes of
2:1 fatty acid/PC mixture, as water content is decreased, the most stable
phase of these lipid membranes changed in temperature range (35—49 °C) as
follows, L, = Q%% = Q?** = Q%% [32]. In didodecyl alkyl i-D-glucopyr-
anosyl-rac-glycerol membrane, as water content is decreased, the most stable
phase of these lipid membranes changed in temperature range (50—70 °C)
as follows: Q2** = Q23 [33]. Several theoretical investigations on the effects
of water contents and temperature have been published (e.g., [34—41]).



Table 2 Temperature or water content-induced phase transitions between IMPS cubic phases and those between the Q phases and

the L, phase

Lipid membrane

Didodecyl-PE (DDPE)
N-methylated DOPE
Fatty acid/PC (2:1)
Didodecyl alkyl f-p-

glucopyranosyl-rac-glycerol
Monoolein (MO)

Water
content (wt%)

>50%
Excess
40-50%
<30—-40%

QZ?)O

<30% Q,
L,

Temperature
range (°C)

80-140

Phase transition
temperature: 62

35-49

50—70

<80

Phase

Lo( = Q229 = Q224 = HII as
temperature increases

L, = Q% as temperature
increases

Q% = Q% = Q" a5 water
content decrease

Q2% = Q% as water content
decrease

Q%2 = QY = L, as water
content decrease

Reference

[30]
[31]
[32]
[33]

[4,34]
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Recently, investigations on kinetics of the interconversion between the Q
phases and the phase transition between the Q and the L, phase have been
started [42, 43].

However, these conditions are too severe for most cells to survive.
Especially, homoiotherms such as mammalian and birds live at constant
temperature, and thereby it is difficult for them to survive at higher tem-
perature than normal one. Water contents in most animals and plants range
from 60% to 80% (w/w), and thereby it is difficult for them to survive under
the dry conditions whose water contents are less than 60%. Therefore, from
a physiological point of view, it is necessary to find milder conditions for the
formation of the Q phases and the phase transition between the Q phases
and the L, phase. About 10 years ago, I proposed a hypothesis that electro-
static interactions due to surface charges might induce phase transitions
between the Q and the L, phase, because the electrostatic interaction due
to the surface charges is mild and biomembranes of most cells contain
negatively charged lipids (such as phosphatidylserine (PS), phosphatidic
acid (PA), and phosphatidylglycerol (PG)) whose content is about 20 mol%
among total lipids (Interestingly, most biological cells do not contain
positively charged lipids, indicating that during the evolution of life the
negatively charged lipids were selected for biomembranes.). Thereby, cells
used this electrostatic interaction to control the structures and the interac-
tions of proteins. For example, myristoylated alanine-rich C kinase substrate
(MARCKS) and src (pp6079) can be bound with lipid membranes using
both the electrostatic attractive interaction between the negatively charged
lipid membranes and the positively charged domain of these proteins and
the hydrophobic interaction due to the covalently linked fatty acid [44, 45].
Our groups started a project to check the validity of my hypothesis on
the effect of the electrostatic interactions due to surface charges on the
stability of the Q phases of biological lipid membranes. As a result, fortu-
nately, we found for the first time that electrostatic interactions due to
surface charges is an important factor to control the stability of the Q phases
and to induce phase transitions between the L, and the Q phases [46, 47].
Next, we developed a different approach which examines the effect of
electrostatic interactions on the stability of the Q phases. To increase the
surface charge density of the MO membrane, a charged peptide which can
bind with the electrically neutral membrane interface was used instead of
the negatively charged lipids [48]. As the peptide concentration increased,
the most stable phase of the MO membrane changed as follows: Q%** =
Q?%»° = L,. Moreover, other kinds of positively charged peptides induced
a Q%* to Q%% phase transition [49]. Further, we found that change of
Ca?* and HT concentration induced phase transition from L, to the

Q phases [50, 51].
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2. EFFECTS OF SURFACE CHARGES DUE TO CHARGED
LIPIDS ON THE STABILITY OF THE Q PHASES

To reveal the effects of electrostatic interactions on the stability of the
Q phases of biological membranes, at first we incorporated negatively
charged lipids into electrically neutral lipid membranes in the Q phases,
and investigated the effects of surface charges of the lipid membranes on the
stability of the Q phases. As the host membrane in the Q phase,
1-monooleoyl-rac-glycerol (monoolein; MO) (Fig. 5A) membrane was
used, because MO 1is one of the important biological lipids, which has a
basic structure of glycerophospholipids, and the Q phases of the MO
membrane have been extensively studied so far. It is well known that the
MO membrane in excess water is in the Q22* phase, and at low water
contents it is in the Q%3 phase [4, 34]. As the first example, we describe the
effect of a negatively charged lipid, dioleoylphosphatidic acid (DOPA)
(Fig. 5B) on phases and structures of the MO membranes [47].

We investigated effects of DOPA concentration (mol%) in DOPA/MO
membranes on their structures in 10 mM PIPES buffer (pH 7.0) under
excess water condition at 20 °C using SAXS. Addition of small amounts of
DOPA into the MO membrane changed its structure greatly. The SAXS
pattern of 0.3%-DOPA/99.7%-MO membrane is similar to that of 100%
MO membrane (Fig. 6A, C), which corresponds to the Q??* phase. On the
other hand, the SAXS pattern of 2.0%-DOPA/98%-MO membrane shows
a different kind of pattern (Fig. 6B, C), which corresponds to the Q?*°
phase. Figure 6D shows that dependence of the lattice constant (here, we

1-Monooleoyl-rac-glycerol (MO)

B
1, 2-Dioleoyl-sn-Glycero-3-Phosphate (DOPA)

i
(0]

PO
HO@é O\k/o\o —

Figure 5 Structure of (A) MO and (B) DOPA.
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Figure 6 (A) A SAXS profile of 0.3%-DOPA/99.7%-MO membrane in excess 10 mM
PIPES buffer (pH 7.0) at 20 °C. Several peaks had spacings in the ratio of
\2:\3:\4:06:18:19:110:N11:112, indexed as (11 0), (1 1 1), (200), (21 1), (22 0), (2
21),(310),(311), and (2 2 2) reflections. This corresponds to a primitive Q phase of
space group Pn3m (Q*2*) (cubic aspect #4). (B) A SAXS profile of 2.0%-DOPA/98%-
MO membrane in excess 10 mM PIPES bufter (pH 7.0) at 20 °C. Several peaks had
spacings in the ratio of 12:14:16:18:110:112:114:\16:118:120:122:\24, indexed as (1 1 0),
(200),(211),(220),(310),(222),(321),(400),(411),(420),(332),and (422)
reflections on a body-centered Q phase of space group Im3m (Q**°) (cubic aspect #8).
(C) Indexing of the SAXS data of the (A) (o) and (B) (). The open symbols (O, O)
show reflections which, although allowed by the space group, were not clearly
observed due to weak intensities. The reciprocal spacing, S, of the cubic phase is
connected with the lattice constant, a, by S (h, k, [) = (1/a) (h® + k* + »)'/?, where
h, k, and [ are Miller indices. The lattice constant (structure parameter), a, of the Q phase
can be determined by the gradient of the plot in (C). The lattice constant of (A) the 0.3%-~
DOPA/99.7%-MO and (B) 2.0%-DOPA/98%-MO membranes were 10.7 and 15.7 nm,
respectively. (D) The structure parameter, that is, the lattice constant a of the Q phases of
DOPA/MO membranes containing various concentrations of DOPA (mol%) in 10 mM
PIPES buffer (pH 7.0) under excess water condition at 20 °C determined by SAXS.
(8) denotes the Q*?* phase and (m) denotes the Q?*’ phase. These figures are reprinted
from Ref. [47] with permission from the American Biophysical Society.
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call it the structure parameter to use this word for different kinds of phases)
and kind of cubic phase on DOPA concentration in DOPA/MO mem-
branes. Less than 0.5% DOPA, DOPA/MO membranes are in the Q2?4
phase. At 0.5% DOPA, a phase transition from the Q22* to the Q?2° phase
occurs, and above 0.5% DOPA, DOPA/MO membranes are in the Q3%%°
phase. At 0.5% DOPA, both the Q?2* and the Q??° phases coexist, and the
lattice constant for the Q?** and the Q2?° phase are 10.9 and 13.6 nm,
respectively. Thereby, the ratio of the lattice constant (Q??°/Q%?*) was
1.25, which is close to the theoretical value (1.28) determined by the
analysis of the coexisting cubic phases based on the Bonnet transformation
from the P to the D surface [34, 52]. The lattice constant of the membranes
gradually increased with an increase in DOPA concentrations. Above 12%
DOPA, peaks in SAXS pattern are broad, and thereby it was difficult to
analyze it. Similar results were obtained in the effect of a negatively charged
fatty acid, oleic acid (OA) on the structure and the phase of OA/MO
membrane at neutral pH [46].

To elucidate the effects of high concentrations of DOPA in the DOPA/
MO membranes, we investigated structures of DOPA/MO membranes at
high lipid concentrations (30 wt% lipids, i.e., 70 wt% water) in 10 mM
PIPES buffer (pH 7.0). At and above 25% DOPA, a new set of SAXS
peaks appeared with a large spacing (11.3 & 0.5 nm) in the ratio of 1:2:3
(Fig. 7A), which is consistent with an L, phase. Figure 7B shows a detailed

20+ = 1

Intensity (arb. units)
w
Structure parameter (nm)
o
in ]

1 1 1 1 1 5
0.0 0.2 0.4 0.6 0.8 0 20 40

S (nm™) DOPA (mol%)

Figure 7 (A) A SAXS profile of 40%-DOPA/60%-MO membrane in 10 mM PIPES
buffer (pH 7.0) at 30 wt% lipid condition at 20 °C. The spacing of L, phase is 11.4 nm.
(B) The structure parameter of DOPA/MO membranes containing various concentra-
tions of DOPA (mol%) in 10 mM PIPES buffer (pH 7.0) at 30 wt% lipid condition at
20 °C determined by SAXS. (O), (O), and () denote the Q*?* phase, the Q*?° phase,
and the L, phase, respectively. These figures are reprinted from Ref. [47] with permis-
sion from the American Biophysical Society.
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dependence of the spacing and the structure of DOPA/MO membrane on
DOPA concentration (mol%). SAXS patterns of the DOPA/MO
membranes containing less than 13% DOPA under this condition are almost
the same as those in excess water. At 0.6% DOPA, a phase transition from
the Q2** to the Q22” phase occurs, and both the phases coexist, where the
ratio of the lattice constant (Q%?°/Q??%) is 1.27. The lattice constant of the
DOPA/MO membrane in the Q??° phase gradually increases from 14.6 to
20.5 nm with an increase in DOPA concentration from 1.0% to 15%.
At 16—24% DOPA, it was difficult to specify the phase. At and above
25% DOPA (<40%), the spacing (i.e., the structure parameter) of the L,
phase is almost constant. The condition of these membranes in the L,
phase is not in excess water, because the intermembrane distance of the
DOPA/MO-multilamellar vesicle (MLV) is very large due to the electro-
static repulsion between the membranes and also the water content is not
enough (70 wt% water). Thereby, the spacing does not change as the
DOPA concentration increases. On the other hand, we found that giant
unilamellar vesicles (GUVs) of DOPA/MO membranes containing
more than 25 mol% DOPA were formed under excess water conditions.
This result indicates that these membranes are in the L, phase under excess
water conditions, supporting the above conclusion based on the SAXS
experiments.

The important factors to determine the electrostatic interactions of
biomembranes (or lipid membranes) in a buffer are the surface charge
density of the membranes and the electrolyte concentration in the buffer
such as Nat and CI™. As the surface charge density of the lipid membranes
increases or as the electrolyte concentration in solution decreases, the
electrostatic interactions in the solution increase [53]. Thereby, to reveal
whether the electrostatic interactions play an important role in the DOPA-
induced phase transition, it is necessary to investigate the dependence of
NaCl concentration on structures of these membranes under excess water
condition. For example, in the case of 10%-DOPA/90%-MO membrane in
10 mM PIPES buffer (pH 7.0), which is in the Q??” phase in the absence of
NaCl (Fig. 6D), with an increase in NaCl concentration, at 60 mM NaCl, a
phase transition from the Q??? to the Q??** phase occurs, and the lattice
constant of the Q??>* phase gradually decreases with an increase in NaCl
concentration (Fig. 8A). At high NaCl concentrations (>1.5 M), the mem-
brane is in the Hyj phase. Next, we show the eftect of NaCl on the structure
of 30%-DOPA/70%-MO membrane, which is in the L, phase in the
absence of NaCl. At and above 0.50 M NaCl (less than 0.75 M NaCl),
the SAXS patterns show that the membranes are in the Q%2 phase and that
the lattice constant of the Q??* phase gradually decreases with an increase in
NaCl concentration (Fig. 8B). At high NaCl concentrations (>0.65 M), the
membranes are in the Hj phase. These results indicate that as NaCl
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Figure 8 (A) The structural parameter (i.e., the lattice constant a of the Q phases and
the basis vector length d of the Hyy phase) of the 10%-DOPA/90%-MO membranes in
10 mM PIPES buffer (pH 7.0) containing various concentrations of NaCl (M) at 20 °C
determined by SAXS. (0O0), (O), and (A) denote the Q?**° phase, the Q*** phase, and the
Hjy phase, respectively. (B) The structural parameter of the 30%-DOPA/70%-MO
membranes in 10 mM PIPES buffer (pH 7.0) containing various concentrations of
NaCl (M) at 20 °C determined by SAXS. (e) and (A) denote the Q*** phase and the
Hj; phase, respectively. These figures are reprinted from Ref. [47] with permission from
the American Biophysical Society.

concentration increases, it becomes difficult to occur the DOPA-induced
phase transitions and the phases of the DOPA/MO membranes returns to
the original phase of the MO membrane; the Q?2” phase changes into the
Q?2?* phase, and the L, phase transforms into the Q??* phase. The Poisson—
Boltzmann theory shows that the increase in salt concentration induces the
decrease in the electrostatic interactions due to the screening of the electrical
potential [53]. Therefore, the effect of the salt concentration on the DOPA-
induced phase transitions indicates that the main factor of these phase
transitions is the electrostatic interactions due to the surface charges of
DOPA/MO membranes. We conclude that as electrostatic interactions in
the membrane interface increases as a result of either an increase in the
surface charge density of the membrane or a decrease in salt concentration,
the most stable phase of these lipid membranes changes as follows: Q*** =
Q> = L, (Fig. 9).

After the publication of the paper [47] on the effect of DOPA on phase
of MO membranes, other groups reported similar results that the MO
membranes containing high concentrations of a negatively charged lipid
such as dioleoylphosphatidylserine (DOPS) or dioleoylphosphatidylglycerol
(DOPQG) were in the L, phase [54, 55], supporting our conclusion.
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Figure 9 Effect of electrostatic interactions on phase stability of the Q phases and
the L, phase. The surface charge density of the lipid membrane can be controlled by the
concentration of charged lipids in the membrane or by the amount of charged peptides
partitioned into the membrane interface. As the electrostatic interactions increase
(i-e., the surface charge density of the membrane increases, or the salt concentration
in the bulk phase decreases), the most stable phase of the MO membrane changes;
Q= Q¥ =1L,

3. EFFECTS OF SURFACE CHARGES DUE TO ADSORBED
CHARGED PEPTIDES ON THE STABILITY OF THE
Q PHASES

Next, we developed a different approach which examines the effect of
electrostatic interactions on the stability of the Q phases. To increase the
surface charge density of the MO membrane, a charged peptide which can
bind with the electrically neutral membrane interface was used instead
of the negatively charged lipids [48]. Recent biophysical studies indicate
that the lipid membrane interface is composed of hydrophilic segments
(so-called head group), hydrophobic acyl chains, and water molecules
because of large thermal motions of the membranes such as undulation
and protrusion [12, 53]. Peptides can be partitioned into the membrane
interface or bound in the membrane interface. The thickness of the mem-
brane interface of dioleoyl-PC (DOPC) membrane was 0.9—1.5 nm
[56, 57], showing that an o-helix can be partitioned parallel to the bilayer
plane into the membrane interface. As the de novo designed peptide which
has positive charges and also can be partitioned into the lipid membrane
interface composed of electrically neutral lipids such as PC, we designed and
synthesized a peptide whose sequence is WLFLLKKK (peptide-1) [58]. The
N-terminal region (WLFLL) is the site (or the segment) of the peptide
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partitioned into the membrane interface, since W and F have a high-
interfacial hydrophobicity [59]. Since K is the positively charged amino
acid Lysine, peptide-1 has three positive charges at its C-terminus and a
positive charge at its N-terminus. We expected that the peptide-1 might
give positive charges in the electrically neutral membrane interface by its
binding to the interface (Fig. 10).

To confirm the validity of the design of peptide-1, we investigated the
interaction of the peptide-1 with PC membranes in the L, phase [58]. It is
well recognized that the intermembrane distance between adjacent mem-
branes inside a multilamellar vesicle (MLV) is a good measure for the
intermembrane interaction [53, 60]. As shown in Fig. 11A, the spacing
(d)) of palmitoyloleoyl-PC (POPC)-MLV gradually increases from 6.3 to
8.8 nm with an increase in peptide-1 concentration (R, molar ratio of

;) 5 1 ‘ “ Membrane interface
N T —
ydrophobic core
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Membrane interface

Figure 10 A schematic view of the membrane interface of MO membrane, and the
partition of the peptide-1 into the membrane interface. The lipid membrane is consisted
of two membrane interfaces and the hydrophobic core. The peptide-1 is located in the
membrane interface.
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Figure 11 (A) Spacing of POPC-MLYV in the presence of various concentrations of
peptide-1 (O) and peptide-3K (o) in 10 mM PIPES buffer (pH 7.0) under excess water
condition at 20 °C. R is the molar ratio of peptides to lipid (POPC). (B) Effect of NaCl
concentration on the spacing of POPC/peptide-1 membrane (R = 0.030) in 10 mM
PIPES buffer (pH 7.0) under excess water condition at 20 °C. These figures are
reprinted from Ref. [58] with permission from the American Chemical Society.
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peptides to lipid (POPC)). On the other hand, in the case of peptide-3K
(LLKKK) which does not have the N-terminal segment (WLF), the spacing
does not change. The spacing is determined by the summation of
the intermembrane distance (dg and the membrane thickness (d,,), that is
di = de + d,,. The values of d¢ and d,,, can be determined by the electron
density profile of membranes obtained by the Fourier transformation of the
SAXS data. However, in the presence of peptide-1 only two SAXS peaks
were obtained, and thereby, it was difficult to obtain the electron density
profile. In spite of this result, we can get qualitative information on the
intermembrane distance (dp) from Fig. 11A. The membrane thickness of the
L, phase membrane cannot change greatly. Thereby, the large increase in
the spacing of POPC-MLYV is due to the increase in the intermembrane
distance. Figure 11B shows that the spacing of the POPC-MLV in the
presence of peptide-1 (R = 0.030) decreases with an increase in NaCl
concentration in solution. This result indicates that the increase in the
intermembrane distance of POPC-MLV by peptide-1 is due to electrostatic
repulsive interaction. On the basis of these results, we can reasonably
conclude that the peptide-1 is partitioned into the membrane interface
and gives positive charges to the PC membrane surface, resulting in the
increase in the electrostatic repulsive interaction between the adjacent
membranes in the MLV. On the other hand, we found that this peptide-1
induced shape changes of DOPC-GUVs. The addition of low concentra-
tion (e.g., 5 pM) of peptide-1 through a micropipet near a single DOPC-
GUV induced several kinds of shape changes; for example, a discocyte was
changed to two-spheres connected by a neck, and small vesicles were
budded into the outside of the spherical GUV. The theoretical analysis on
the results of the shape changes indicates that the peptide-1 binds with the
membrane interface of the external monolayer of the GUV and increases
the area of its membrane due to the partition itself and also the electrostatic
repulsive interaction between the peptides partitioned into the membrane
interface. These results indicate that the de novo designed peptide-1 can bind
with the PC membrane interface and have large effect on its structure
and property.

Next, we investigated effects of peptide-1 on phase stability of the MO
membrane [48]. Little information is available regarding the structure of the
membrane interface of the MO membrane. However, a recent molecular
dynamics simulation shows that there is a great deal of undulation motion
and peristaltic motion in the MO membranes [61]. This suggests that the
membrane interface of the MO membrane is composed of hydrophilic
segments, hydrophobic acyl chains, and water molecules, which is similar
to that of the PC membranes. Therefore, we can expect that the peptide
designed to be partitioned in the PC membrane interface can bind with
the MO membrane interface. To verify this hypothesis, we investigated the
effects of peptide-1 on the structures and the stability of the Q phase of MO
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membranes using SAXS. At high concentrations of peptide-1 (e.g., R=0.10),
a new set of SAXS peaks appeared with large spacing (ratio = 1:2:3), which
is consistent with the L, phase (Fig. 12A). Figure 12B shows the detail
dependence of the structure and the phase of the MO/peptide-1 membrane
at 30 wt% lipid on peptide-1 concentration. At R < 0.0080, MO mem-
branes are in the Q22* phase. At R > 0.0090, MO membranes are in the
Q?%? phase. Thus, at R = 0.0090, a transition from the Q%?* to the Q**°
phase occurs. The lattice constant of the Q22* phase immediately before the
phase transition (R = 0.0080) and that of the Q?2” phase immediately after
the phase transition (R = 0.0090) are 11.2 and 14.5 nm, respectively.
Thereby, the lattice constant ratio (Q%2°/Q??%) is 1.29, which is close to
the theoretical value (1.28) determined by analysis of coexisting cubic
phases based on the Bonnet transformation from the D to the P surface.
The lattice constant of the MO/peptide-1 membrane in the Q*? phase
gradually increases from 14.5 to 18.7 nm as peptide-1 concentration
increases from R = 0.0090 to 0.030. At R > 0.040, the membranes are in
with the L, phase, and the spacing of the L, phase decreases slightly
as peptide-1 concentration increases from R = 0.040 to 0.12 (Fig. 12B).
In contrast, peptide-3K does not change the phase of the MO membrane
under the same conditions (Fig. 12B).

To confirm that these phase transitions are induced by the electrostatic
interactions due to the surface charges of the adsorbed peptide-1 on the MO
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Figure 12 (A) SAXS pattern of MO/peptide-1 membranes (R = 0.10, R is the molar
ratio of peptide-1 to MO) in 10 mM PIPES buffer (pH 7.0) at 30 wt% lipid concentra-
tion at 20 °C. (B) The structure parameter of MO/peptide-1 membranes in the pres-
ence of various concentrations of peptide-1 (e, A, ¥) and peptide-3K (O) in 10 mM
PIPES buffer (pH 7.0) at 30 wt% lipid concentration at 20 °C determined by SAXS. R is
the molar ratio of peptides to MO. () and (O) denote the Q*** phase, (A) denotes the
Q?*° phase, and (V) denotes the L, phase. These figures are reprinted from Ref. [48]
with permission from the American Chemical Society.
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membrane, we investigated the effect of NaCl on the phase of the
MO/peptide-1 membrane in excess water. The MO/peptide-1 membrane
(R = 0.030) was in the Q?2° phase in the absence of NaCl (Fig. 12B). With
an increase in NaCl concentration, at 120 mM NaCl, a phase transition
from the Q?? to the Q%?* occurred (Fig. 13A). The lattice constant of the
Q??? phase immediately before the phase transition (110 mM NaCl) and
that of the Q??* phase immediately after the phase transition (120 mM
NaCl) are 15.6 and 12.2 nm, respectively. Thereby, the lattice constant
ratio (Q%2°/Q??% is 1.28. The lattice constant of the Q??# phase gradually
decreases as NaCl concentration increases. Next, we investigated depen-
dence of NaCl concentration on structures of the MO/peptide-1 membrane
(R =0.080), which is in the L, phase (Fig. 12B) in the absence of NaCl. Ata
NaCl concentration of >0.4 M, the membranes are in the Q??** phase, and
that the lattice constant of the Q??* phase gradually decreases as NaCl
concentration increases (Fig. 13B).

On the basis of these results, we can reasonably consider a following
scenario for the peptide-1 induced the Q to the L, phase transition.
Peptide-1 binds with the electrically neutral MO membrane interface due
to the segment (WLFLL) with high-interfacial hydrophobicity, which
increases the surface charge density of the MO membrane. As the
peptide-1 concentration increases and thereby the surface charge density
of the membrane consequently increases, electrostatic repulsive interaction
between the positive charges increases. In contrast, in the MO/peptide-1
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Figure 13 (A) The lattice constant of the Q phases of the MO/peptide-1 membranes
(R = 0.030) in 10 mM PIPES buffer (pH 7.0) containing various concentrations of
NaCl (M) in excess water at 20 °C determined by SAXS. (A) denotes the Q**° phase
and (O) denotes the Q?** phase. (B) The structure parameter of the MO/peptide-1
membrane (R = 0.080) in 10 mM PIPES buffer (pH 7.0) containing various concentra-
tions of NaCl (M) at 20 °C determined by SAXS. (A) Denotes the L, phase and (O)
denotes the Q?** phase. These figures are reprinted from Ref. [48] with permission
from the American Chemical Society.



Transformation Between Liposomes and Cubic Phases of Biological Lipid Membranes 181

membrane, as the salt concentration in the bulk phase increases, the elec-
trostatic repulsion decreases due to screening of the charges of the peptides.
Therefore, we conclude that as the electrostatic interactions in the mem-
brane interface increases as a result of either an increase in the surface charge
density of the adsorbed peptide-1 on the MO membrane or a decrease in
salt concentration, the most stable phase of these lipid membranes changes as
follows: Q?** = Q%?»° = L, (Fig. 9). These results clearly show that the
origin of the surface charge is not important in the electrostatic interaction-
controlled phase transitions between different Q phases and also between
the Q phases and the L, phase (Fig. 9). This was the first example demon-
strating the peptide (or protein)-induced phase transition between the
Q phases and bilayer membranes of biological lipid membranes.

4. MECHANISM OF THE ELECTROSTATIC
INTERACTIONS-INDUCED PHASE TRANSITION
BETWEEN THE Q PHASE AND THE L, PHASE

To consider the mechanism of the electrostatic interaction-induced
phase transitions, we investigated effects of the electrostatic interactions due
to the surface charges on the spontaneous curvature of MO monolayer
membrane. The spontaneous curvature of a single monolayer membrane,
Hy, is defined as the curvature to minimize the curvature elastic energy of
the monolayer, which is determined by physical properties of the mono-
layer by itself without the interaction of other monolayer [9-11] (Appendix).
The absolute value of the spontaneous curvature, |Hp|, is determined
as the reciprocal number of the radius of the spontaneous curvature (i.e.,
|Hy| = 1/Ry). To allow the MO monolayer in the Hy; phase to express the
spontaneous curvature, Hy, we added 16% tetradecane to the MO mem-
branes (or DOPA/MO membranes) to relax the alkyl chain packing stress
(Appendix).

First, we investigated the effect of the incorporation of DOPA in the
MO membrane on its spontaneous curvature [47]. The basis vector length
(i.e., the distance between the centers of neighboring cylinders in the Hy
phase), d, of the DOPA/MO/tetradecane membrane in the Hy; phase in
10 mM PIPES buffer (pH 7.0) gradually increases from 6.5 to 9.4 nm with
an increase in DOPA concentration from 0 to 40 mol% (Fig. 14A). On the
other hand, d of the same membrane in 10 mM PIPES buffer (pH 7.0)
containing 1.0 M NaCl is almost the same with an increase in DOPA
concentration (Fig. 14A). The basis vector length of the Hy phase, d, is
expressed as a sum of the distance between the center of the cylinder and
the neutral surface (or pivotal surface), R,,,, and the distance between the
bilayer midsurface and the neutral surface, ¢, that is d = 2 (R,, + &)
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Figure 14 (A) The basis vector length, d, of Hy; phases of DOPA/MO membrane
containing 16 wt% tetradecane versus DOPA (mol%) concentration in 10 mM PIPES
bufter (pH 7.0) under excess water condition at 20 °C determined by SAXS: (A) in 0 M
NaCl and (A) in 1.0 M NaCl. (B) The basis vector length, d, of Hy; phases of the 30%-
DOPA/ 70%-MO membrane containing 16 wt% tetradecane in 10 mM PIPES buffer
(pH 7.0) versus NaCl concentration (M) in excess water condition at 20 °C determined
by SAXS. These figures are reprinted from Ref. [47] with permission from the American
Biophysical Society.

(Appendix; Fig. A3). The neutral surface is the appropriate surface to define
the curvature of the membrane, because the area of this surface keeps
constant as the monolayer is bent. These membranes have the spontaneous
curvature, Hy, and thereby, R, & R,. The increase in d of the DOPA/
MO/tetradecane membrane induced by the increase in content of DOPA is
attributed to the increase in Ry, since the change in ¢ is reasonably
considered to be small (<0.5 nm). Thus, the result of Fig. 14A shows that
R, of the DOPA/MO membranes increases with an increase in DOPA
concentration. It was reported that Ry = 2.0 nm for the MO membrane
[62]. If we assume that & does not change appreciably, it turns out that R, of
the DOPA/MO membranes increased from 2.0 to 3.4 nm as the DOPA
concentration increases from 0 to 40 mol%. Thereby this data indicates that
the increase in electrostatic interactions reduces |Hy| of the monolayer.
From this analysis and the result of Fig. 7B, we can indicate that as |Hp| of
the monolayer decreases, the most stable phase of the DOPA/MO mem-
branes changes as follows: Q%?* = Q2?2 = L,. Hence, the phase stability of
these three phases is deeply correlated with the spontaneous curvature of the
monolayer.

Figure 14B shows the effect of NaCl concentration on the spontaneous
curvature of 30%-DOPA/70%-MO monolayer in 10 mM PIPES
buffer (pH 7.0). In 0 M NaCl, the 30%-DOPA/70%-MO membrane
without tetradecane was in the L, phase (Fig. 7B), but the 30%-DOPA/
70%-MO membrane containing 16 wt% tetradecane was in the Hy; phase
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(d = 8.7 nm). As shown in Fig. 14B, d of the 30%-DOPA/70%-MO/
tetradecane membrane in excess water gradually decreases from 8.7 to
6.4 nm with an increase in NaCl concentration from 0 to 1.0 M. This result
shows that Ry of the 30%-DOPA/70%-MO monolayer decreases with an
increase in NaCl concentration, indicating that with a decrease in the
electrostatic interactions |Hy| of the monolayer increases. Therefore, this
result and the results of Fig. 13 support our hypothesis above mentioned; as
|Hy| of the monolayer increases, the most stable phase of these lipid mem-
branes changed as follows: L, = Q2?7 = Q2%

Second, to get information of the effect of peptide-1 concentration on
its spontaneous curvature of the MO monolayer, we investigated the
structure of MO/peptide-1 membrane containing 16 wt% tetradecane in
excess water at 20 °C. In excess water at 20 °C, the basis vector length, d, of
MO/peptide-1/tetradecane membrane in 10 mM PIPES butter (pH 7.0)
gradually increases from 6.7 to 9.0 nm as peptide-1 concentration increased
from R = 0 to 0.15 (Fig. 15A—C). Figure 15D shows the effect of NaCl
concentration on the structure of the MO/peptide-1 membrane
(R = 0.080) containing 16 wt% tetradecane in 10 mM PIPES buffer
(pH 7.0) in excess water. In 0 M NaCl, the MO/peptide-1 membrane
(R = 0.080) without tetradecane is in the L, phase, but the MO/peptide-1
membrane (R = 0.080) containing 16 wt% tetradecane is in the Hy; phase
(d = 8.2 nm). d of its monolayer gradually decreases from 8.2 to 6.7 nm as
NaCl concentration increased from 0 to 1.0 M. These data show a strong
correlation between the spontaneous curvature of the MO/peptide-1
monolayer and the phase stability of MO/peptide-1 membrane. As |Hy|of
the MO/peptide-1 monolayer decreases, the most stable phase of these lipid
membranes changed as follows: Q?** =Q?%° = L,.

We consider the free energy difference between the Q phases and the L,
phase. Here we use the parallel surface model for the Q phases. In the
parallel surface to the minimal midsurface, we consider only the curvature
elastic energy for the estimation of the Q phase stability, because the parallel
surface has optimal chain length and thereby there is no stretching energy of
chains [40, 63]. The curvature elastic energy of the monolayer, f...., can be
expressed as [40, 64]

s = J{zxm(Hf CH)Y 4 oK} dAf (1)

where K, is the elastic bending modulus (i.e., bending rigidity) of the
monolayer, H® the mean curvature at the neutral surface of the monolayer,
K¢ the Gaussian curvature at the neutral surface, i, the Gaussian curvature
modulus (i.e., saddle-spray modulus) of the monolayer, and the integration
extends over the monolayer’s neutral surface, which is at a distance & from
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Figure 15 SAXS pattern of MO/peptide-1 membranes containing 16 wt% tetradecane
in 10 mM PIPES buffer (pH 7.0) in excess water at 20 °C. (A) R = 0; pure MO
membrane without peptide-1. (B) R = 0.060. (C) The basis vector length, d, of the
Hj; phases of MO membranes containing 16 wt% tetradecane versus peptide-1 concen-
tration (R) in 10 mM PIPES buffer (pH 7.0) in excess water at 20 °C determined
by SAXS. (D) Effect of NaCl concentration on d of Hy phases of MO/peptide-1
membrane (R = 0.080) containing 16 wt% tetradecane in 10 mM PIPES buffer
(pH 7.0) in excess water at 20 °C determined by SAXS. These figures are reprinted
from Ref. [48] with permission from the American Chemical Society.

the midsurface of the bilayer (i.e., the parallel surface). Note that we define
negative curvature of the monolayer to be toward the water region
(Fig. A1(A)) (opposite to Ref. [40]). The differential area element dA¢,
the mean curvature H¢, and the Gaussian curvature K° on the neutral
surface (i.e., the parallel surface) can be expressed by the quantities
(dA and K) on the midsurface [35, 40]:
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dA¢ = dA(1 + K&)

Hé:Léz

1+ K¢ (2)
.

1+ K&

From Eq. (2), we reasonably conclude that the mean curvature at the
neutral surface, H°, has negative value since K < 0 at the minimal
midsurface.

First, we consider the phase transition between the Q phases and the L,
phase qualitatively. From Egs. (1) and (2), we can obtain the free energy of
the bilayers in the Q phase, F_ ., as follows [40]:

Fcubic = J{4Kln(H§ - H0)2(1 + Kéz) + 21—€mK}dA (3)

= {4icn(HE — Hy)* + 2ic, (K) A

where () means the average value over the total area, and we used 1 + K&2 =~ 1
since ¢ is very small. Since H = K = 0 in the L, phase, the free energy of
the bilayer in the L, phase, Fy , can be expressed as

Fi, = 4Kk, H2A (4)

Thereby, the difference between the free energy of two phases, AF, can be
expressed as

AF = Fepic — Fi, = {4k ((H — Hy)* — H2) + 28 (K)}A (5)

Equation (5) is almost the same equation in Ref. [47]. From the data of
the elastic bending modulus of the bilayers of lipid membranes in the L,
phase [65], K, is of the order 3—15 kg T In the case of the MO membrane,
Km = 1.2 X 1072°] = 3kgT > 0 [62]. It is theoretically predicated that
Km < 0 [66] and thereby, K,,(K) > 0. We can reasonably consider that H,,
< H¢ < 0 for the Q phase membranes. If we assume that the electrostatic
interactions do not change K., and k,, greatly, we can consider a following
scenario. When H, of the monolayer has a large negative value (i.e., |Hy| is
large) (e.g., for the MO membrane), AF < 0, indicating that the Q phase is
stable. As the electrostatic interactions increase owing to the charged lipid or
the bound charged peptide, |Hy| of the membrane decreases, inducing
the decrease in |AF|. At the critical value of the electrostatic interactions,
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AF = 0, and thereby the Q to the L, phase transition occurs. If the
electrostatic interactions are larger than the critical value, AF > 0 and
thereby the L, phase is stable. Hence, the decrease in |Hy| with an increase
in the electrostatic interactions induces the Q to the L, phase transition in
the DOPA/MO membrane [47] and in the MO/peptide-1 membrane [48].

Next, we consider the phase transition between the Q phases and the L,
phase more quantitatively. From Egs. (1) and (2), we can obtain the free
energy of the bilayers in the Q phase, Fupic and that in the L, phase, Fp ,
as follows [40]:

Fegpic = J{4KmH§ +2(Rn — 4 Ho & 4 2K HEE) K + 416, K2E }dA
_ J{4KmH§ R K + 4, K2E YA (6)

where Kyp; is the Gaussian curvature modulus of the bilayer:
Kpil = 2(R:m - 4'KmHOé + 2K:mI_I(? 2) (7)

Since ¢ is very small, we can reasonably approximate Egs. (6) and (7)
as follows:

Fcubic — J{4Kn1I_L§ + ’_Cbill<}d—f1
= 4Kk, HIA + K (K)A

(8)

Kpil = 2(’_6111 - 4KmHOé) (9)

In Eq. (8), (K) is the surface average value of the Gaussian curvature. The
Gaussian curvature modulus of the bilayer expressed in Eq. (9) is the same as
that derived using another approach [37]. Note that K > 2K, since Hy < 0
and k,, > 0. Using Eq. (4), the difference between the free energy of two
phases, AF, can be obtained as

AF = F.ypic — Fr, = Kp(K)A (10)

Equation (10) shows that AF is determined by the value of Ky, since (K)A
= 2nny < 0 (where n is the ratio of the total area to the area of the unit cell
of the Q phase); if Kpy > 0 the Q phase is more stable, if Kp; < O the
L, phase is more stable, and the phase transition between the Q phase and
the L, phase occurs at i, = 0 [40, 41]. Equation (9) shows that ik,; greatly
depends on the value of H,, of the monolayer; when Hj has a large negative
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value (i.e., |Ho| is large), Kpy > 0 since Ky, < 0, indicating that the Q phase
is more stable. If we assume that the electrostatic interactions do not change
Km and K, greatly, we can consider a following scenario. As the electrostatic
interactions increase owing to the charged lipid or the bound charged
peptide, |Hy| of the membrane decreases, inducing the decrease in K.
At the critical value of the electrostatic interactions, Kp = 0, and thereby
the Q to the L, phase transition occurs. Above the critical value of the
electrostatic interactions, Kpj < 0 and thereby the L, phase is more stable.
Hence, the decrease in Ky, due to the decrease in |Hy| with an increase in
the electrostatic interactions is one of the main factors for the Q to the L,
phase transition in the DOPA/MO membrane and in the MO/peptide-1
membrane. However, for further analysis, the quantitative analysis on the
effect of the electrostatic interactions on iy, and ¥, and also the quantitative
estimation on the electrostatic interaction energy between neighboring
membranes in each phase are necessary.

5. EFFECTS OF Ca2+ AND PH ON THE PHASE
TRANSITION BETWEEN THE L, PHASE AND
THE Q PHASES

The results described in the Sections 2 and 3 clearly show that the
electrostatic interactions in the membrane interface increases as a result of
either an increase in the surface charge density on the MO membrane (due
to negatively charged lipids or the adsorbed peptide) or a decrease in salt
concentration, the most stable phase of these lipid membranes changes as
follows: Q%?* = Q?** = L, (Fig. 9). As described in Section 1, the
electrostatic interaction is very mild one, and thereby there is high possibil-
ity that phase transitions (or transformation) between the L, phase and the Q
phases are induced in various cells by these electrostatic interactions. When
these phase transitions would be induced in cells by negatively charged
lipids or by charged peptides/proteins, it might take a lot of time, because
after a signal arrives in a cell these negatively lipids or charged peptides/
proteins must be produced and then transported to a target membrane.
However, in some cases cells may require rapid interconversion between
the bilayer and the Q membranes. It is therefore important to identify the
factors to induce the rapid interconversion between these structures. On the
other hand, in cells, rapid changes in the concentrations of Ca?* and H*
(i.e., pH change) are widely used to implement a variety of physiological
functions and changes in protein structures [67]. In this section, I describe
the effect of Ca?™ and H™ (i.e., pH change) on the phase transition (or the
transformation) between the L, phase and the Q phases.

First, we investigated the effect of Ca>" on the DOPG/MO membranes
[50]. The eftect of DOPG on the phase stability of MO membranes in
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10 mM excess PIPES butfter (pH 7.0) at 20 °C was almost the same as that of
DOPA as follows. At very low concentrations of DOPG (<£0.55% DOPG),
the DOPG/MO membranes are in the Q??** phase, at low DOPG con-
centrations (0.55% < DOPG < 16%) they are in the Q2” phase, and at high
DOPG concentrations (25% < DOPG < 40%) they are in the L, phase.
This result indicated that as the surface charge density of the membrane
increased (i.e., as the DOPG concentration increases), the most stable phase
changed as follows: Q?** = Q2*° = L,. In contrast, in the presence of
1.0 M NaCl, no phase transitions occur; that is, all the membranes are in the
Q??* phase, indicating that electrostatic interactions due to the surface
charge induced these phase transitions.

The effect of DOPG concentration on the spontaneous curvature of
MO monolayer was also similar to that of DOPA as follows. The basis
vector length, d, of the DOPG/MO monolayer containing 16 wt% tetra-
decane in 10 mM PIPES buffer (pH 7.0) at 20 °C increased rapidly from
7.0 to 15.6 nm with increasing the DOPG concentration from 0 to 30%.
In contrast, in the presence of 1.0 M NaCl, a slight increase in the d value
from 7.0 to 8.0 nm was observed with increasing the DOPG concentration
from 0% to 30%. Thereby, the increase in d of the DOPG/MO/tetradecane
membranes in 10 mM PIPES buffer is mainly due to the electrostatic repulsive
interaction between the negative charges of the membrane. The slight
increase 1s thus due to the increase in the content of DOPG, which has a
small packing parameter compared with that of MO in the membrane.
Therefore, there is a strong correlation between the spontaneous curvature
of the DOPG/MO monolayer and the phase stability of DOPG/MO mem-
brane, which is the same as that observed in the DOPA/MO membranes.

Next, we investigated the effects of Ca?>* concentration in the bulk on
the structure and the phase of the preformed 30%-DOPG/70%-MO-MLV
in excess PIPES buffer. Various concentrations of Ca®>* in 10 mM PIPES
buffer (pH 7.0) were added to suspensions of the preformed 30%-DOPG/
70%-MO-MLV, and then mixed thoroughly by a vortex mixer, and incu-
bated at 25 °C. After a long incubation time (2-3 days), SAXS patterns
corresponding to the Q phases were observed at and above 15 mM Ca?*.
Figure 16 shows a detailed dependence of the lattice constant and the phase
of the 30%-DOPG/70%-MO membrane on the Ca?>t concentration.
At very low concentrations of Ca?* (<15 mM), it was difficult to determine
the phase as the SAXS patterns displayed a broad peak. At low concentra-
tions of Ca?* (15 mM < Ca?* < 25 mM), the membranes are clearly in the
Q2?7 phase. At and above 28 mM Ca?*, they are in the Q?** phase. The
lattice constant of the Q?** phase immediately before the phase transition
(25 mM Ca?") and that of the Q??? phase immediately after the phase
transition (28 mM Ca?") are 15.9 and 12.2 nm, respectively. Thereby, the
lattice constant ratio (Q229/Q??4) is 1.30, which is close to the theoretical
value (1.28) determined by the analysis of coexisting cubic phases based on
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Figure 16 The structural parameter of the 30%-DOPG/70%-MO membranes in
10 mM PIPES buffer (pH 7.0) containing various concentrations of Ca®>" (mM) at
20 °C determined by SAXS. (u) and (A) denote the Q*** and the Q??*° phase, respec-
tively. This figure is reprinted from Ref. [50] with permission from the American
Chemical Society.

the Bonnet transformation. In contrast, in the interaction of Nat with the
30%-DOPG/70%-MO membrane, the Q?** phase was induced only at
very high concentrations of NaCl (>0.7 M), quite similar to its effect on the
30%-DOPA/70%-MO membrane (Fig. 8B).

Figure 17 shows the effect of the Ca™ on the spontaneous curvature of
the 30%-DOPG/70%-MO monolayer. Without Ca?*, the 30%-DOPG/
70%-MO membrane containing 16 wt% tetradecane in excess PIPES buffer
is in the Hy phase (d = 15.6 nm). By increasing Ca?>* concentration from
0 to 50 mM, d of the 30%-DOPG/70%-MO monolayer gradually decreases
from 15.6 to 10.2 nm. This result indicates that the increase in the Ca?™
concentration greatly decreases the electrostatic interactions as a result of a
decrease in the surface charge density due to the binding of Ca?* to the
membrane, and thereby, |Hy| of the membrane increases. The data in
Figs. 16 and 17 also support the above hypothesis, i.e., as |Hy| of the
monolayer membrane increases, the most stable phase changes from the
L, phase to the Q phase.

We also investigated the reversibility of the Ca?"-induced the L, to the
Q phase transition. After 30%-DOPG/70%-MO-MLV transformed into
the Q2* phase in the presence of 50 mM Ca?*, the suspension was diluted
10 times with 50 mM EDTA in PIPES buffer to decrease Ca®>" concentra-
tion in the buffer. After 1 h incubation at 25 °C, the membrane transformed
into the Q??” phase with lattice constant 17.1 nm, and no alternation in this
phase structure was observed during 24 h of incubation. This result indicates
that the Ca?*-induced the L, to the Q phase transition is irreversible
(Fig. 18). At present, we consider the reason of this irreversibility as follows.
During the L, to the Q phase transition, the addition of Ca?* induces a
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Figure17 The effect of the Ca®" concentration on the basis vector length, d, of the Hy
phases of the 30%-DOPG/70%-MO membrane containing 16 wt% tetradecane in
excess PIPES buffer at 20 °C determined by SAXS. This figure is reprinted from
Ref. [50] with permission from the American Chemical Society.

Figure 18 A scheme of the irreversible Ca®>"-induced phase transition from the L,
phase to the Q phases (the Q*?* and the Q??° phase).

phase separation of DOPG-rich domains in the DOPG/MO membrane
and then complex formation between DOPG-rich domains and Ca®* in
neighboring membranes, and thereby, the DOPG-rich membranes may
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segregate from the DOPG/MO-MLV, leaving the MO-rich membrane
which is in the Q phase.

In cells, a decrease in pH from neutral to low pH is widely used for
structural changes of biomembranes such as membrane fusion (e.g., fusion
between influenza virus and endosome) and for changes of binding of
proteins with ligands (or proteins) [67]. Thereby, we can expect that in
cells a transformation between the Q phases and the bilayer membranes
would occur by the decrease in pH. We examined a possibility of inducing a
phase transition between the L, and the Q phases through a change in pH.

For this purpose, we first investigated the effect of negatively charged
DOPS concentration on the phase and structure of DOPS/MO membranes
at 25 °C using SAXS under a physiological ion concentration (20 mM
PIPES butfter (pH 7.0) containing 100 mM NaCl and 5% (w/v) PEG 6K
(bufter A)) condition [51]. Figure 19 shows the dependence of the DOPS/
MO membrane structure on DOPS concentration. At a concentration of
<14% DOPS, the DOPS/MO membranes are in the Q??# phase, and the
lattice constant increases with an increase in DOPS concentration. In contrast,
at and above 16% DOPS they are in the L, phase. Thereby, we can conclude
that a phase transition from the Q2?* to the L, phase occurs at 16% DOPS
under this condition. We also investigated the effect of NaCl on this phase
transition. For example, the 20%-DOPS/80%-MO membranes are in the L,
phase at a NaCl concentration of <0.5 M, but are in the Q??* phase at higher
NaCl concentrations (0.6—0.8 M). This result indicates that the electrostatic
interactions due to the surface charges is a main factor in the DOPS-induced
the Q%* to the L,, phase transition in the DOPS/MO membranes.

12 T T T T T T

11F ° 1

10 o -

Structure parameter (nm)

0 5 10 15 20 25 30
DOPS conc. (mol%)

~

Figure 19 Dependence of the structure parameter and the phase of DOPS/MO
membranes on DOPS concentrations (mol%) in buffer A at 25 °C, as determined by
SAXS. (e) and (V) denote the Q*** and L, phases, respectively. This figure is reprinted
from Ref. [51] with permission from the American Chemical Society.
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Next, we investigated the pH effect on the structure and the phase of
preformed 20%-DOPS/80%-MO-MLVs in excess buffer. At first, 20%-
DOPS/80%-MO-MLVs were prepared in 10 mM ammonium acetate
bufter (pH 6.7), which has a weak bufter activity. Various low-pH bufters
were mixed with the MLV suspension, and the resultant suspension was
incubated for 1 h before SAXS measurement. The phase and the structure
of the membrane depended on pH greatly (Fig. 20A). From pH 6.9 to 3.3,
the membranes are in the L, phase. At and below pH 2.9, the membranes
are in the Q22* phase, with the lattice constant decreasing sharply with
decreasing pH. This result clearly shows that, with decreasing pH (i.e.,
increasing H' concentration), the L, to the Q??* phase transition occurred
at pH 2.9. In the similar experiment using 25%-DOPS/75%-MO-MLVs,
we found a similar phase transition (Fig. 20B). From pH 7.0 to 2.8, the
membranes are clearly in the L, phase. At and below pH 2.7, they are in the
Q?%* phase, with the lattice constant decreasing greatly with decreasing pH.
At pH 2.4, the Hy; phase and the Q?** phase coexist. The critical pH value
for the onset of the L, to Q?2* phase transition of the preformed 25%-
DOPS/75%-MO-MLV (pH 2.7) is lower than that of the 20%-DOPS/
80%-MO-MLYV (pH 2.9).

Further, we investigated the reversibility of the low pH-induced L, to
cubic phase transition. After the 20%-DOPS/80%-MO-MLYV preformed at
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Figure 20 (A) pH dependence of the structure parameter and the phase of 20%-
DOPS/80%-MO membranes in 20 mM buffer containing 100 mM NaCl and 5%
(w/v) PEG 6K at 25 °C. (m) and (e) denote the L, and Q*?* phases, respectively. (B)
pH dependence of the structure parameter and the phase of 25%-DOPS/75%-MO
membranes in 20 mM buffer containing 100 mM NaCl and 5% (w/v) PEG 6K at
25 °C, determined by SAXS. (m), (e), and (A) denote the L,, Q***, and Hy phases,
respectively. These figures are reprinted from Ref. [51] with permission from the
American Chemical Society.
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neutral pH was transformed into the Q?2* phase by addition of a low-pH
buffer (final pH of 2.5), the suspension was diluted 10 times with 20 mM
PIPES buffer (pH. 7.5) to give a final pH of 6.9. SAXS results indicate that,
after 2 h incubation at 25 °C, the Q phase transformed into the L, phase
with a spacing of 8.3 nm. This data shows clearly that the low pH-induced
transition from L, to cubic phase is reversible. We also investigated the pH
effect on the structure and the phase of preformed 20%-DOPS/80%-MO
membrane in the Q??* phase, which were prepared by vortexing dry lipids
in low pH buffer (less than pH 2.8). We obtained almost the same pH
dependence as that of Fig. 20A; at and above pH 3.2, they were in the L,
phase (unpublished results). These data show clearly that the pH-induced
phase transition between the L, and the Q phases is reversible (Fig. 21).
‘We made a quantitative analysis on the critical pH of the phase transition
from the L, to the Q??* phase [51]. In the case of 20%-DOPS/80%-MO-
MLV, the L, to the Q??* phase transition occurred at pH 2.9. If we consider
that only the surface charge density of the membrane determines the phase
transition, the L, to Q?** phase transition in the 20%-DOPS/80%-MO
membrane would occur when the membrane has the same charge density of
the 14%-DOPS/86%-MO membrane (Fig. 19). In this case, at pH 2.9, the
degree of the dissociation of the carboxylic group of the DOPS in the
membrane is 0.7. Thereby, from the experimental result, the apparent pK of
the PS carboxylic group in the 20%DOPS/80%MO membrane was esti-
mated to be pH 2.5. On the other hand, we obtained the apparent pK of the
PS carboxylic group in the membrane theoretically. HT concentration near
the membrane interface increases due to the electric field of the negatively
charged membrane, which increases the apparent pK from the intrinsic pK
by 1.2 (i.e., ApK = pK#P — pKint = 1.2). We estimated the shift of the pK
due to the higher dielectric constant of the 20%DOPS/80%MO membrane
interface than that of 100% DOPS membrane using the concept of Born
energy. The apparent pK of the PS carboxylic group in the membrane

/X_?\J )gr? | @L +H* (low pH)
AN 0 g%&%r -~

-H* (neutral pH)
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Figure 21 A scheme of the reversible low pH (or H")-induced phase transition
between the L, phase and the Q phase (the Q?** phase).
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theoretically estimated was pH 2.1-2.9, which agreed well with the experi-
mental value. The details of this analysis are described in ref. [51].

The above results suggest a possibility of the transformation of large
unilamellar vesicles (LUVs) of lipid membranes into the Q phase by low
pH, and thereby, we investigated a possibility of low pH-induced transfor-
mation of DOPS/MO-LUVs into the Q phase membranes [51]. For this
purpose, a low pH buffer was mixed thoroughly with a 20%-DOPS/80%-
MO-LUYV suspension in ammonium acetate bufter (pH 6.9), and pH of the
resultant suspension became 2.5. After 1 h incubation at 25 °C, the SAXS
pattern of the membranes revealed a Q?2* phase structure with a lattice
constant of 11.2 nm. Next, other pH buffers were mixed thoroughly with
the 20%-DOPS/80%-MO-LUYV suspension. In a suspension with a final
pH of 2.3, the Q??* phase was identified after 1 h incubation at 25 °C, but
in a suspension with a final of pH 2.8 or 3.5, the Q??* phase was not formed
even after 19 h incubation at 25 °C. These results clearly show that low pH
(<2.5) rapidly induces a complete transtormation of the 20%-DOPS/ 80%-
MOLUVs into a cubic structure (the Q?2* phase) (Fig. 22), within less than
1 h. This rate of the transformation is much larger than that of the Ca?"-
induced transformation of 30%DOPG/70%MO-LUVs into the Q phase
membranes, which required 2-3 days. Further investigation on the detailed
process and the mechanism of the low pH-induced transformation of LUVs
into the QQ phase is necessary.

This is the first result of a reversible pH-induced transition between L,
and cubic phases in biomembranes. Moreover, the rate of the phase transi-
tion is large (the transition completed within 1 h). Further, we found that
DOPS/MO-LUVs were transformed into cubic phase membranes at low
pH. In cells, changes in pH between neutral and low pH are widely used in
various physiological functions, and therefore, we believe that pH-induced
interconversion between the Q and the L, phases would also occur in cells.

5

21 §
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LUV Q224 phase

Figure 22 A scheme of the transformation from LUVs to the Q phase (the Q***
phase). This figure is reprinted from Ref. [51] with permission from the American
Chemical Society.
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6. EFFECTS OF CHARGED PEPTIDES AND OSMOTIC
STRESS ON THE STABILITY OF THE Q PHASES OF
THE CHARGED LIPID MEMBRANES

As described in the Section 1, cells use the electrostatic interactions
between the negatively charges lipid membranes and positively charged
peptides and proteins (e.g., [44, 45]). We consider that basic peptides,
LLKKK (i.e., peptide-3K), LLKK (i.e., peptide-2K), and poly(L-lysine)
(i.e., poly K) with molecular weight of 1K—4K can be used as simple
model peptides for the positively charged proteins. In this section, we
describe the effect of these model basic peptides on the phase stability of
10%-DOPA/90%-MO, which is in the Q%2 phase at neutral pH in excess
water (Fig. 7B) [49].

We added various concentrations of peptide-3K solution into this pre-
formed membrane in the Q%2 phase, and investigated the structures of
these membranes using SAXS after 24 h incubation. At low concentrations
of peptide-3K, the 10%-DOPA/90%-MO membranes are still in the Q??°
phase (e.g., at 3.0 mM peptide-3K; Fig. 23A). In contrast, the SAXS pattern
of 10%-DOPA/90%-MO membrane in the presence of 8.0 mM peptide-
3K shows a different kind of pattern (Fig. 23C), which corresponds to the
Q?° phase. Figure 23E shows a detailed dependence of the structure of
10%-DOPA/90%-MO membranes on peptide-3K concentration. It indi-
cates that a phase transition from the Q%2 to the Q* phase occurs at
3.4 mM peptide-3K, where the two phases coexist, and the lattice constant
for the Q%* and the Q%" phase are 12.8 and 16.0 nm, respectively
(Fig. 23B, E). Thereby, the ratio of their lattice constant (Q>3°/Q??%) is
1.25, which is almost the same as the theoretical value (1.23) determined by
the analysis of the coexisting Q phases based on the Bonnet transformation
from the G to the P surface. This also supports that the Q?2° to the Q"
phase transition occurred at 3.4 mM peptide-3K (Fig. 24). As a control
experiment, we investigated effects of peptide-3K on 100%-MO mem-
branes in 10 mM PIPES buffer (pH 7.0) in excess water at 20 °C. The phase
and its lattice constant did not change up to 10 mM peptide-3K. Poly
(t-lysine) also induced the Q?3° phase the 10%-DOPA/90%-MO mem-
brane at and above 16 mM (Fig. 24), but LLKK (i.e., peptide-2K) could not
induce the Q?*° phase.

To consider the mechanism of these eftects, we investigated effects of
peptide-3K and poly(L-lysine) on 25%-DOPA/75%-MO-MLV, which is
in the L, phase under the same condition. At 30 wt% lipid condition, the
spacing of 25%-DOPA/75%-MO-MLV was 11.3 nm, and thereby, in
excess water, its spacing should be larger than 11.3 nm. In excess water,
the presence of low concentrations of peptide-3K changed greatly the



196 M. Yamazaki
A .
D oo "7 T T T T T T T
411
03l (@11) (422)]
) (321)— __(832)
- (222) — ("~ (400)
(310) 321
E 02} (220)— (821)
o (211) — ¥ — (220)
(200)— —(211)
, . . . . . 0.1 (110)~ E
0.0 0.1 0.2 0.3 04 05
sty 00 e
0 1 2 3 4 5 6
#(220
_ (220) (h2+k2412)1/2
2 *(211)
S /
S
AR (332) &
=z N et
3 )/ *(321)
o
S
E T T T T T T T
00 0.1 02 03 0.4 05 187 |
—— € O
C @11) = 00,
-— 16. o
é o ¢ o o
g o -
o 14
S 1al _
ks!
g 3
| (@)
12} .
(332)
//(422) 0 2 4 6 8 10 12
< Peptide-3K (mM)
. L @21 .
0.0 0.1 02 0.3 04 05
S(nm_1)

Figure 23 X-ray diffraction profiles of 10%-DOPA/90%-MO membrane in excess water
in 10 mM PIPES buffer (pH 7.0) at 20 °C. (A) at 3.0 mM, (B) at 3.4 mM, and
(C) at 8.0 mM peptide-3K. (A) Several peaks had spacings in the ratio of
2:V4:V6:V8:10:112:114:V16:118:120:122, which were indexed as (1 1 0), (200), (21 1),
(220),(310),(222),(321),(400), (411),(420),and (3 3 2) reflections, indicating that

the membrane was in the Q**’

phase. (C) Several peaks had spacings in the ratio of

V6:18:114:116:120:122:124, indexed as (2 1 1), (22 0), (3 2 1), (4 0 0), (4 2 0), (3 3 2),
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Figure 24 A schematic drawing of the Q**° to Q?® phase transition induced by
peptide-3K and also poly(t-lysine) in 10%-DOPA/90%-MO membrane in excess
water at neutral pH. This figure is reprinted from Ref. [49] with permission from the
American Chemical Society.

SAXS pattern of 25%-DOPA/75%-MO membrane. For example, in the
presence of 10 mM peptide-3K in excess water, a set of sharp SAXS peaks
appeared with a small spacing (dj = 5.2 nm) in the ratio of 1:2:3, indicating
that this membrane was in the L, phase. Figure 25A shows a detailed
dependence of the spacing of the 25%-DOPA/75%-MO membranes on
peptide-3K  concentration. At high concentrations of peptide-3K
(>8 mM), the membranes are in the L, phase, and the spacings are almost
constant (5.2 £ 0.1 nm). At low concentrations of peptide-3K (<8 mM),
we could not specify a phase due to complicated SAXS patterns, probably
because it was very difficult to attain equilibrium condition. Low concen-
trations of poly(L-lysine) also changed greatly the structure of 25%-DOPA/
75%-MO membrane (Fig. 25B). At high concentrations of poly(L-lysine)
(>4 mM), the membranes are in the L, phase, and the spacings are almost
constant (5.5 + 0.1 nm).

For a control experiment for the eftect of peptide-3K and poly(L-lysine),
we investigated effects of osmotic stress, using poly(ethylene glycol)
with average molecular weight of 7500 (PEG-6K), on the structure and
the phase of 10% DOPA/90% MO membrane. Preferential exclusion of

and (4 2 2) reflections on a body-centered cubic phase of space group Ia3d (Q**") (cubic
aspect #12). (B) shows the coexistence of both the phases. In (B), * peaks are due to the
Q** phase, and # peaks are due to the Q**° phase. (D) Indexing of SAXS data of 10%-
DOPA/90%-MO membrane in 10 mM PIPES buffer (pH 7.0) in excess water at 20 °C. (w)
(A) (at 3.0 mM peptide-3K) and (O) (C) (at 8.0 mM peptide-3K) (E) The lattice constant
of cubic phases of 10%-DOPA/90%-MO membranes in the presence of various concen-
trations of peptide-3K in 10 mM PIPES buffer (pH 7.0) in excess water at 20 °C deter-
mined by SAXS. (O) denotes the Q**° phase, and (O) denotes the Q**° phase. These
figures are reprinted from Ref. [49] with permission from the American Chemical Society.
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Figure 25 Spacing of 25%-DOPA/75%-MO membranes in the presence of various
concentrations of (A) peptide-3K and (B) poly(L-lysine) in 10 mM PIPES buffer
(pH 7.0) in excess water at 20 °C determined by SAXS. Shading by slant lines indicates
the nonequilibrium area. These figures are reprinted from Ref. [49] with permission
from the American Chemical Society.

high-molecular weight water-soluble polymers such as PEG-6K from the
inside of membrane systems (i.e., membranes + water) induced a difference
of chemical potential of water between inside and outside the membrane
system (i.e., osmotic stress) [68, 69, 36]. At equilibrium, chemical potential
of water inside the membrane system decreases to be equal to that outside
the membrane system (i.e., bulk phase). Figure 26 shows the PEG-6K
concentration dependence of the structure and the phase of 10% DOPA/
90% MO membrane. At low PEG-6K concentrations, the lattice constant
of the Q?? phase decreases with an increase in PEG concentration. At the
intermediate concentration of PEG-6K (i.e., from 10% to 15%(w/v)), the
membranes are in the Q??* phase. At 10%(w/v) PEG-6K, both the Q2**
and Q??? phases coexists, and the lattice constant for the Q?2* and Q?*°
phase are 12.0 and 15.3 nm, respectively. Thereby, the ratio of the
lattice constant (Q%2°/Q??*) is 1.28, which is the same as the theoretical
value (1.28) determined by the analysis of the coexisting cubic phases based
on the Bonnet transformation from the P to the D surface. Therefore, at
10%PEG-6K, a transition from Q%% to Q2??* phase occurred. At high
concentration of PEG-6K (>15%(w/v)), the membranes are in the Q?*°
phase. The ratio of the lattice constant of Q23" phase (16.8 nm) at 15%(w/v)
PEG-6K to that of Q%** phase (10.4 nm) at 14%(w/v) PEG-6K is 1.62,
which is close to the theoretical value (1.58) determined by the analysis of
the coexisting cubic phases based on the Bonnet transformation from the
G to the P surface. Thereby, at 15%(w/v) PEG-6K, a phase transition from
Q%%* to Q%Y phase occurs. At higher concentrations of PEG-6K, the lattice
constant of the Q23" phase greatly decreases from 16.8 to 11.1 nm as the
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Figure 26 The structural parameter (i.e., the lattice constant of cubic phases) of 10%-
DOPA/90%-MO membranes in 10 mM PIPES bufter (pH 7.0) under excess water
condition containing various concentrations of PEG-6K at 20 °C determined by SAXS.
(0), (O), and (V) denote the Q**°, Q***, and Q?*° phase, respectively. This figure is
reprinted from Ref. [49] with permission from the American Chemical Society.

PEG-6K concentration increases from 15% to 40% (w/v). These data
clearly show that with an increase in PEG-6K concentration, that is, with
an increase in osmotic stress, the most stable phase of the 10%-DOPA/90%-
MO membranes changes as follows: Q22 (P surface) = Q??** (D) =
Q%*°(G). With an increase in osmotic stress, the water content in the unit
cells of the QQ phases decreases, in order to decrease the chemical potential of
water inside the lipid membranes-water system (i.e., the Q phase mem-
brane). Several theoretical studies have shown that, as water contents
decreases, the phase should change in the sequence Q?*° = Q%** =
Q23 thatis P = D = G, due to the curvature elastic energy of these Q
phase membranes [37, 40]. Thereby, the results of 10%-DOPA/ 90%-MO
membranes agree with the prediction of these theories. As far as we know,
so far, only one experimental system of lipid membranes showing validity of
this theory has been reported; membranes of the 2:1 fatty acid/PC mixture,
whose phase changed in the sequence Q%% = Q??** = Q2" with a decrease
in water content [32]. Therefore, the experimental system of 10%-DOPA/
90%-MO membranes is the second one.

It is evident that the peptide-3K-induced the Q2?7 to the Q23" phase
transition cannot be explained by the decrease in the electrostatic interac-
tions in DOPA/MO membranes. Moreover, the effect of peptide-3K and
poly(L-lysine) cannot be explained by that of osmotic stress; the lattice
constant of Q2% phase does not depend on the peptide-3K and poly
(L-lysine) concentration, but in the case of osmotic stress, it decreased
greatly with an increase in PEG-6K concentration (Fig. 26). What is the
main eftect of peptide-3K and poly(L-lysine) on DOPA/MO membranes?
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First, we consider the structure of 25%-DOPA/75%-MO-MLV in the
presence of low concentrations of peptide-3K and poly(L-lysine). These
membranes are in the L, phase, whose spacings are nearly constant (5.2 £
0.1 nm) irrespective of peptide-3K concentration from 8 to 20 mM, which
indicates that the intermembrane distance in the MLV is very small and a
kind of complex is formed. This strongly suggests that the adjacent mem-
branes in the MLV are in close contact with each other, which is the same
situation as in the interaction of epigallocatechin gallate (EGCg) (one of tea
catechins) with PC membranes [70]. These results indicate that peptide-3K
and two adjacent 25%-DOPA/75%-MO membranes form an electrostati-
cally stabilized complex, where each peptide-3K molecule can interact with
two neighboring membranes due to the electrostatic attraction between
positively charged peptides and negatively charged DOPA/MO mem-
branes, and thereby, the water content in the intermembrane region of
the MLV must be low. We can consider a same scenario for the interaction
of poly(L-lysine) with 25%-DOPA/75%-MO-MLV.

Second, we consider the structure of 10%-DOPA/90%-MO mem-
branes in the presence of high concentrations of peptide-3K. These mem-
branes are in the Q?*° phase, whose lattice constants are almost the same
(15.4 nm) irrespective of peptide-3K concentration. In this case, each
peptide-3K molecule exists in the water cylinder of the Q> phase
(Fig. 24), and interacts with DOPA/MO membrane at two opposing
sides of the water cylinder. The formation of this kind of structure decreases
the water contents in the water cylinder of the Q phase. As described in the
previous section, when the osmotic stress is large, that is, the water content
in the water cylinder inside the Q phase is low, the Q3” phase is most stable.
Thereby, we can consider the mechanism for the peptide 3K-induced Q?%°
to Q23Y phase transition as follows. The electrostatic attraction between
positively charged peptide-3K and the negatively charged 10%DOPA/90%
MO membrane at two opposing sides of the water cylinder inside the Q?2°
phase induces the decrease in water content in the water cylinder. At critical
intensity of the electrostatic attraction, the Q?* to Q" phase transition
occurs. We can consider a same scenario for the interaction of poly(L-lysine)
with 10%-DOPA/90%-MO-MLV.

7. CONCLUSION

In this review, I clearly showed that as the electrostatic interactions in
the membrane interface increase as a result of either an increase in the
surface charge density due to negatively charged lipids or adsorbed posi-
tively charged peptides on the MO membrane or a decrease in salt concen-
tration in solution, the most stable phase of these lipid membranes changes
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as follows: Q??* = Q??? = L, I also described several methods to modulate
the electrostatic interactions, which induce the phase transitions (or the
transformation) between the Q phases and the liposomes (MLVs and LU V)
whose membranes are in the L, phase, and also the phase transitions
between different Q phases (Table 3). All the materials used in these studies
such as negatively charged lipids, MO, charged peptides, Ca?*, and low pH
are extensively used in all the biological cells. As I described in the Section 1,
the electrostatic interactions due to the surface charges are very mild, and
thereby, we conclude that the electrostatic interaction is the most biologi-
cally important parameter to control the stability of the Q phases of
biological lipid membranes or biomembranes, compared with temperature,
water content, and pressure. On the basis of these results, we have proposed
that in cells transformations between the Q phases and the bilayer mem-
branes would occur by the modulation of the electrostatic interactions due
to the surface charges.

We experimentally demonstrated these phenomena using simple model
systems, but I believe that the basic principles of the stability of the Q phases
we found in these studies can be applied to various membrane systems in
cells and other various synthetic lipid (or detergent) systems, and also to
various materials such as polymers which form the Q phases.

Further investigation is necessary in near future to elucidate the detail
process (i.e., the kinetics) and the mechanism of these electrostatic
interaction-induced phase transitions (or transformation) between the
Q phases and the L, phase.

APPENDIX: SPONTANEOUS CURVATURE
OF MONOLAYER MEMBRANES

The spontaneous (or intrinsic) curvature of a single monolayer mem-
brane, Hy, is a useful parameter characterizing nonbilayer membranes, and
its absolute value is expressed as |Hy| = 1/R,, where Ry is the radius of the
spontaneous curvature [9—11]. The spontaneous curvature of a single
monolayer is defined as its radius of curvature to minimize the curvature
elastic energy of the monolayer. Inverted curved structures such as the Hy
phase, where the spontaneous curvature of the monolayer is toward the
water region, have large negative H, values. On the other hand, normal
structures such as micelles, where the spontaneous curvature of the mono-
layer is toward the alkyl chain region, have large positive H, values
(Fig. Al). The spontaneous curvature of the monolayer is determined by
physical properties of the monolayer by itself without the interaction of
other monolayer [9-11]. Thereby, it is a kind of an ideal curvature of the
monolayer. In most cases, it is difficult for lipid membranes to have the



Table 3 Electrostatic interaction (El)-induced phase transitions between IMPS cubic phases and those between the Q phases and

the L, phase

‘Water content

Lipid membrane (Wt%)

OA/MO Excess
DOPA/MO Excess
DOPS/MO Excess
DOPG/MO Excess
MO/peptide-1 Excess
DOPG/MO Excess
DOPS/MO Excess

10%DOPA/90%MO  Excess

Temperature (°C)
20
20
20
25
20

20
20

25

20

Phase

Q2% = Q%% as EI” increases

Q?*° = Q*** = Hy as pH decrease

Q?** = Q**»’ = L, as El increases

Q = L, as El increases

Q%% = Q**» = L, as El increases

Q224 = L, (5% PEG6K) as EI increases

Q = L, as EI increases

Q%% = Q**» = L, as El increases

Q%% = Q**»” = L, as El increases

L, = Q% (or Q%% as Ca®* conc. Increases
LUVs = Q?*° (or Q?** as Ca®* conc. increases
L, = Q?*** (= Hy) as pH decreases

Q?** = L, as pH increases

LUVs = Q%** as pH decreases

Q% = Q% as basic peptides conc. increases
Q2% = Q%** = Q% as PEG6K conc. increases

Reference

[46]
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1
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“ El is the abbreviation of the electrostatic interaction due to surface charges.
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TR

Figure A1 The spontaneous curvature of a single monolayer is defined as its radius of
curvature to minimize the curvature elastic energy of the monolayer. (A) The sponta-
neous curvature of the monolayer which bends toward the water region is defined to
have negative curvature (i.e., negative Hy value). (B) The spontaneous curvature of the
monolayer which bends toward the acyl chain region is defined to have curvature
(i.e., positive H, value). Long-dashed line represents neutral surface (or pivotal surface)
of monolayers.

spontaneous curvature, because the interaction between two monolayers in
the bilayers also plays an important role in the determination of the curva-
ture of the monolayer. The determinant of the spontaneous curvature of the
single monolayer membrane is a packing parameter, 1’/Al, where 1/ is
the volume of the entire lipid molecule, A the area of the lipid headgroup
at the lipid-water interface, and [ its length as follows [11]:

| (1=
| Hy |=—-= (A1)
Ropjar—1- \/(cV/Al)2 — 2V /Al + ¢

where ¢ is constant: 7/(2\3) < ¢ < 21/(3\3). |Hy| decreases as 17/ Al
decreases. Values of these parameters (I, A, [) depend not only on the
molecular structure of lipids but also on external conditions such as temper-
ature and solvents (including salts), because these external conditions largely
change optimal values of these parameters (V, A, [) [11, 12]. Therefore, the
spontaneous curvature of the monolayer depends on both the molecular
structure of the constituent lipids and various external conditions, which has
been verified by experiments [11, 12]. For example, the decrease in |Hy|
induced by the increase in the electrostatic interaction (Figs. 14 and 15)
indicates the decrease in the averaged value of I’/ Al, which is caused by the
increase in the averaged value of A due to the electrostatic repulsion
between the surface charges of the monolayer membrane.
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There is a useful method to get information of the spontaneous curva-
ture of the lipid monolayer. To allow the lipid monolayer in the Hy; phase
under excess water condition to express the spontaneous curvature, the
addition of alkanes such as decane and tetradecane to the membranes is
required, because they fill the interstitial region of the Hy; phase and relax
the alkyl chain packing stress (Fig. A2) [9, 10, 68, 71]. Under this condition,
the curvature of the monolayer in the Hyp phase is very close to the
spontaneous curvature. The basis vector length of the Hy phase (i.e., the
distance between the centers of neighboring cylinder), d, is expressed as a
sum of the distance between the center of the cylinder and the neutral
surface (or pivotal surface), R,,, and the distance between the bilayer
midsurface and the neutral surface, &, that is d = 2 (R, + &) (Fig. A3)
[10, 68]. The neutral surface is the appropriate surface to define the curva-
ture of the membrane, because the area of this surface keeps constant as the
monolayer is bent. Experimentally, it is determined as the surface whose
area does not change while water content varies, and is located at the acyl
chain region near the polar—apolar interface [68, 72].

We investigated effect of concentration of tetradecane in the membrane
on structure of the MO membrane in excess water condition at 20 °C in
10 mM PIPES bufter (pH 7.0) [47]. Above 8%(w/w) tetradecane, the MO
membranes were in the Hyj phase. Thereby, to get information of the effects
of the electrostatic interactions due to the surface charges on the spontane-
ous curvature of MO membrane, we investigated the structure of MO
membrane containing 16 wt% tetradecane in excess water condition at
20 °C under various conditions (in the presence of DOPA, peptide-1,
NaCl). These membranes have the spontaneous curvature, Hy, and thereby,

R,, &~ Ry. The large increase in d of the DOPA/MO/tetradecane

B
In the absence of alkane In the presence of alkane

Interstitial region

Figure A2 (A) In the Hy; phase, acyl chains should fill the interstitial region, and as a
result, they extend or deform and also the curvature is changed (i.e., the acyl chain
packing stress). (B) In the presence of alkanes such as decane and tetradecane, the
alkane molecules fill the interstitial region of the Hy; phase and relax the acyl chain
packing stress.
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Figure A3 The basis vector length of the Hy phase (i.e., the distance between
the centers of neighboring cylinder), d, is expressed as a sum of the distance between
the center of the cylinder and the neutral surface (or pivotal surface), R,,,, and the distance
between the bilayer midsurface and the neutral surface, &, that is d = 2(R,,;, + ).

membrane induced by the increase in content of DOPA is attributed to the
increase in R, since the change in £ assumes to be small.
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Abstract

Astrocytes, which are no longer considered as passive supportive cells of
central nervous system, actively participate in brain communication as well as
take care for proper microenvironment, because they take up the excess of
extracellular potassium ions and neurotransmitters.

Neurotransmitter transporters are key elements in terminating synaptic activ-
ity of distinct neurotransmitters. They use energy stored in the electrochemical
gradient of either sodium ions or protons across neuronal or glial cell membrane
for uphill transport of neurotransmitters from extracellular to intracellular site.
Sodium-coupled neurotransmitter transporters belong to two distinct families of
transporters of solute carrier proteins (SLC): SLC 1 which represents glutamate
transporters and SLC6 to which the other neurotransmitter transporters belong.

Apart from neurotransmitter transporters, there is another family in the SLC
transporter super family that participates in movement of some monoamines
across membranes, a SLC22 family. They act in a sodium- and chloride-
independent manner.

Because of direct involvement of transporters in the availability of neuro-
transmitters, they represent a site of action of many present and future drugs.

In the present review we would like to address the importance of neurotrans-
mitter transporters on astrocytes in the regulation of synaptic signaling.

1. ASTROCYTES

Astrocytes, which were first described and named neuroglia (neuronal
glue) by German pathologist Rudolf Virchow [1], were recognized and
classified as a distinct cell type at the beginning of 20th century [2, 3]. Other
types of glial cells include oligodendrocytes, Schwann cells, and microglia.

Most glial cells are like neurons of ectodermal origin, but are not
excitable, and do not form synaptic contacts with other cells. However,
astrocytes possess numerous gap junctions [4], which allow signaling among
themselves, in particular via propagation of calcium waves [5]. It is now
recognized that astrocytes do not play just a passive supportive role, but are
capable of releasing neuroactive compounds like neurotransmitters, cyto-
kines, and growth factors in response to neurotransmitters or other signaling
molecules, making them active partners in central nervous system (CNS)
communications. Their star-shaped form with many processes enables them
to envelope synapses made by neurons. Perisynaptic astrocytes are not just
gap fillers, but equipotent members of so-called tripartite synapse, consisting
of presynaptic and postsynaptic neuronal cells and perisynaptic astrocytes [6].

Astrocytes have a unique characteristic—they are able to change their
morphology and function throughout life in response to changes in the
brain microenvironment. In the developmental phase, astrocytes elongate
and as radial glia form fibers that guide neurons toward their targets during
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their migration. In addition, they synthesize and release high levels of
certain neurotrophic factors such as nerve growth factor (NGF) [7], brain-
derived neurotrophic factor (BDNF) [8], and neurotrophin-3 (NT-3) [9].
Later on, radial glia retracts the long processes and transform into proto-
plasmatic astrocytes. As the brain matures, trophic support offered by
astrocytes is no longer needed, so the levels of neurotrophic factors drop
to very low or even undetectable levels [10]. The main function of astro-
cytes in the normal adulthood is the protection of neurons. Astrocytes thus
buffer extracellular ion levels and take up different neurotransmitters as well
as exogenous compounds.

Various forms of brain injury to the adult brain, like viral infections
[11, 12], mechanical trauma [13], degenerative disorders [14, 15], and
certain neurotoxins [16—20] transform resting astrocytes to reactive ones,
which participate in the healing process of the brain, but also form a glial
scar after excessive neuron loss. The scar is frequently an impediment to
neuronal outgrowth after the lesion, but may also be involved in the healing
process, since astrocytes in addition to microglia, participate in the clearance
of posttraumatic debris.

1.1. Structure

Astrocytes are star-shaped process-bearing cells which constitute 25-50% of
the cellular volume of most human brain regions. In the adult mammalian
brain they are present in two major forms, fibrous which are predominantly
located in the white matter, and protoplasmatic which exist mainly in the gray
matter of the brain. Protoplasmatic astrocytes are spheroid in shape, contain
clumped chromatin, and have many highly branched processes. Fibrous
astrocytes have characteristic oval-shaped nucleus, evenly dispersed chro-
matin, and less pronounced processes. Astrocytes are classically identified
histologically as many of these cells express the intermediate filament glial
fibrillary acidic protein (GFAP) (Fig. 1).

1.2. Metabolic Support

The human brain constitutes only 2% of the body weight, yet the energy-
consuming processes that ensure proper brain function account for approx-
imately 25% of total body glucose utilization. Because glucose is a polar
molecule it cannot cross the cell membrane by itself, but requires a special
carrier protein. Glucose thus enters brain by facilitated diftusion via different
glucose transporters (GLUT1-5), all members of solute carrier protein
(SLC) 2 family.

Glucose enters the brain through glucose transporter GLUT1, weighing
55 kDa and located on endothelial cells of the blood—brain barrier. Uptake
of glucose into astrocytes is mediated via 45 kDa glucose transporter
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Figure1 Astrocytes in primary culture prepared from neonatal rat cortex stained with
GFAP (1:1000). Scale bar: 20 pm. Image was obtained with confocal microscopy at
Carl Zeiss Reference Center for Confocal Microscopy at LN-MCP, Institute of Patho-
physiology, Ljubljana, Slovenia.

GLUT1, whereas glucose transporter GLUT3 mediates glucose transport
into neurons, and GLUTS5 into microglial cells. The utilization of glucose
by astrocytes is significantly higher than utilization of glucose by neurons.
The contribution of astrocytes to glucose utilization during activation is
even more striking, since the glucose uptake in astrocytes is significantly
increased in the presence of increased concentrations of extracellular gluta-
mate. The released glutamate is taken up into astrocytes together with two
to three Na™ ions and one glucose molecule. Simultaneously two molecules
of ATP are produced through glycolysis and two lactate molecules are
released and consumed by neurons.

Astrocytes represent a major glycogen storage site within CNS and thus
provide neurons with glucose. Regardless the fact that astrocytes’ glycogen
stores are relatively small, if they are compared with glycogen stores in
skeletal muscle (10-fold more abundant) and liver (100-fold more abun-
dant), glycogen represents the only energy reserve source within CNS.
Astrocyte glycogen stores are made directly from molecules of glucose
taken up by perivascular astrocytes from brain blood vessels. Glycogen
supply is sufficient to cover energy loss due to normal brain activity [21].
In addition to glycogen, taken up glucose is incorporated also in other
macromolecules such as proteins (glycoproteins) and lipids (glycolipids).
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1.3. Blood-Brain Barrier

For a long time it was thought that astrocyte do form the blood—brain
barrier, which prevents the entry of cells and regulates the transport of
nutrients and exogenous substances from the blood to the brain paren-
chyma. Indeed astrocytes constitute the blood—brain barrier in lower animal
species; however, in higher species astrocytes do not play a substantial
role in the function of blood—brain barrier. In fact, tight junctions and
basal lamina of the endothelial cells are responsible for maintaining the
barrier |22, 23].

1.4. Regulation of lon Concentration in Extracellular Space

Astrocyte cell membranes express multiple ion channels like K+, Na™, Cl~,
HCO37, and Ca?*t ion channels. When neurons are active, they release
potassium ions into extracellular space. Increased extracellular potassium
level can induce epileptic seizures, so the excess of extracellular potassium
must be removed. The potassium ions released during neuronal activity are
afterward soaked into astrocytes through astrocyte gap junction by a process
known as “spatial buffering” [24].

1.5. Vasomodulation

Astrocytes may be directly and indirectly involved in the regulation of
blood flow in CNS. After intense neuronal activity a spilt over glutamate
activates adjacent astrocytes by binding to metabotropic glutamate recep-
tors, which in turn release mediators (like epoxyeicosatrienoic acid and
prostanglandins), which dilate local arterioles and increase blood flow and
oxygen supply for the active brain areas [25, 26]. In addition, the activation
of Ca?*t-activated K* channels in astrocyte endfeet and the efflux of K+
have also been suggested to modify vascular tone by hyperpolarization and
relaxation of smooth muscle cells in CNS blood vessels [25].

1.6. Transmitter Uptake and Release

During neurotransmission, high concentrations of neurotransmitters and
ions are released into synaptic cleft. To prevent further involvement of
the released neurotransmitters with synaptic activity, which might result
in the inducing of epileptic activity or excitotoxic nerve injury (caused by,
e.g., increased levels of glutamate), the excess of neurotransmitters and
potassium should be rapidly removed from synaptic cleft. The concentra-
tion of neurotransmitters suddenly drops because of diffusion into extracel-
lular fluid, reuptake of the released neurotransmitters into presynaptic
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neurons, enzymatic degradation, and the transport into perisynaptically
localized astrocytes, in which enzymatic degradation of taken up
neurotransmitters can also occur [27].

2. NEUROTRANSMITTERS

Neurotransmitters are signaling molecules, which are synthesized in
presynaptic neurons, packed into synaptic vesicles, and released into synaptic
cleft upon depolarization of presynaptic neuron. The classical neurotrans-
mitters are small molecules like acetylcholine, biogenic amines (nordrena-
line, dopamine, serotonin, and histamine), glutamate, and y-amino butyric
acid (GABA). Certain neuropeptides, for example, enkephalins, endorphins,
neurotensin, substance P, somatostatin, and even gases like nitric oxide and
carbon monoxide belong to neurotransmitters. Released neurotransmitters
communicate with postsynaptic neuron and other target cells by binding to
specific cell surface receptors. In order to terminate the neuronal signal in
time, neurotransmitters must be afterward removed quickly from synaptic
cleft either by the reuptake into the presynaptic neuron, uptake into other
perisynaptic cells like astrocytes, or degradation by specific enzymes. The
only exception to this rule represents acetylcholine, which is first metabolized
to acetate and choline. The latter is further taken up by presynaptic neuron as
well as astrocytes via choline transporters [28].

3. TRANSPORTERS

Astrocytes are known to express transporters for different neurotrans-
mitters. Transporters are membrane proteins and their primary function is
to facilitate the flux of molecules in and out of cells. The primary function of
transporters is to carry the nutrients and endogenous substances such as
sugars, amino acids, nucleotides, and vitamins across cell membranes and
different body barriers and to protect the body from toxic actions of
different compounds. However, the transporters do not specifically carry
over just the physiologically occurring molecules, but they can also take up
exogenous compounds that are structurally similar to endogenous sub-
strates, e.g., different drugs and neurotoxins. Consequently these transpor-
ters play a significant role in determining the availability, therapeutic
efficacy, and pharmacokinetics of certain drugs.

Transporters can be classified in a number of different manners: accord-
ing to the way of traffic into influx and efflux transporters; according to the
process they mediate into secretory transporters versus absorptive transpor-
ters; according to location into intracellular vesicular transporters that are
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responsible for sequestering transmitters from the cytoplasm into synaptic
vesicles and plasma membrane transporters that are responsible for seques-
tering the released neurotransmitters from extracellular to intracellular
compartment. The vesicular transporters are localized in synaptic vesicles
and include: vesicular monoamine transporter (VMAT), vesicular glutamate
transporter (VGLUT), and vesicular inhibitory amino acid transporter
(VGAT). The cell membrane transporters can mediate either facilitated
transport or active energy-dependent transport. Facilitated transport allows
molecules to move across the cell membrane down their electrochemical
gradients. Therefore, this process does not require any chemical energy.
On a contrary, active transporters that carry molecules across cell membrane
against their electrochemical gradient, therefore, need coupling to the
hydrolysis of adenosine triphosphate (ATP) as an energy source. In primary
active transport active transporters move the molecules across cell mem-
branes against their electrical and chemical gradient and need concomitant
hydrolysis of ATP for energy support. In the secondary active transport,
transporters use the ion (most often sodium or proton) gradients across cell
membrane produced by primary active transporters and carry substrates
against an electrochemical difference.

Another classification distinguishes ATP-binding cassette (ABC) trans-
porters versus SLC. ABC transporters require coupling with hydrolysis of
ATP to transport substrates across the cell membrane. Multidrug resistance
protein (MDR), multidrug resistance associated protein (MRP), and breast
cancer resistance protein (BCRP) belong to this group, which are mostly
involved in the efflux of different compounds.

SLC transporters utilize electrochemical potential difference like trans-
membrane sodium and proton potential difference and do not posses ATP-
binding sites. There are two major classes of neurotransmitter transporters
present in cell membranes of neurons and glia belonging to SLC family: the
high affinity glutamate transporters (SLC1 gene family) and SLC6 gene
transporter family, which includes dopamine transporter (DAT), serotonin
transporter (SERT), noradrenaline transporter (NET), glycine transporter
(GLYT), and GABA transporter (GAT), which were all found to be
expressed on astrocyte cell membranes. They depend on sodium and
chloride ions for their function [29]. A schematic structure transporter
belonging to SLC6 gene family is shown in Fig. 2. Biogenic amines can
be transported in neurons and astrocytes also by three members of SLC22
family, namely organic cation transporters (OCTs), that mediate a Na*- and
Cl™-independent low-affinity and high-capacity transport [30].

Rapid reuptake of the released neurotransmitters is essential because it
limits the duration of synaptic communication as well as diffusion to other
synaptic sites and enables recycling and reuse of unmetabolized neurotrans-
mitters, and thereby reducing requirements for de novo neurotransmitter
synthesis. Neuronal transporters, present in the vicinity of synapse are
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Figure 2 Schematic representation of a transporter for biogenic amines (family SLC 6).
Itis a protein with 12 hydrophobic transmembrane domains (TM) joined by alternating
extracellular and intracellular loops and N- and C-terminal residues, both located in
intracellular space. On the extracellular loop between TM3 and TM4 there are several
N-glycosylation sites present.

essential for rapid termination of the signal in neuronal-effector organ
transmission, whereas nonneuronal transporters and transporters located
on neuronal axons are more important for limiting the spread of the signal
and for clearance of catecholamines from the bloodstream and extracellular
space (Fig. 3). The activity of transporters for biogenic amines is not
constant, but depends on several factors. Protein kinase C activation [31]
and transporter protein phosphorylation [32] can lead to reduced capacity of
transporters for biogenic amines on cell membrane. Activity of transporters
can be altered due to presence of substrates (neurotransmitter) and activa-
tion of presynaptic receptors and second messengers. Because of these the
role of transporters is not just the removal of neurotransmitters, but they
take an active part in synaptic communication.

The characteristics of classical neurotransmitters uptake and inactivation
within astrocytes will be discussed in the continuation of the paper.

3.1. Glutamate Uptake

Glutamate is a major excitatory neurotransmitter and plays critical roles in
fundamental processes in the brain, for example, learning and memory [33].
It has also been implicated as a potent neurotoxin. To ensure a high signal-
to-noise ratio during synaptic transmission and to prevent neuronal
damage that might occur as a result of excessive activation of glutamate
receptors, the extracellular glutamate concentration is tightly controlled
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Figure 3 Schematic localization of transporters in neuronal and glial cells. Transpor-
ters are located on pre- and postsynaptic neuronal cell membranes, on neuronal
dendrites and on astrocytes. In presynaptic neuron neurotransmitter molecules are
packed into vesicles by the action of vesicular transporter (VT).

by glutamate transporters in the plasma membrane of neurons and the
surrounding glial cells. Studies of glutamate transporters, using the genetic
knockout strategy, indicate that glial, but not neuronal, glutamate transpor-
ters play critical roles in maintaining the extracellular glutamate concentra-
tions, and are thereby essential for both normal synaptic transmission and
protection of neurons against glutamate excitotoxicity [34].

Glutamate transporters belong to two families: plasma membrane trans-
porters in neurons and glial cells that remove the neurotransmitter glutamate
from the synapse using preexisting ionic gradients as a source of energy
[35, 36] and intracellular vesicular transporters. Thus far, five Nat-depen-
dent excitatory amino acid transporters (EAATs 1-5), which belong to
plasma membrane transporters [37, 38], and three vesicular glutamate trans-
porters (VGLUTSs 1-3) have been identified. Examination of EAATS and
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VGLUTs in brain preparations and by heterologous expression of the
various cloned subtypes shows these two transporter families differ in
many of their functional properties including substrate specificity and ion
requirements [39].

3.1.1. EAATs

The EAATS structure reveals a bowl-shaped trimer, with a solvent-
accessible extracellular basin extending halfway across the membrane.
Each EAAT monomer is composed of eight transmembrane helices
(TM1-TMS8) and two highly conserved helical hairpins (HP1 and HP2)
forming a lumen for binding and permeation of the substrate and Na™ ions.
Each substrate-binding site is cradled by the two helical hairpins reaching
from the opposite sides of the membrane. The functional importance of
HP1 and HP2 [40] is supported by biochemical experiments on bacterial
[37] and mammalian transporters [41—45]. In a recent crystallographic and
thermodynamic study of EAATSs [46], HP2 was proposed to serve as the
extracellular gate that adopts an open conformation exposing the substrate
binding site to the extracellular solution.

EAATS transport their substrates against the concentration gradient by
coupling to cotransport of three Na™ and one H™, and countertransport of
one K* ion [47—49]. Hence, glutamate transport by EAAT is an electro-
genic process resulting in a net translocation of two positive charges to the
intracellular side during each transport cycle. In addition to this coupled
flux, Na™ and substrate transport by EAAT also activates a thermodynami-
cally uncoupled flux of Cl~ from the extracellular side to the cytoplasmic
site [50]. The uncoupled CI~ conductance plays an important physiological
role by hyperpolarizing the membrane and dissipating the electrical poten-
tial generated during the substrate transport [51]. There is, however,
conflicting evidence with regard to the Cl~ permeation pathway through
EAAT. Some studies suggest that individual monomers might provide the
pathway for Cl~ [36, 52], whereas others indicate that Cl~ permeates
through a pore formed at the centre of the trimeric structure of EAAT
[53, 54]. Recent S65V mutation experiment 1 in EAAT [51] indicates that
Na™-driven substrate transport by EAAT induces conformational changes
of monomers regulating Cl~ permeation and that the uncoupled Cl™
permeation pathway is different from the substrate transport pathway.
However, the problem of the exact permeation pathway of Cl~ is still
unresolved.

The taken up glutamate within astrocytes is converted into inactive
glutamine, which is released from astrocytes via transporter system N-1,
and afterward taken into neurons, where it is recycled into glutamate and
reused as a neurotransmitter.
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3.1.2. VGLUTs

Astrocytes exhibit excitability based on variations of their intracellular Ca®*
concentrations, which leads to glutamate release that, in turn, can signal to
adjacent neurons. This glutamate-mediated astrocyte-neuron signaling
occurs at physiological intracellular Ca?>* levels in astrocytes and includes
modulation of synaptic transmission. The mechanism underlying Ca*-
dependent glutamate release from astrocytes is most likely exocytosis [55],
because astrocytes express the protein components of the soluble N-ethyl
maleimide-sensitive fusion protein attachment protein receptors complex,
including synaptobrevin 2, syntaxin and synaptosome-associated protein of
23 kDa [56]. Astrocytes also express vesicular glutamate transporters
(VGLUTS) that are critical for vesicle refilling. It was found in cultured
and freshly isolated astrocytes that the presence of brain-specific Nat-
dependent inorganic phosphate cotransporter and differentiation-associated
Na*-dependent inorganic phosphate cotransporter that have recently been
identified as VGLUTs 1 and 2. Indirect immunocytochemistry showed a
punctate pattern of VGLUT immunoreactivity throughout the entire cell
body and processes, whereas pharmacological inhibition of VGLUTSs abol-
ished mechanically and agonist-evoked Ca?*-dependent glutamate release
from astrocytes. Taken together, these data indicate that VGLUTs play a
functional role in exocytotic glutamate release from astrocytes [57].

3.2. GABA Uptake

GABA is synthesized in neurons from L-glutamic acid and packed into
synaptic vesicles by a specific vesicular GABA transporter (VGAT) [58].
Depolarization of presynaptic neuron induces the release of GABA, which
freely diffuses across the synaptic cleft to interact with appropriate receptors
on target cells. Free synaptic GABA is taken back to presynaptic neurons
and glial cells.

There are at least three different GABA transporters (GAT1, GAT2, and
GAT?3) found in the brain tissue, which are located on neurons and glia
[59, 60]. Transporters GAT1, which are triggered by a novel antiepileptic
drug tiagabine, are located mostly on neurons, while transporters GAT2 and
GAT3 are present on other brain cells including glia. GABA uptake in
membrane vesicles derived from astroglial cells was found to be Na*t- and
Cl™-dependent, electrogenic and sensitive to fi-alanine. To carry one
GABA molecule across the cell membrane two Na™ and one Cl™ molecules
are needed for cotransport [61].

GAT1-3 share the structure common to all transporters belonging to
SLC6 transporter family. The protein is an o-helix with 12 transmembrane
domains, connected with hydrophilic loops with amino and carboxyl
intracellular termini [62].
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GAT transporters have a prominent role in the pathogenesis of
epilepsy, since their expression is significantly different in epileptic
(temporal lobe epilepsy) than in healthy hippocampus [63]. The immuno-
reactivity for GAT1 is significantly reduced, whereas the expression of
GATS3 is increased in hippocamus exhibiting Amonn horn sclerosis in
comparison with healthy human hippocampus. The GAT3 localization
was greater in astrocytes next to remaining functional neurons in sclerotic
hippocampus.

GABA can be broken down within astrocytes into succinic semialde-
hyde, due to presence of GABA degrading enzyme GABA-transaminase.
Glutamine formed from GABA in astrocytes can be transferred to GABAergic
neurons and subsequently converted to GABA [64].

3.3. Glycine Uptake

Neurotransmitter glycine has a double role in human CNS. It acts as an
inhibitory neurotransmitter as well as a coagonist of glutamate when acti-
vating NMDA (N-methyl-D-aspartate) receptors for glutamate. In order to
activate glutamate NMDA receptors, it is necessary that glutamate and
glycine bind at the same time.

Glycine is synthesized from amino acid serine in a presynaptic neuron
and stored into synaptic vesicles by the same vesicular transporter as GABA
(VGAT). Upon depolarization, glycine is released into synaptic cleft from
where it is transported either to astrocytes via transporter GLYT1 or to
presynaptic neuron via transporter GLYT2. Two Na™ and one Cl™ are
cotransported along with a molecule of glycine via GLYT1, whereas
GLYT2 has a transport stoihiometry of three Na™, one Cl~ ion, and one
glycine molecule [65], thus the driving force is much higher into neurons
than into astrocytes. GLYT1 eliminates glycine from synaptic cleft and
terminates synaptic signaling, whereas GLY T2 enhances the reuse of previ-
ously released glycine [66]. The transport occurring through GLYT1 is
bidirectional, glycine can be released from astrocytes into extracellular space
[67] using the reverse transport. There are three different isoforms of
GLYT, which do not differ in kinetic properties (K, and V., for glycin),
but have different pharmacological profile (sensitivity to different ligands)
and different distribution throughout brain areas [68]. GLYT1 transporters
are located also in brain regions without glycine neurotransmission. There
role might be involvement in the modulation of glycine-stimulated activity
of glutamate NMDA receptors.

The taken up glycine can be either released from astrocytes or
metabolically degraded.
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3.4. Noradrenaline Uptake

Synthesized noradrenline is packed into the synaptic vesicles of noradrenergic
neurons via VMAT?2. The released noradrenaline diftuses in the synaptic cleft
and activates its receptors. The synaptic action of noradrenaline is terminated
by its uptake either into presynaptic neuron [69] or to perisynaptic astrocytes
[70] using specific NET.

NET belongs to SLC family (SLC 6) with a typical 12 hydrophobic
domain structure. There are three extracellular N-glycosylation sites, and
one serine—threonine intracellular phosphorylation site. NET is found on
neuronal cells in different brain regions as well as in astrocytes in primary
cultures [70, 71]. The uptake of noradrenaline via NET is Nat dependent
and can be blocked by inhibiting Na™K*T-ATPase [70]. Uptake of triatiated
noradrenaline showed regional differences. Astrocyte cultures derived from
hippocampus take up greater amounts of [*H]-noradrenaline than astrocyte
cultures from corpus striatum and cerebral cortex [72]. Reuptake of nor-
adrenaline increases in parallel with noradrenaline release. The phosphory-
lation of NET protein may play a role determining the rate of noradrenaline
uptake. The Na't-dependant component of the uptake is inhibited by
tricyclic antidepressant drugs desipramine and amitriptyline with 1Cs,
values in nmol range. Noradrenaline can be taken up in a Na*-independent
manner by a low-affinity, high-capacity transport, which is not inhibited by
tricylic antidepressants but sensitive to the inhibition with O-methylated
metabolites of catecholamines and corticosterone [73, 74] named also
uptake, occurring via organic cationic transporter 3.

The noradrenaline degrading enzymes (monoamino oxidase and
catechol-O-methyl transferase) are located intracellularly in many different
cell types including astrocytes [74]. Enzymatic degradation transforms
noradrenaline to inactive metabolites.

3.5. Serotonin Uptake

Serotonin released into synaptic cleft can be inactivated by several different
mechanisms including diffusion away from synapse, metabolic degradation
by enzyme MAO or taking up by specific serotonin transporter (SERT)
either into presynaptic neurons or into glial cells. The reuptake of serotonin
mediated by SERT represents the most important mechanism of serotonin
inactivation within CNS.

Human SERT is 630 amino acid residues long protein, organized in
12 transmembrane domains joined with alternating extracellular and
intracellular loops, and intracellular N- and C-terminal residue. On the
extracellular site there are two putative N-glycosylation sites and eight
serine—threonine phosphoralation sites. mRINA for SERT is located only
in raphe nuclei, whereas SERT protein is located diftusely in brain along
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with the projections of serotonergic nerve fibers. SERT protein is not
localized mainly in the synaptic site, but mostly perisynaptically. That is
consistent with the idea that the majority of the brain serotonin is released
by volume and not synaptic transmission [75]. In addition to neuronal site,
SERT was found to be localized also in astrocyte cell membranes in vitro
[76] and in vivo [77], where is able to transfer serotonin bidirectionally in
Na™- and antidepressant drugs-sensitive manner [78] but with a K,,, value
approximately 10 times greater than found in adult brain synaptosomes [76].

Due to the presence of monoamine oxidase within astrocytes taken
up serotonin can be enzymatically degraded to 5-hydroxyindoleacetic acid
(5-HIAA) [79].

3.6. Dopamine Uptake

The importance of dopamine in neuropharmacological respect lies in its
involvement in many disorders of brain function, such as Parkinson’s
disease, schizophrenia and attention deficit disorder as well as drug
dependence and endocrine disorders.

The synthesis of dopamine follows the same path as that of noradre-
naline, namely the conversion of tyrosine to dihydroxy-phenylalanine,
followed by decarboxilation to dopamine. Dopaminergic neurons lack
p-hydroxylase, therefore the process stops at this stage and dopamine is
packed into synaptic vesicles through VMAT?2. After being released,
dopamine exhibits its intra- and extrasynaptic effects [80] and is later
removed via dopamine transporter (DAT), the neuronal presynaptic
plasmalemmal protein (member of SLC 6 family of transporters) that is
responsible for the reuptake of released dopamine [81]. DAT and
VMAT? are critical regulators of dopamine disposition within the brain.
Following uptake into presynaptic neurons, dopamine is either recycled and
packed into synaptic vesicles or metabolized by MAO and COMT.
Numerous abused substances and drugs in clinical use have important
pharmacological interactions with DAT. These compounds fall into two
categories: those that block dopamine transport (e.g., cocaine, methylphe-
nidate) and those that serve as substrates for transport (e.g., dopamine,
amphetamine and 3, 4-methylenedioxymethamphetamine (ecstasy)).

The rat [82], bovine [83], and human [84] neuronal DAT have been
cloned. Besides neurons, astrocytes also contain DAT and uptake, (OCT3)
transporters. Due to the close apposition of astrocytes to synaptic cleft, glial
and neuronal transport systems are well positioned to remove monoamine
neurotransmitters released from the presynaptic neuron. Since key enzymes,
MAO and COMT, are also present in astrocytes, glial uptake systems
are likely to play an important role in regulating extracellular dopamine
concentrations [71, 85]. Data suggest that astrocytes really do regulate
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extracellular dopamine concentrations, but to what extent and whether
through NET and uptake, (OCT3) transport [86], or through DAT itself
[87], remains to be resolved.

3.7. Histamine Uptake

Synthesis of histamine in histaminergic neurons occurs through the action
of histidine decarboxylase on histidine. Later on, synthesized histamine is
taken up into synaptic vesicles by the vesicular monoamine transporter
2 (VMAT?2) [88] and released into the synaptic cleft upon depolarization
stimuli. The released neurotransmitter histamine is metabolized by the
enzyme histamine N-methyltransferase (HNMT) producing telemethylhis-
tamine [89, 90], which can occur in astrocytes due to expression of HNMT
within. In order to be enzymatically degraded or recycled, histamine must
be transported either into the presynaptic neuron or into surrounding glial
cells. Reports from Huszti’s laboratory described histamine uptake by
cultured glial cells prepared from embryonic chicks [91], neonatal rats
[92-94], and adult rats [95], which was Na* dependent but not Cl~
dependent [95] and bidirectional [91-93]. Glial cells were also found to
be involved in the continuous removal of neuronal histamine from the
synaptic cleft in in vivo conditions [96]. Stuart and coworkers [97, 98]
described a Na™-dependent histamine uptake into arthropod photorecep-
tors, which use histamine as their neurotransmitter, as well as into surround-
ing glia. Interestingly, preferential uptake of histamine into the arthropod
photoreceptor terminals occurred under constant light exposure, when the
cells were depolarized, while in the dark histamine was taken up by glial cells.
Recently, Yanai’s group [99] reported a high and low affinity, Na*-, Cl™-,
and HCO; -dependent [*H]-histamine transport into rat brain synapto-
somes, but a specific histamine transporter has not been elucidated yet.

3.8. Organic Cation Transporters

The SLC22 family comprises OCTs, zwitterion/cation transporters
(OCTNs), and organic anion transporters (OATs). These transporters con-
tain 12 a-helical transmembrane domains (TMDs) and one large extracel-
lular loop between TMDs 1 and 2. OCTs (OCT1-3) are involved in
membrane transport of organic cations, which include many drugs and
endogenous substances, including monoamine neurotransmitters. In addi-
tion to kidney and liver [100, 101], OCTs were also found in neuronal
[102] and glial cells [28, 103] in humans and rodents. As for regional
distribution in the CNS, OCT?3 is highly expressed in hippocampus,
cerebellum, and cerebral cortex [104], in the choroid plexus ependymal
cells and circumventricular organs [105, 106]. Whether they actually play a
functional role on glial cells, however, remains yet to be established.
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All three OCTs translocate various organic cations in a bidirectional,
Na*- and Cl™-independent manner. The main function of OCT1 and
OCT?2 is efflux of exogenous compounds, whereas OCT3 is thought to
have important functions in the brain, including in clearance of monoamine
neurotransmitters. The affinity of OCT3 to transport noradrenaline, sero-
tonin, dopamine and histamine is significantly lower than the affinity of
SERT, NET, DAT, but the maximal uptake rate is significantly higher than
the maximal rate of uptake by the corresponding high affinity transporters.
OCT3 is alternatively called “‘extraneuronal monoamine transporter”
because its functional properties match those of the corticosterone-sensitive
catecholamine transport system originally characterized in nonneuronal
cells, such as cardiac myocytes and smooth muscle cells (so called uptake,).
The distinguishing characteristics of uptake, are the ability to transport
cateholamines in a Na™- and Cl™-independent manner, interactions with
a variety of organic cations, membrane potential driven transport, inhibition
by steroids, and expression in a variety of tissues [104].

Thus OCTs, in particular OCT3, probably represent another firewall
involved in the reuse of neurotransmitters. Moreover, mice with knockout
gene for OCT3 show diminished intracellular levels of biogenic amines,
particularly dopamine and histamine. OCT3-deficient mice are more prone
to anxiety and stress than wild-type animals and show higher sensitivity to
psychostimulants [107]. In circumstances, when blood levels of corticoste-
rone are increased (e.g., chronic stress), the uptake, of monoamine neuro-
transmitters occurring via OCT3 might be lowered and this can contribute
to elevated local monoamine concentrations [108].

4, DRUGS AFFECTING TRANSPORT FUNCTION

High- and low-affinity transporters for neurotransmitters regulate
their spatial and temporal concentrations in extracellular space and thus
regulate the activation of receptors, which is necessary for proper commu-
nication in CNS. Drugs that block these transporters increase levels of
neurotransmitters in synaptic cleft and in the extracellular space, which
results in a profound behavioral effect.

Table 1 shows a list of drugs acting on different transporters and their
present and possible future therapeutic indications.

At the moment there are no drugs available in the market that would act
as inhibitors of glutamate transport. But there are diseases (amyotrophic
lateral sclerosis, epilepsy and hyperekplexia) that may be associated with a
dysfunction of glutamate transport. Therefore, EAAT transporters might
represent a useful experimental tool to study the involvement of glutamate
transport in these diseases and the effect of excitotoxic nerve injury induced
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Table 1 The connection of neurotransmitter transporters to pathogenesis of certain
diseases and pharmacotherapy

Transporter

EAAT

EAAT3
GAT1
GAT3
GLYT1

GLYT2
NET

SERT

DAT

Disease

Amyotrophic lateral
sclerosis?

Neurodegenerative
disorders

Schizophrenia

Epilepsy
Epilepsy

Epilepsy

Schizophrenia, pain
treatment, narcosis

T general muscle tone

Depression

Panic disorders

Attention deficit
hyperactivity
disorder

Drug dependence

Depression

Drug dependence

Depression
Drug dependence
Euphoria

Drugs acting as

Activity enhancers
Inhibitors

Typical and atypical
antipsychotics?

Carbamazepine?

Tiagabine

Other anticonvulsants

Levetiracetam?

GLYTT1 inhibitors

GLYT?2 antagonists
Reboxetine
Amoxetine
Imipramine and
other tricyclic
antidepressants
Cocaine”
Fluoxetine,

Paroxetine Citalopram

Fluvoxamine
Imipramine and
other tricyclic
antidepressants
Cocaine’
Sertraline
Amphetamines’
Cocaine’

Reference

[109]
[60]

[110]

[84]

[117]

[84]
[117]

“ Recreational drugs.
Words in italics indicate “‘possible future treatment.” Words in roman indicate “already in use or eftects

already known.”

by increased glutamate levels. Maybe a different strategy would be better—
to increase the transport ability or to increase expression of functional
glutamate transporters.

Tiagabine is a GAT 1 inhibitor and is clinically used as an effective
antiepileptic drug. It increases GABA levels by blocking its reuptake and
decreases neuronal excitability by binding to neuronal GABA receptors.
Although selective for GAT1, tiagabine lacks cell type selectivity and is an
equipotent inhibitor of neuronal and glial GAT1 [118].
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Taking into consideration the “‘glutamate hypothesis’ of schizophrenia,
which states that the illness is associated with decreased activity of glutamate,
especially acting through NMDA receptors, GLYT1 inhibitors might prove
beneficial if taken together with other antipscychotic drugs [119].

Drugs inhibiting NET (tricyclic antidepressant drugs, reboxetine) and
SERT (flouxetine, citalopram, paroxetine, etc.) in a more or less selective
way have been used for a long time for treatment of depression, eating
disorders, obsessive compulsive, and panic disorders. The exact mechanism
of action has not been elucidated yet. Although they cause immediate
inhibition of NET and/or SERT, it takes several weeks of continuous
administration of antidepressant drugs to observe beneficial effects.

Cocaine inhibits DAT and euphoric effects are a consequence of
increased dopaminergic stimulation of reward pathways. Unselective inhi-
bition of DAT and NET is achieved by amphetamines. In fact, ampheta-
mines block the reuptake and at the same time increase the efflux of
monoamines from presynaptic neurons. By blocking VMAT amphetamines
also prevent filling of synaptic vesicles with monoamines. All these effects
eventually lead from transient increase to depletion of monoamines in the
brain. Apart from their actions on transporters, they also act as partial
agonists at adrenergic receptors.

Transporters can also represent a gate to neuron intracellular space for
neurotoxic compounds, which structurally resemble neurotransmitters.
MPTP, after being metabolized to MPP* by MAO-B in glia, enters the
neuron through DAT and can cause severe neurotoxic damage.

5. CONCLUSION

In the past decades we have witnessed tremendous progress in the field
of neurotransmission, and its inactivation patterns. Reuptake and uptake
through neurotransmitter transporters into presynaptic neurons and glia,
respectively, represent only one of the mechanisms of terminating neuro-
transmitter action. Amino acid neurotransmitters, glutamate, GABA, and
glycine are predominantly inactivated by astrocytes. Glial cells represent an
additional uptake and inactivation option for biogenic amine neurotrans-
mitters. As the activity of transporters is not constant but is adapting to
changes in the microenvironment, transporter functions represent a regu-
latory step in constant communication and signaling process within the
brain. Drugs that block neurotransmitter transporter functions prolong
transmitter’s action and are nowadays used as therapeutics as well as recrea-
tional compounds and provide an excellent tool for further investigation of
neurotransmitter transporters.
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Abstract

The inverted hexagonal phase (H,) belongs to the biologically most significant
nonlamellar lipid phases in biomembranes. Hence the geometric properties and
conditions of transition to the H,, phase are nowadays widely studied. In this
chapter we offer a brief overview on the mechanics of the H,, lipid phase. In our
derivation of the free energy of lipid monolayers, we assume that lipid mole-
cules are in general anisotropic with respect to the axis perpendicular to the
membrane plane. In our model the expression for the lipid monolayer free
energy consists of two energy contributions: the bending energy which involves
also a deviatoric term, and the interstitial energy which describes the deforma-
tion energy due to stretching of the phospholipid molecule chains. On the basis
of the derived expression for the lipid monolayer free energy, we theoretically
predict optimal geometry and physical conditions for the stability of the
inverted hexagonal phase. Using the Monte Carlo simulated annealing method,
we theoretically describe first steps in the L,—H,, phase transition, which may
contribute to a better understanding of different biologically important
processes within biomembranes.

1. INTRODUCTION

One of the main components of biological membranes are phospho-
lipids. They have amphiphatic character, that is, they comprise a polar
headgroup as well as nonpolar hydrocarbon chains in one molecule. Such
molecules in aqueous solution undergo a self-assembling process and form
various structures. Biologically important lipid/water systems are known for
their rich polymorphism [1]. Driving force of this process is predominantly
the hydrophobic effect where the hydrophilic (polar) surfaces are in contact
with aqueous solution while the hydrophobic (nonpolar) parts composed of
hydrocarbon chains are hidden from water [2, 3]. The most common
and biologically most relevant phase is the fluid lamellar lipid bilayer
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phase (L,). The bilayer of lipid molecules represents the basic building block
of the plasma membrane, which encloses the cell interior. Nevertheless,
nonlamellar model membranes are subject of increasing interest [1, 4—6],
due to their importance in living organisms and due to their promising
technical applications such as in drug delivery [7, 8], gene transport and
nanotechnology [9].

The curvature of difterent monolayer and bilayer lipid structures (Fig. 1)
depends to a great extent on the intrinsic shape of the phospholipid mole-
cules, which in turn depends on the temperature, degree of hydration,
presence of specific enzymes, pH, etc. [10].

Figure 1 Schematically depicted polymorphism of phospholipid aggregates. Aggre-
gated forms with appropriate shapes of phospholipid molecules: (A) spherical micelle,
(B) cylinder, (C) bilayer, (D) inverted cylinder, and (E) inverted micelle.
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Flat lipid bilayers are formed preferentially, when the lipid molecules have
cylindrical shapes (Fig. 1C), whereas cylindrical monolayers are formed when
the lipid molecules are wedge shaped (as depicted in Fig. 1B and D). Conical
and inverted conical shapes of lipids favor spherical (Fig. 1A) and inverted
spherical (Fig. 1E) micellar shapes, respectively (see also Ref. [11]).

1.1. Mathematical Description of Membrane Curvature

Biological membranes may be in the first approximation considered as
curved and deformable smooth plates that are described by two principal
radii (curvatures) at each point of the surface. Consider for the moment the
phospholipid monolayer as a pure mathematical surface. At every point P
on this surface one can find a vector normal to the surface and the
corresponding normal plane which contains the normal vector (Fig. 2).
There is an infinite number of such normal planes, but only two orthogonal
normal planes contain curves of intersection with maximum and minimum
curvature (see Fig. 2). These two curvatures are named the two principal
curvatures of the surface at the given point P and are defined as [1]

1 1

Ci=— and C; =— (1)
n ”

First principal

normal plane

Curves Normal
of intersection

Second principal
normal plane

Figure2 A schematic figure of the phospholipid monolayer. In the point P the normal
surface is shown together with a pair of orthogonal principal planes that define the two
principal curvatures C; and C,.
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For the sake of later computations, the principal curvatures are written in a
tensor notation as a diagonalized curvature tensor:

o= |5 2 @)

Within the theory of elasticity, the membrane curvature at a given point is
usually described by the mean and the Gaussian curvature, that are invariants
of the curvature tensor C (Eq. (2)). The mean curvature H is related to the
trace of the curvature tensor C and the Gaussian curvature K is the
determinant of C [1]:

C+C
gt (3)
2
K=CG (4)

For the lipid monolayer of finite thickness, the following convention was
adopted [1]: when, for instance, the pivotal plane (molecular area in pivotal
plane does not change upon bending deformation [12]) bends toward the
chain region, we define the curvature positive (C > 0), whereas when the
pivotal plane bends toward the water region the curvature is negative (C < 0)
(Fig. 3). According to this convention the mean curvature H (Eq. (3)) can be
positive or negative, that is, the monolayer can be regular or inverted. For
positive values of K the planes are naturally convex or concave and bend
round to form closed shells, micelles or inverted micelles, respectively. On the
other hand, when K is negative the principal curvatures are of opposite sign,
that is, the plane is saddle-like [1].

For planar and spherical surfaces the principal curvatures are equal while
for saddle-like and cylindrical planes the principal curvatures are different.
High anisotropy in the curvature (a large difference between the two

C>0

Chain region Water region
Pivotal arc

Figure3 Sign convention of the curvature C = C; cos> ff + C, sin? f of the normal cut
of the lipid monolayer. The curvature C is positive when the monolayer is bent toward
the chain region and negative when the monolayer is bent toward the water region. The
angle f describes the orientation of the normal plane with respect to the first principal
normal plane.
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principal curvatures) has been revealed in numerous membrane systems, for
example, in phospholipid bilayer nanotubes [13—16], torocytic endovesicles
of erythrocyte membranes [17, 18], phospholipid bilayer membrane pores
[19, 20] and narrow necks of phospholipid bilayers connecting buds to the
mother membrane [21]. To explain the stability of these structures instead
of the Gaussian curvature another invariant is advantageous in description of
membrane free (elastic) energy, namely the curvature deviator D [21]:

G -G
2

D

(5)
The invariants H, K, and D are connected through the relation:

H*=D"+K (6)

1.2. Influence of Spontaneous Curvature on the
Self-Assembling Process

Obviously the curvature of membranes depends on the intrinsic shape of the
phospholipid molecules (see Fig. 1). Hence noncylindrically shaped phos-
pholipids self-assemble in aqueous solutions in nonplanar structures. The
tendency to curve the shape of the monolayer without any external torques
and forces is called the spontaneous (intrinsic) curvature [10]. The definition
of the principal intrinsic curvatures that define the intrinsic shape of the lipid
molecules (see Fig. 4) is very similar to the description of membrane
curvature. The principal intrinsic curvatures are defined as [22, 23]:

1
Clm - (7)
m1
and
1
Com = — (8)
m2

where 1, and r,, are the principal radii of a monolayer that would
completely suit the shape of the molecule. Written in tensor notation:

_ Clm 0
o= ] )
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Isotropic constituents

90°

Cim= Com v i v Cim=Con>0
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Cim= Com A =2 A Cim=Com< 0
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Anisotropic constituents
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Figure 4 Molecular sketches describing differences between isotropic and anisotropic
phospholipid molecules and values of their principal intrinsic curvatures.

where C,, is defined as an intrinsic curvature tensor [21, 23].
Similar to the mean curvature H, we can define the mean intrinsic
curvature H,,, which is now related to the molecular shape:

o C1m + C2m

H,, 5 (10)

and intrinsic curvature deviator of the molecule:

Cm_Cm
p,, = Cin— Gl (1)

If the intrinsic principal curvatures are different (C;,,, # Cs,y,), the molecules
are anisotropic. If the intrinsic curvatures are equal (Cy,, = C,y), the
membrane constituents are isotropic (Fig. 4). Isotropic constituents with
zero intrinsic curvatures (Cy,, = C,,,, = 0) will tend to form planar mono-
layers, while the constituents having inverted conical shape (Cy, = 0,
Co, < 0) will favor the formation of an inverted hexagonal structure [11]
(see also Fig. 1). The intrinsic principal curvatures account for the geometrical
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shape of the lipid molecule and the local interactions of the molecule with its
surroundings, including the hydration effects [24].

2. INVERTED HEXAGONAL PHASE

The inverted hexagonal phase (Hy;) is one of the lipid mesophases that
are important for many biological processes in nature. Understanding the
mechanisms of their formation and stability, and their physical properties
may help us to elucidate their biological functions.

2.1. Relevance of Nonlamellar Phases in Biological Systems

The bicontinuous cubic phase, inverse hexagonal phase, and inverse micel-
lar cubic phase belong to the biologically most relevant nonlamellar meso-
phases. These mesophases resist excess of water and thus they are stable
under certain conditions in biological systems [6, 25].

It is known that a wide range of phospholipids which occur in biological
organisms may self-assemble into nonlamellar structures when they are
extracted from cells and rehydrated in aqueous solution. However, despite
the fact that many nonlamellar phases have been undoubtedly identified also
in various biological systems [26], still little is understood concerning their
function. The induction of nonplanar mesophases might play a role in the
regulation of protein function, further, membrane fusion for instance in
endo- and exocytosis is thought to be dependent on such highly curved
lipid structures. It is also supposed that interbilayer tight junctions host
nonbilayer structures. Direct evidence for the formation of the stable Hy
phase was found in paracrystalline inclusions of the retina [27].

The nonlamellar structures of phospholipids are also common in some
species of bacteria. It was suggested that the bilayers of bacteria are close to
the transition from lamellar to nonlamellar structure [10]. Many different
types of bacteria can enzymatically change the intrinsic curvature of phos-
pholipids, consequently, they can prefer the nonlamellar phases [10].

2.2. Geometry of the Inverted Hexagonal Phase

The lipids in the inverted hexagonal phase are self-assembled in long tubes
arranged in a hexagonal lattice. Figures 5 and 6 show the geometry of the Hy;
phase: two neighboring tubes with diameter rare located at the distance a. The
phospholipid chains point outward from the cylinder surface defined as the
pivotal plane while the headgroups form polar nanotubes filled with aqueous
solution. Experiments revealed high anisotropy in the curvature (one principal
curvature is equal to negative inverse value of radius of the tube and the second
principal curvature is equal to zero) of tubes of the Hyy phase.
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Figure5 A scheme and a corresponding electron density map of the lamellar fluid (L,)
phase (left) and of the inverted hexagonal (Hy;) phase (right). The configurations of the
lipid molecules are indicated. In the L, phase both principal curvatures are equal to
zero, while in the Hy; phase one of the principal curvatures is equal to zero and the other
one is negative. The data for the electron density reconstructions are taken from Ref.
[28]. The maps depict the POPE/water structures at the phase transition temperature of
74 °C (compare also Table 1). Adapted from Ref. [29].

oo d o
ZO a 7

Figure 6 Geometry of the lamellar and inverted hexagonal phases. One bilayer and
one neighboring monolayer are depicted for the lamellar phase. The lattice unit of
lamellar phase (d-spacing) (d) and distance of polar region between the two bilayers
(dpo1) are denoted. For the inverted hexagonal phase three cylinders of radius r at
the distance a are depicted. {, denotes the equilibrium length of hydrocarbon chains.
The Hy; phase requires stretching or compressing of some of the hydrocarbon chains as
shown schematically. Adapted from Ref. [29].
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It can be seen in Fig. 6 that not all lipid tails in the hexagonal lattice have
the same length. There are triangular regions (called voids) between neigh-
boring tubes that are considerably energetically expensive, because the lipid
chains in these regions need to stretch beyond the average length (. In
theoretical studies of stability of inverted hexagonal phases, it is therefore
necessary to take into account an energy term which accounts for the
stretching of the hydrocarbon chains in the void regions [24, 30-32].

Some recent studies have shown that the cross sections of the tubes in the
inverted hexagonal phase is not precisely circular but it is rather an interme-
diate between a circle and a hexagon [31, 33]. In our case we suppose, for
sake of simplicity, that the cross section is circular.

2.3. Models of the Transition of the Lamellar
to Inverted Hexagonal Phase

Transitions between different phospholipid phases and mechanisms that
drive these transitions are of special interest. To interpret the experimental
data and to contribute to a better understanding of underlying mechanisms,
different models have been put forward [24, 28, 30, 34, 35].

The majority of models of the formation of the inverted hexagonal phase
have in common the assumption that nucleation starts with a linearly
localized lipid rearrangement. Based on freeze-fracture electron microscopy
experiments, a deformation pair of intramembrane cylinders embedded in a
tight junction was proposed [35], and also monolayer embedded lipid
tubes forming via the coalescence of a “pearl string” of inverted micellar
intermediates (IMIs) was suggested by Hui ef al. [36]. In 1986 Siegel further
elaborated this model of the L,—Hj; transition [30]. He proposed a three-step
process with forming of intermediates driven by changes in temperature and
lipid composition. The first step 1s formation of IMIs, which forms between
two sufficiently close apposed bilayers. The IMI can diffuse within the plane
of the membrane and form IMI coalescence representing the second step.
Two possible ways of IMI coalescence were suggested. Two spherical
micelles can fuse into a single rod shaped micelle and form rod micellar
intermediates (RMIs) or they can separate within the coalescence intermediate
and form line defects (LDs) [30].

Based on the temperature-dependent experimental results from differ-
ential scanning calorimetry and small-angle X-ray scattering, a similar view
on L,—Hjy; transition is given by Rappolt et al. [28, 34]. The hypothesis of
the growth mechanism of the first few rods is connected with spontaneous
creation of the line defect (water core) at the transition temperature. The
first rod is created due to the spontaneous monolayer curvature, which
induces the formation of new water cores. The pivotal plane arrangement
corresponding to the first few steps of transition was proposed in Ref. [34]
(see Figs. 7 and 8). The first cylinder of the Hyy phase forms from the linearly



Stability of the Inverted Hexagonal Phase 247

localized lipid rearrangement between two bilayers. Thus, a system of one
cylinder, two monolayers, and bulby closures on both sides of the cylinder
originates. The bulby closures are created from neighboring disjunct layers
as a consequence of reducing void apolar regions. The two outer monolayer
leaflets follow the contours of the cylinder and the bulby closures. This
configuration is the smallest unit to study the nucleation of the Hy—L,
transition (Fig. 7).

A 'B C
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Figure 7 Intermediate steps in the formation of a cylinder between two bilayers. The
structural schemes base on structural data of POPE recorded at the transition tempera-
ture T'= 74 °C [28]. Pivotal interfaces are outlined with full lines and for the ease of
interpretation lipid molecules are superimposed in the first four panels. (A) The fluid
lamellar phase can be decomposed into steric monolayer thickness (2.27 nm) and free
water layer thickness per lipid molecule (0.27 nm). (B) Allowing for spontaneous splay
of lipid molecules a line defect may form, which is integrated in the stack of bilayers in a
coplanar fashion. (C) If one sets the water concentration per lipid in the line defect,
®y,.., to be equal to the water concentration given in the fluid lamellar phase, ®y,,,,, then
the radius of the pivotal plane increases from r = 1.52 to 2.44 nm. (D) This panel shows
the formation of a first rod under the condition of @, = ®y.,. (E) Finally, full
hydration of the first cylinder in between of two bilayers increases the pivotal plane
radius to r = 2.67 nm. Loci for the formation of new cylinders are marked with stars.
Sketches are adapted from Ref. [34].



248 S. Perutkova et al.

A, =0.38nm?

Ap=0.65nm?

. 1
= 183

—— A;=0.92nm?

Figure 8 Simplest space filling molecular models for the fluid lamellar (A) and the
inverse hexagonal phase (B). The models are derived from structural data of POPE at
T =74 °C, at which the L,-phase coexists with the Hy-phase [28]. (A) The steric length
of a lipid molecule of 2.27 nm can be divided into headgroup extension, d; (0.8 nm),
and hydrocarbon chain length, {, (1.47 nm). The area per lipid was determined to be
0.65 nm>. (B) Simplest anisotropic molecular model for PE lipids in the inverted
hexagonal phase. The different molecular areas are defined graphically, which are the
lipid—water, the headgroup, the pivotal and terminal interface, respectively. Explicit
values for the areas are given. Under the assumption that area per lipid at the headgroup
position Ay is squared, it follows that about 19 lipid molecules are necessary for a
full revolution in fully hydrated lipid cylinder (compare Fig. 7). Panel B is adapted from
Ref. [34].

2.4. Models of Free Energy of the Inverted Hexagonal Phase

In general, solving the stability conditions for different lipid phases as well as
conditions for the transition between lipid phases is a problem of defining
the free energy of the system and its minimization. In the following a brief
overview of theoretical models of L, to Hjy phase transition and the
corresponding expression for the free energy of the system are described.

Kozlov et al. [24] studied the energy of the hexagonal phase in the
Hy—L,—Hy reentrant phase transition of dioleoylphosphatidylethanolamine
(DOPE) upon changes in hydration and temperature. Combining osmotic
stress and X-ray diffraction experiments, the spontaneous curvature (R;')
and the monolayer bending constant (k.) of the Hyy phase were determined.
Further, they considered a theoretical model describing the stability of
hexagonal and lamellar lipid phases by minimization of the free energy
consisting of elastic, hydration, interstitial, and van der Waals energies.

In the model of Kozlov and colleagues, the free energy of the hexagonal
phase was approximated by the elastic energy of local bending deformation

[37]:

1 1 1Y
FHY = NH —keap [ = — — 12
k() (12
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where N is the number of lipid molecules, k. is the bending elasticity of
the lipid monolayer, aq is the area per lipid molecule, 1/R is the curvature of
the pivotal plane of the lipid monolayer, and 1/R, is the spontaneous
curvature in fully hydrated (unstressed) state. For convenience, it was
assumed that the free energy of fully hydrated hexagonal phase is
0 (1/R = 1/Ry) [24].

The free energy of the lamellar phase was assumed as follows:

1 dy
FL = J\TILEPO}”CZOM exp (— 7)
13
L An L 1 1 L ( )
- 1ﬂo—+Nlao§kcE%—ngi

where NI is the number of lipid molecules in the lamellar phase and d,, is
the thickness of the water layer separating the bilayers. The first term is the
energy of hydration repulsion between the bilayers (P, and 4 are preexpo-
nential factor and characteristic length of the repulsion, respectively). The
second term is the leading term in the energy of van der Waals interaction
between the bilayers (A is the Hamaker constant [11]). The last two terms
describe the difference between the free energies in the fully hydrated
hexagonal and lamellar phases and give a constant contribution independent
of the distance between the bilayers. The third term is the energy of
“unbending” the lipid monolayer to flatness according to Eq. (12) and the
last term represents the energy associated with voids in the hexagonal lattice.
For simplicity g > O was referred as a curvature-independent part of the
interstitial energy (curvature-dependent part is accounted for within the
elastic energy of inverted hexagonal phase F! (Eq. (12))) [24].

Kozlov et al. assumed that all parameters in Eqs. (12) and (13) except the
intrinsic curvature R,~! are independent on temperature. By assuming a
negligible dependence of ¢; on temperature and equating the free energies in
the hexagonal and lamellar phases in excess water in the temperature for
reentrant transition (Ty = 10 °C) gives [24]

1 1

i:_k)c
g 5 a

+ 1 P i ( dwmax)
P E— - da €X —
0 [Ro(TH)]Z > 040 P J)

CZQAH
247 (dyy max )’

(14)

where Ni" and N are taken to be equal and the free energy of the inverted
hexagonal lipid phase is assumed to be F'1 = 0 (i.e.,, 1/R = 1/Ry), dy max
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represents the equilibrium spacing in the lamellar phase in the absence of
osmotic stress and Tyg is the temperature of the hexagonal-lamellar reen-
trant transition in excess water. ¢ was computed by introducing the
measured parameters into Eq. (14) and is a positive constant in this case.

In summary, Kozlov et al. have described a model of L,—Hy—L, reen-
trant transition. On the basis of experiments, they have derived structural
parameters and all of the force constants defining the energetic terms of the
Hj; and L, lipid phases. They found an expression of interstitial energy of
the inverted hexagonal phase as a constant difference between Hy; and L,
phases at the transition point.

Another study on the hexagonal phase was performed by Rand ef al.
[38]. In this work, two types of energy contributions to the free energy of
the lipid monolayer were taken into account:

1 1 1)\?
Gy, = —k. _—— I, 15

The first term in Eq. (15) introduces local bending energy and the second
term is the osmotic energy, where k. is the bending modulus, aq is the area
per lipid molecule, R and R, are the actual local radii of the curvature and
the intrinsic radius of curvature at the pivotal plane, respectively, IT is the
difference in osmotic pressure between the outer bulk and inner confined
solution, and 1V, is the volume of water per lipid inside the cylinder [38].
Without consideration of the energy of interstices they made two approx-
imations. The first approximation is that the water cylinders are perfectly
circular in cross section (Fig. 9A). Second, the interstitial energy is proposed
to be independent on the size of the hexagonal unit cell [38].

There exist two different approaches to express the interstitial (void)
energy of the inverted hexagonal phase. In the first approach, rods of
inverted hexagonal phase are assumed to be circular in cross section and
the interstitial energy is assumed to be proportional to some imaginary
surface of the voids between hexagonally packed cylinders [39] (Fig. 9A).
In a second approach the interstitial energy was accounted in the terms of
tilt and splay deformation of the phospholipid chains which have to fill the
hexagonal unit cell while the cross section of neutral plane of lipid rods is
assumed to be hexagonal [40] (Fig. 9B). Both approaches result in a
proportionality constant by equating the free energies of the lamellar and
inverted hexagonal phases at the transition temperature.

Malinin and Lentz [31] later improved the model of Rand ef al. [38]
(Eq. (15)), since the improved model included an energy cost due to voids
(interstitial energy), see Fig. 9. To calculate the interstitial energy they
assumed that the cross section of pivotal plane is intermediate between
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Figure 9 Schemes of different approaches to the expression of the free energy models
of inverted hexagonal phase: (A) Circular cross section—Siegel [39] and Rand et al.
[38], (B) hexagonal cross section—Hamm and Kozlov [40], (C) intermediate between
circular and hexagonal cross section—Malinin and Lentz [31].

circular and hexagonal geometry (Fig. 9C), thus they parameterized the
shape of the cross section:

2

SPa— 4
p

where x, y are coordinates of the pivotal plane, d, is the distance from the
axis of a rod to the pivotal plane in interaxial direction, and J; is the
maximal deviation from circular cylindrical geometry. Using Eq. (16) they
computed the volumes of the water, voids, and the total unit cell volume.
With assuming that the interstitial energy of inverted hexagonal phase is
proportional to the volume of voids, the total free energy per lipid molecule
is then derived as

dy/2
Ao<z<b/z>j (1/Ry) — (1/Ry )1+ ) d

—d,/2

dp/2 17
J \/1+ 97 dx (17)

—dy/2

g:

+ KV, + 117
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where K, is a proportionality coefficient representing the free energy of a
unit of void volume, V7, and I, are the volumes of the void and of the

water, respectively and dx4/1 + y/z is the differential of the arclength [31].

The theoretical model of Malinin and Lentz included deviations from
circularity in the inverted hexagonal phase cross section. The interstitial
energy K, (Eq. (17)) turned out to be constant, was derived from the
volume of the voids in the hexagonal lattice.

In contrast to these models of interstitial energy ¢ (Eq. (14)) and K, in
Eq. (17) we have expressed a relation for the interstitial energy dependent on
stretching of the phospholipid chains on account to fill the voids directly. We
also developed a new formalism to involve possible anisotropy of phospholipid
shapes in our model calculations. In the following sections the new bottom up
approach concerning the description of monolayer bending and packing
frustration in the formation of the inverted hexagonal phase is outlined.

3. FREE ENERGY OF LIPID MONOLAYERS

It was shown in Ref. [24] that the free energy of the phospholipid
monolayer in hexagonal phase may be expressed in terms of bending,
interstitial, hydration, and van der Waals energy contribution. However,
the contribution of the hydration energy in the excess water conditions is
insignificant and also van der Waals energy only slightly contributes to the
total free energy. Thus, we consider for the total free energy of the
hexagonal phase two energy contributions: the energy of local bending
and the interstitial energy (voids filling energy). Starting from a single
molecule energy and applying the methods of statistical physics, the free
energy of a lipid monolayer (bilayer) was derived [15, 21, 41, 42]. The local
bending energy of laterally homogeneous monolayer (bilayer) [37, 43, 44]
was recovered; however, an additional contribution due to average orienta-
tional ordering of lipid molecules, that is, the contribution of the deviatoric
bending [45, 46] was included [15, 21, 42]. The average orientational
ordering of anisotropic phospholipids lowers the free energy of the system;
the effect is more pronounced for larger anisotropy of lipid molecules and
stronger membrane curvature anisotropy [21].

3.1. Bending Energy of Lipid Monolayers

For better understanding we briefly repeat the derivation of the bending
energy per lipid, which in general may be anisotropic [21]. This energy of a
single lipid molecule depends on mismatch between curvature tensors Cp,
(Eq. (9)) and C (Eq. (2)). In general the curvature tensors C,, and C have
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different orientations, that is, they are rotated by an angle w. To express
their mismatch we introduce the mismatch tensor M:

M=RC,R'—C (18)

where R is transformation matrix for rotation:
cosm —sinw
R=|¢ (19)
sin@w  cosm

The single molecule energy at a given point of the membrane should be a
scalar quantity, hence it may be expressed by two invariants of the tensor M,
trace, and determinant:

%:%@ﬂgf+gnmj (20)

where K and K, are constants [21].
Eq. (20) can be rewritten as

w, = (2K; + K»)(H — H,,)®

(21)

K <D2 — 2DD,, cos(2w) + Dfn>

where H is the mean curvature of a membrane (Eq. (3)), H,, is the mean
intrinsic (spontaneous) curvature of the molecule (Eq. (10)), and D and D,,
are the curvature deviators of the membrane and the molecule (Egs. (5) and
(11)), respectively [21]. In the following we introduce the definitions:

S+ ¢*
4

2K + K; zg and K, = — (22)

Constants £ and &* describe the strength of intermolecular interactions.
Using the definitions of & and *, Eq. (21) can be rewritten in the form

(H — Hy)®

526*(

E(w) =

<
2 (23)
_|_

D? — 2DD,, cos(20) + D12n>
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For sake of simplicity we assume that £ = &*. This equality yields
K, = =K. It is obvious that the energy expressed by Eq. (23) reaches its
minimum when cos(2w) = 1 and its maximum when cos(2w) = —1. In the
first case the systems of tensors C,,, and C are aligned (w = 0) or rotated by
the angle w = m:

(H — Hy) + g (D* + D2) — ¢DD,, (24)

DN | e

Emin -

while in the second case the systems are rotated by the angle @ = ©/2 or
w = 371/2:

¢

(H— H,,)* + 5 (D + D2) + DDy, (25)

Emax = §
2

To derive the deviatoric bending energy of the whole monolayer, the
membrane monolayer is divided into small patches that contain a sufficient
large number of lipid molecules in order to apply the methods of statistical
mechanics [21]. The principal curvatures C; and C; are taken to be constant
over the patch and phospholipid molecules are considered to be equal and
independent. Considering a simple two state model there are M equivalent
molecules within the patch. Each molecule can exist in state of lower energy
E.,.in or higher energy E, ... It means that N molecules are assumed to be in
the state with E,, and consequently (M — N) molecules in the state with
E nin as shown in the next equation:

E‘D o NEm:Lx
kT~ kT

Emin
kT

+ (M —N)

(26)

where Ep is the deviatoric bending energy of the membrane patch. The
energy of the patch is divided by k (Boltzmann constant) and T (thermody-
namic temperature). Introducing Eqs. (24) and (25) into Eq. (26) gives

Ep Ey M
=ML == . 2
kT~ kT (2 N)dff 27)
where
Eq é 2 é 2 2
—=——(H — H, — (D" + D 2
kT ZIeT( )+2IeT( +Dy) (28)
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and

(2¢)Dy,D

dog =
f kT

(29)

d.g1s called the effective curvature deviator [21].

Another contribution to the bending energy is the direct interaction
between molecules. At most the molecules interact with their nearest neigh-
bors. It is assumed that if the actual shape of the membrane is in tune with the
local curvature field, tails of the molecules move in average closer together and
this leads to lowering energy. On the other side, if the molecules are oriented
less favorable the average chain packing is less dense. This causes increasing of
the energy. Itis considered that this effect is proportional to d.g (local effective
curvature deviator). Direct interaction energy of N molecules that exhibit less
favorable average packing is taken into account by the expression

En  k
N * N 30
kT~ kT < (30)

while the direct interaction energy of molecules that exhibit more favorable
average packing (negative contribution) is described by

EM—N Ig
= —— (M- N)d, 31
kT kT( Jder (31)

where k is the interaction constant [21].
The total energy caused by direct interaction is given by summation of
Egs. (30) and (31) divided by 2 as to avoid counting each molecule twice:

E k (M
k—%:‘k—T(—‘N)deff 32)
The total bending energy of the patch is thus

EP_E{+E
kT kT kT

(33)

where Ep/kTis the contribution of the average mutual orientation of the local
curvature tensor and intrinsic curvature tensor (deviatoric bending) and E;/kT
is the contribution of the direct interaction between the neighbor molecules.
We consider all the patches to have a constant area AP, a constant
number of molecules M and a constant temperature T of the system.
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The phospholipid molecules within the system are treated as indistinguish-
able. We assumed that the system is in thermodynamical equilibrium and
only two states are possible just like in the description of a two-orientation
model of noninteracting magnetic dipoles in the external magnetic field
[47]. In our model the external magnetic field is represented by curvature
deviator D [21]. By analogy, N molecules are in state with maximal energy
and (M — N) molecules are in state with minimal energy. The number of
possibilities is M !/ N (M — N)! while the corresponding energy is EP. N can
be any number from 0 to M. The canonical partition function Q"(M, T, D)
of M molecule in the patch of the membrane is therefore

— M! EP
Q= NE_:ON!(M N TR <_ E) (34)

where k is the Boltzmann constant. Using Egs. (27)—(34) gives

M ~
M! k M
P M
= E — dg| 1 +—=)(=—N 35
Q=1 N_01\7!(1\4—1\7)!“13( ff( +IeT)<2 )) (3%)
where by considering Eq. (28)

1=ew(- 1) (36)

kT

Using the binominal (Newton) formula in summation of the finite series in
Eq. (35) yields

M

deff<1 + (E/kT))
2

Q" = |24 cosh (37)

The Helmholtz free energy of the patch is ' = —kT In QY. Combining
Eqs. (35)—(37) yields the free energy of the patch:

FP = Mé [(H — Hy,)* + D? + D2]
(1 n (zé/kT))me (38)

—kTM In | 2cosh
kT
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The bending energy of the monolayer is given by the summation of
the contributions of the all patches of the monolayer, i.e. integration is
performed over the whole area A:

azzjgguH—fmf+D?+DQ¢4
A

5(1 + (ié/kT))DmD (39)
dA
kT

—nokTJ In {2 cosh
A

where n is the area density of the lipid molecules, & is the constant
describing the strength of the interaction between a single lipid molecule
and the surrounding membrane continuum, k is the Boltzmann constant, T'
is temperature, k is the constant describing the direct interaction between
lipid molecules [21], and dA is the area element of the lipid monolayer.

If we consider surfaces with small curvature deviators D or molecules
with small D,,,, we can substitute the term In(cosh(x)) in Eq. (39) by the first
term in Taylor expansion: In(cosh(x)) = In(1 + x2/2) = x2/2. Thus, our
general expression for monolayer bending energy transtorms into Helfrich
expression for local bending energy of lipid monolayer [37]:

ke
wy = (2H — Co)* + koK (40)

where w, is the area density of the monolayer bending energy, while the
constants k., kg, and C are defined as

& (1 k/RTVED?,
T 2242
ke /ng = —§+ (+ k/jk? < D, (42)
and
T 2
Co=H. |1+ [1+ (k/kT)]EDZ (43)

2kT

The constant C, represents spontaneous (intrinsic) curvature of the lipid
monolayer.
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In the simplest case, where only isotropic phospholipid molecules within
the lipid monolayer are taken into account (D,, = 0), the constants are

defined as

fefro = 5 (+4)

Iec/f/lo = —g (45)

while the expression for the spontaneous (intrinsic) curvature is equal to the
mean curvature of the lipid monolayer:

Co = H,, (46)

3.2. Interstitial Energy of the Inverted Hexagonal Phase

In this section we are interested in the derivation of a dependence for an
energy contribution from ‘“‘voids’—interstitial energy, which was already
discussed in Section 2.2 [1, 24, 31]. The need of additional interstitial energy
contribution in the Hyy phase appears due to the special packing geometry of
the inverted hexagonal phase (compare with Section 2).

In the lamellar phase L,, the monolayers have a constant thickness and
there are no voids in the mid-plane of the bilayer. On the other hand, in the
inverted hexagonal phase, the distance between two adjacent monolayers
varies over the monolayer surface. Some of the lipid tails have more space,
while others are squeezed with respect to an average length {, (Fig. 6). To
avoid water pockets, the hydrocarbon tails of lipid molecules have to stretch
accordingly. The void-filling energy contribution due to lipid stretching
can be expressed on the basis of Hooke’s law [48]:

fai=1(C =) (47)

where ( is the actual length of the fatty acid chain and 7t is the proportion-
ality constant reflecting the stiffness of the chains (stretching modulus). We
suppose that the area density of the contact energy is given as

e =1(C—Lo) o (48)

where 1y 1s the area density of phospholipid molecules (1 = 1/4). The total
contact energy is given as
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E:L&M (49)

where we integrate over the whole area of lipid monolayer A. The Eq. (49)
can be written in the form

a:yWﬁq—gﬂﬂ (50)

where dl is the element of the length of the curve corresponding to
phospholipid monolayer in the projection of hexagonal phase shown in
Fig. 6 and Y is the length of the inverted hexagonal tube.

To estimate the actual length of hydrocarbon chain , cylindrical coor-
dinates are introduced. The length of hydrocarbon chains may be estimated
from hexagonal geometry of the lattice. From the rectangular triangle
depicted in Fig. 10 it follows:

a
=—— 51
2cosp ! (1)

Because of hexagonal symmetry, Eq. (51) is valid for the contact region of
two adjacent lipid cylinders, that is, for 1/12 of the area of one lipid
cylinder. The values of the angle ¢ are therefore defined in the range of

i

Figure 10 Scheme of two neighboring inverted lipid tubes in hexagonal lattice.
The lipid tails have to stretch in order to fill voids in the hydrocarbon region. The
symbol a denotes the Hyy phase lattice constant and r denotes the radius of the pivotal
plane of the Hy; phase. The actual length of hydrocarbon tails ({) depends on the angle .
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o€ [0,%) (52)

If ¢ = 0, the length of hydrocarbon chains { is equal to (a/2) — r. At the
upper limit of the range of ¢, the length of the hydrocarbon chain is equal to
(a/v/3) — 1

Considering the cylindrical transformation (r dp = dl), the symmetry of
the problem (12 identical segments) and the expression for the length of
hydrocarbon chains (Eq. (51)), Eq. (50) can be written in the form

/6
Fi == Y’Ci’lolZi’J (
0

2
—r— d 53
2cosp ' Co) v ( )

After solving the integral in Eq. (53), the contact energy of one lipid
cylinder (Eq. (53)) can be written as

2

3

Fj = 12Y’E1’loi’ a \[
12

—a(r+ ) InV3 + a (r+ co)2> (54)

3.3. Total Free Energy per Lipid Molecule

The total free energy per lipid molecule in inverted hexagonal phase can be
computed as

S=5 (55)

where M is the total number of lipid molecules in the system with energy E.
The total number of molecules can be calculated from the total area of
membrane A and the area corresponding to one lipid molecule (ap), that is,
the area density of the lipid molecule (n):

A
M =— = nyA (56)
ao

The total area of one lipid cylinder in the inverted hexagonal phase is

A=2myY (57)
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From summation of Eqs. (39) and (49) it follows that the free energy per
lipid molecule in the Hy; phase can be expressed as

Fy+F,
F=rt™ —é[(H—Hm)Z—I-DZ—I—Dfn]

N 21ny Yr 2
(1 + (/%/kT))éDmD
— kT In |2 cosh 0T (58)
6 (a*V3

Equations (1) and (3) yield for cylindrical geometry of the Hjp phase
H = —1/2r and D = |H|. The first two terms in Eq. (58) represent the
bending energy contribution and the third term is interstitial energy contri-
bution to the free energy.

4. ESTIMATION OF MODEL CONSTANTS

In order to determine the free energy of different configurations of the
lipid monolayers, the values of the model constants were estimated. The
value of interaction constant ¢ was estimated from monolayer bending
constant & = 2k.ay, where for POPE k. = 11kT is the bending constant
[49] and ay = 0.65 x 1078 m? is the area per phospholipid molecule [28].
The reference (nonstretched) length of the phospholipid tails {y (Fig. 6) was
taken to be 1.30 nm [28]. In calculation of the interstitial energy the lipid
stretching modulus T was taken to be in the range from 0.95kTnm~2 to
95kT nm~2 (see Ref. [48]). For the sake of simplicity it was taken that the
molecules favor cylindrical geometry, that is |H,,| = D,,. The effect of the
temperature was simulated by increasing the intrinsic curvatures |H,,| and
D,,, with increasing temperature which is consistent with increased spread-
ing of the phospholipid tails while the headgroup extensions in POPE
remain relatively unchanged. The range of the intrinsic curvatures was
taken to be from 0 to 0.4 nm~!, corresponding to curvature radii down
to 1 nm. To study the effect of the deviatoric bending, also the hypothetical
case where the molecules are isotropic (D,,, = 0) was considered.
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5. DETERMINATION OF EQUILIBRIUM CONFIGURATION
OF PLANAR AND INVERTED CYLINDRICAL SYSTEMS

5.1. Numerical Solution

To show the importance of the interstitial energy, we compare three
different geometries of lipid monolayers: planar, cylindrical, and spherical.
The systems were described as surfaces with constant principal curvatures.
In the planar system, H= D = 0, in the inverted spherical system H= —1/r,
and D = 0, while in the inverted cylindrical system H = —D = —1/2y,
where r is the radius of the cylinder and 1 is the radius of the sphere. The
minimal value of the free energy of a unit patch of the lipid monolayer with
respect to the mean curvature H was calculated by using Eq. (58) while the
model constants are given in Section 4.

5.2. Results of Equilibrium Configurations of Planar
and Inverted Cylindrical Systems

To explain the effect of individual contributions to the free energy, we first
determine the equilibrium configuration obtained by minimization of the
bending energy alone (first two terms in Eq. (58)). There are three different
geometries compared in Fig. 11: planar (corresponding to lamellar L,
phase), spherical (corresponding to inverted micellar My phase), and cylin-
drical (corresponding to inverted hexagonal Hj; phase), see also Fig. 1.
Figure 11 shows the equilibrium bending energy per lipid molecule depen-
dent on the mean intrinsic curvature H,, for anisotropic molecules, for
which |H,,| = D,, (panel A) and isotropic molecules, for which D,, =
0 (panel B). For small |H,| = D,,, the bending energy increases with
increasing |H,,| in all three geometries (panel A). In the My and L,, phases,
which are isotropic with respect to the curvature (D = 0), there is no
orientational ordering of the molecules and the bending energy monoto-
nously increases also for larger |H,,| = D,,,. In the Hy; phase, however, the
nonzero values of both the intrinsic curvature deviator D,, and the curvature
deviator D give rise to a negative energy contribution of the deviatoric
bending. Therefore, the equilibrium free energy reaches a maximum upon
an increase of D,,, (which for this particular choice of molecules it is equal
to |H,|), but then decreases at a certain threshold, and such the Hy
phase becomes energetically the most favorable. Summing up, for small
|Hp,| = Dy, the My phase has the lowest bending energy, while at larger
|H,,| = Dy, the Hy phase becomes the most favorable due to the average
orientational ordering of phospholipid molecules. The effect is stronger for
higher values of k describing the direct interaction between phospholipid
tails (Fig. 11A).
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Figure 11 The equilibrium bending energy per lipid molecule F,,/nyA in dependence
on the intrinsic mean curvature H,, for the L,, My, and Hy phases: (A) a system
composed of anisotropic molecules (D,, = |Hy,|) and (B) a system composed of
isotropic molecules (D,, = 0). For the bending contribution, see Eq. (58). Adapted
from Ref. [29].

Figure 11B shows that for isotropic molecules (having D,, = 0, i.e.,
Cim = Cop, see also Fig. 2), the My phase is always favored, that is, the
calculated energy per lipid F,/noA in the My phase is equal to the reference
value and is the smallest comparing to the energy of the L, and the Hy
phase. We note that for isotropic molecules there can be no energy lower-
ing due to the average orientational ordering of the molecules since all
orientations of the lipid molecules are energetically equivalent.

The deviatoric bending of anisotropic molecules may thus alone explain
the stability of the Hyy phase at higher temperatures. At lower temperatures,
the My; phase is energetically favored except for |H,,| = D,,, = 0, where the
L, phase is the stable phase. At small |H,,,| = D,,,, however, the equilibrium
radii of the simulated My phase are so large that this case would correspond
to flat membrane systems. For some intermediate |Hy,| = Dy, the simulated
My phase would consist of aggregated micelles of a given size, however
such a configuration is actually not observed [50, 51].

To obtain a better agreement with experimental observations also in the
intermediate range of |H,,| = D,,, we include the effect of void filling
energy by using a simple model, where the void-filling energy is considered
constant for a given geometry (see also Ref. [24]). Figure 12 shows the
minimal free energy F/nyA = F,/ngA + F./nyA in dependence on
the intrinsic mean curvature H,, for the L,, Hy, and My phases. Here F;
is the interstitial energy, ng is the area density of the lipid molecule, and A is
the area of the whole monolayer (see Eqs. (39) and (54)). Since the energy
contribution of voids is smaller in the system of close packed inverted
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Figure 12 The equilibrium free energy per lipid molecule F,/nyA + j consisting of the
contribution of bending and of a constant for the void filling energy per lipid molecule
in dependence on the intrinsic mean curvature |H,,| for the L, (y = 0), Hy (y = 1kT)
and My; (y = 2kT) phases: (A) D,,, = |H,,| and (B) D,, = 0, k/kT = 1. Adapted from
Ref. [29].

cylinders than in the system of close packed inverted spheres, the value of
the void-filling energy per lipid molecule F; = y was taken to be lower for
cylinders than for spheres. It was estimated from the results of Kozlov ef al.
[24] that y should be of the order of kT [24], therefore we took for the Hyy
phase y = 1kT and for the My phase y = 2kT.

In Fig. 12A and B the curves corresponding to the Hy; and My phases
in Fig. 11 are shifted up for different constants y, respectively, and the
overall picture is now more realistic. It can be seen in Fig. 12A and B that
for small D,,, = |H,,| the L, phase is energetically the most favorable, since
it requires no void-filling energy. For anisotropic molecules (Fig. 12A) at a
certain threshold D,, = |H,,|, the Hy phase becomes energetically the
most favorable due to the average orientational ordering of the lipid
molecules. In the isotropic case (Fig. 12B), all curves monotonously
increase; however, the curve corresponding to the L, phase increases faster
and therefore it would eventually cross with the curve corresponding to
the Hy phase. However, the value of H,, where the intersection would
take place would be very high (out of range given in Fig. 12, where the
maximal value 0.4 nm~! already corresponds to a cylinder with a radius of
only 1.25 nm).

In short, the effects shown in Fig. 12A indicate that in the simple model
where the interstitial energy is taken to be constant within a phase [24, 29],
an increase of Dy, = |H,,|, which is caused by the increase of temperature
can induce the transformation from L, to Hj lipid phase. Taking into
account the interstitial energy for small |H,,| (lower temperature) renders,
the L, phase is energetically the most favorable, while at a certain threshold
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D,, = |H,,| (higher temperature), the Hy; phase becomes energetically the
most favorable.

Having eliminated the My phase due to high packing frustration
(Fig. 12), in the following, we compare only the L, and the Hy; phases by
using an improved model for the void filling energy, where stretching of the
lipid tails in the actual hexagonal geometry is taken into account (Fig. 6 and
Eq. (52)). Figure 13 shows the free energy per lipid molecule F/nyA in
dependence on the intrinsic mean curvature H,, for the L, and the Hy
phase.

We can compare the total free energy per molecule for anisotropic and
isotropic phospholipid molecules in dependence on the mean intrinsic
curvature H,,. It can be seen in Fig. 13 that there are three curves
corresponding to the inverted hexagonal phase with different stiftness con-
stants T and one curve corresponding to the lamellar phase. For stiff hydro-
carbon chains (high values of 1), the lamellar phase has lower energy than
the inverted hexagonal phase, while for decreasing 7, the inverted hexago-
nal phase is energetically more favorable than the lamellar phase for high
enough |H,,|. Isotropic lipid molecules in the inverted hexagonal phase also
exhibit the lowest energy for less stiff hydrocarbon chains.

By comparing Fig. 13A and B, it is important to point out that
the anisotropy of phospholipid molecules evokes a steeper increase of the
absolute value of the energy difference between the lamellar and the
inverted hexagonal phases with temperature and therefore promotes and
stabilizes the Hy; phase profoundly.

A D =|H,] B D,=0
2
7=95.0 kKTnm=2
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Figure 13 Free energy per lipid molecule F,/nyA consisting of the bending and the
interstitial contributions in dependence on the intrinsic mean curvature of lipid mole-
cules |H,,| in the L, and Hy; phase for various stiffnesses of hydrocarbon chains 7 for (A)
|Hy| = Dy, and (B) Dy, = 0. See Eq. (58). k/kT = 1. Adapted from Ref. [29].
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For a more detailed study of the Hy; phase we have constructed graphs its
structural parameters. Figure 14 shows the dependence of the cylinder
radius r and of the distance between the centers of the lipid cylinders a,
respectively, (Fig. 6), on the intrinsic curvature |H,,| for three values of 7 of
anisotropic lipid molecules. The Hj; phase is composed of lipid cylinders
with small radius r and small separation a for lipids of large mean intrinsic
curvatures. Decreasing the absolute value of the mean intrinsic curvature
|H,,,| increases both the radius of the Hy; cylinders and the lattice length.
However, cylinders of large radii increase the void space and the
corresponding stretching of hydrocarbon chains. Therefore, the maximum
radii of the cylinders are limited by the energy of interface region between
the cylinders. If the hydrocarbon chains are stiff (large value of 1), the
creation of voids is energetically unfavorable. In this case, the small radii
of cylinders are preferred as they provide small void spaces (Fig. 14A). On
the other hand, if the stretching of hydrocarbon chains does not require
much energy (small 1), larger radii of hydrocarbon chains are permitted.

It is instructive to compare the given plots with experimental data
[28, 34| (Fig. 14, dashed lines). First, it teaches us that realistic value of
the stretching moduli T most probably lie between 0 and 20kT nm~2 (for
large enough 7, e.g., T = 95kT nm~2 no realistic dimensions of the Hy;
lattice can be predicted). Second, the range of realistic intrinsic mean
curvatures —H,,, lies probably in the range of 0.1—0.2 nm~!. Note that
this comes close to the value of the mean curvature —H of the POPE/water
system (Table 1) and is also in agreement with values of intrinsic curvatures
of lipids given by other authors [52]. The effect of contact energy in the

A 14 B 6
_ 2 _ —2
12 7=0.95kTnm 5 7=0.95kTnm
— 10 — 4
£ E
© 8 = 3
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~H,, [nm™] ~H., [nm™]

Figure 14 Structural parameters of the Hy phase for the case where D,, = |H,|.
(A) The optimal unit cell parameter a and (B) the optimal pivotal plane radius r (core
center to polar/apolar interface) are plotted versus the absolute value of the mean
curvature H,, for different lipid chain rigidities 7. The two horizontal dashed lines mark
the realistic values for a and r, respectively (Table 1). For definitions of a4 and v,
see Fig. 6. k/kT = 1. Adapted from Ref. [29].
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Table 1 Geometrical parameters of the L, and the H,, phases at T = 74 °C

Parameter L,=74°C H;=74°C

D, a (nm) 4.99 7.24

dpor, 1 (NM) 2.5 2.67

Co (Canins Cinax) (nm) 1.47 1.13 (0.95, 1.51)
ag (nm?) 0.65 0.65

H (nm™) 0 0.187

The structural parameters are defined in Fig. 6. The experimental values are taken from Ref. [28].

stabilization of the hexagonal phase is obvious if the value of 7 is large
enough. Large diameter of the lipid cylinder r produces larger voids that are
energetically unfavorable.

5.3. Influence of the Direct Interaction Constant k&

Figure 15 shows the effect of the direct interaction constant k [21] on the
calculated free energy per lipid molecule. The energy k/kT was estimated
by the van der Waals interactions between the tails of orientationally
ordered and orientationally disordered nearest neighbors of a given mole-
cule [21]. ~

It can be seen in Fig. 15 that for low values of k/kT the behavior of the
anisotropic lipid molecules in our theoretical model are energetically close
to the behavior of isotropic molecules.

6. LAMELLAR TO INVERTED HEXAGONAL
PHASE TRANSITION

6.1. Determination of Pivotal Map of Nucleation Contour
by Minimization of Monolayer Bending Energy

Following the nucleation model of the L,—Hj; transition given in [28, 34],
the surface of the monolayer forming a closure is described by the radius
vector r = (x, y, z(x)) (Figs. 7 and 16), wherefrom the mean and the
Gaussian curvatures are

2.
=z

2H=— % (59)

(1+@)"

and

C1 C2 =0 (60)
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Figure 15 Influence of the direct interaction constant k on the calculated free energy
per lipid molecule F/nyA in the Hy phase. Comparison with free energy per isotropic
phospholipid molecule is given.
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Figure 16 Parametrization of the pivotal surface. Two bulby closures (objects 3) are
placed between adjacent bilayers (objects 2) and a cylinder (object 1). The geometry of
the system is symmetrical with respect to the x-axis.

The surface is given in terms of the arclength [, so that sin ¥y = dz/dl and
cos Yy = dx/dl. Considering the above definitions, the mean curvature is
expressed as 2H = 2D = dy//dl, while the area elementis d4A =Y dl. Due to
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symmetry, only the part of the contour above the x-axis is considered in
determination of the equilibrium shape of the closure.

The coordinates, the area, the area element, and the bending energy are
written in dimensionless form. Normalizing the curvatures and distances by
an arbitrary unit of length 2z, (in our case we set zp = 1 nm) gives dimen-
sionless curvatures:

h = ZOH7 d= ZODa hm - 201_11117 dm - Z()Dm (61)

and a dimensionless arclength:
[=— (62)

The area element is normalized to Yz,. The bending energy is normalized
to nolY/2z:

= J(( — ) dl+ J(az2 +d2)dl

(63)
- KJ in[2 cosh[ (1 + (&/kT) )02dd]] 7
where
K:%ZZkzz% (64)

To minimize the bending energy (63), a functional

2
(e i
(s-e) 4(3)

~xln (2 cosh((l + R/RT) 192dmd)> (65)
<
[

—i(coslﬁ—%) —v(sm¢—|—i>
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is minimized by solving a system of Euler—Lagrange equations:

8_L _ E (%) =0 (66)
oy di\oy;)
@ — i (8_1‘) =0 (67)
Ox dl Ox; -

oL d oL\ 0 (68)
0z di 0z; -
where y; = dy/dl, x; = dx/dl, and z; = d=/dl. By introducing the variable

_
Y=x ¥ (69)

a system of equations (66)—(68) yields

d_}/': —Ycoslﬁ n (Nﬂ,zsmtﬁ — Vv cos ~lﬁ)x (70)
di - «x - [(m} )/ (coshz(ﬁdm Y/@)}
A = const, v = const, ¥ = 19(1 +/e£T) (71)

where 4 and v are local Lagrange multipliers. The system of equations
(70)—(71) was solved numerically by using the Merson method to yield
the equilibrium contour map of the pivotal plane of the bulby closure as
shown in Fig. 16.

6.2. Determination of Equilibrium Configuration of Lamellar
to Inverted Hexagonal Phase Transition by Monte Carlo
Simulated Annealing Method

The configuration of monolayers adjacent to the central cylinder represent-
ing a nucleation line for the L,—Hy; phase transition is described by the
radius of the central cylinder and a set of N angles, ¥, i = 1, 2, ..., N,
describing the bulby closure and the surrounding monolayers (Fig. 16),
which were divided into N sufficiently small parts. The boundary condi-
tions were introduced to reflect connections within the different parts of the
system. Due to symmetry, this unit includes a quarter of the cylinder, half of
the bulby closure and one neighboring monolayer.
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The minimization of the free energy of the system was performed by the
Monte Carlo simulated annealing sampling strategy [53]. The method was
invented by Kirkpatrick ef al. [53] as an adaptation of the Metropolis—Hastings
algorithm, which constitutes the Monte Carlo method [54]. The method is
inspired by physical process of annealing in metallurgy, when the heating and
subsequent slow cooling of a material is used for the increase of the crystal size
in the material and thus reduces defects.

By analogy of this effect, each step of the simulated annealing algorithm
moves the current solution to a sufficiently near random solution. The
probability of excepting of a new solution depends on the difference in
the corresponding function values and a global parameter T (temperature),
which 1s decreasing during the process under a cooling schedule. For high
values of temperature the randomness of the choice is considerable, thus the
solution can jump out from local minima. With decreasing of temperature
the probability for acceptance of a solution corresponding to higher energy
is decreased, hence the solution is smoothed in a low temperature mode.

Within this approach, it is assumed that any local minimum is accessible
from any other minimum after a finite number of random sampling steps
[54]. In contrast to the conventional Metropolis Monte Carlo method, all
values of angles ¥ together with the radius of the central cylinder r were
updated in each step [53]. After each step, the total free energy of the system
was evaluated by the Metropolis criterion [54] and compared with the free
energy of the previously accepted state. To find the global minimum in the
multivariational space, the simulation was started at sufficiently high tem-
perature according to the Metropolis criterion, while according to the
cooling schedule the temperature was decreased after each step until it
reached the zero value.

The initial configuration of the system composed of the contour shape of
the bulby closure was determined by solving the Euler—Lagrange equations,
the radius of the central cylinder was determined by the maximal value of z
coordinate of this bulby closure, and two adjacent flat monolayers sand-
wiching the bulby closure and the cylinder were taken as a first approxima-
tion in the procedure of the energy minimization by the Monte Carlo
simulation annealing method. This choice of the initial configuration con-
siderably increased the speed of the time-consuming Monte Carlo simulated
annealing method.

6.3. Results: Equilibrium Configuration of Nucleation of the
Lamellar to Inverted Hexagonal Phase Transition

Solving the equilibrium configuration of the system with an inverted
cylinder surrounded by two monolayers and two bulby closures yielded
results depicted in Figs. 17 and 18.
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Figure 17 Configuration of the system of two monolayers, a first cylinder of Hy; phase
and two bulby closures representing a nucleation line in the L,~Hy; transition for
different intrinsic curvature H,, and different stretching moduli of the phospholipid
chains 7. We assume that phospholipid molecules are anisotropic corresponding to
D,, = |H,,|- The free energy per lipid molecule and the radius of the central cylinder are
given for each configuration. Adapted from Ref. [29].
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Figure 18 Nucleation configurations for different values of stretching modulus of
phospholipid tails () at transition point from L, to Hy; phase where Af= 0. Anisotropic
case (Dy, = |Hy|). Adapted from Ref. [29].

In Fig. 17, snapshots of the equilibrium configurations for anisotropic
phospholipids (setting D,,, = |H,,|) and different values of model parameters
are displayed. The top row presents the L, phase with values of the free
energy per lipid molecule of the pure L, phase. The next two rows show the
equilibrium configuration of the system with the first cylinder of the Hy
phase embedded between two monolayers. The energy of these structures is
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described by energy difference Af = fiy, — fi, where fi is the energy per
lipid molecule in the hexagonal phase and f; is the energy per lipid
molecule in the lamellar phase at given values of model constants. From
top to bottom, the stretching modulus of the phospholipids is increased:
7 = (0.95 and 9.5) kT nm~2. From left to right the lipid intrinsic mean
curvature |H,,| = 0 is increased: |H,,,| = (0, 0.15, 0.3) nm~".

It can be seen in Fig. 17 that the inverted hexagonal phase (Hy) configu-
ration is energetically more favorable than the pure lamellar L, phase at
sufficiently high values of the mean intrinsic curvature |H,,|. In the model
increase of the temperature is simulated by increasing of |H,,|. For higher
values of the mean intrinsic curvature |H,,|, the energy difference Af
decreases, thereby the configuration with the cylinder is favored. This
phenomenon is in accordance with experimental results showing that the
formation of the Hy; phase is promoted with increasing temperature [28].

It is evident from Fig. 17 that the radius of the cylinder r decreases with
increasing stretching modulus of the phospholipid chains T and increasing
|H,,,] which is in agreement with the results presented in Fig. 14. Creation
of a cylinder in the lamellar phase becomes less disturbing for adjacent lipid
layers when the radius of the cylinder r is decreased enough.

For high enough values of 7 there is a negligible eftect of H,, on the
equilibrium radius of the central cylinder r because the stretching modulus
T plays a considerable role in the energy balance and also because the
contact energy is much higher than the bending energy. On the other
hand small T means a low contact energy that cannot compete with
the bending energy. Consequently, the radius of the central cylinder
rapproaches r, = 1/H,,.

The transition from the L, to Hy; phase in the nucleation model occurs
at the energy difference Af = 0, that is, when the energy of Hy; phase is
equal to energy of L, phase for |H,,| = D,,, (Fig. 18). By comparison of
three different configurations of Hy; phase nucleation corresponding to
different phospholipid chain stiffness, one can see that for low t the L,—Hy;
transition takes place for smaller |H,,| and the predicted radius of initial
cylinder does not have a realistic value (r = 3.49 nm), that is, it is much
larger than the experimental values [28, 34]. However, for larger values
of 7 the calculated r corresponds to experimental values much better.
At |H,,| = 0.155 nm~! the nucleation cylinder radius is 2.47 nm, which
agrees well with data obtained from X-ray experiments [28, 49]. As the
decrease of the free energy with increasing |H,,| is more pronounced in
the pure hexagonal phase (Fig. 13) than in the nucleation configuration
(Fig. 18), the values of T around 9.5k T nm~2 would lead to the stabilization
of the Hy; phase at higher temperatures. For large 7 (e.g., T = 95k T nm—2),
the predicted nucleation transition is again less realistic due to the too small
value of r = 1.49 nm.
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7. DiscussioN AND CONCLUSIONS

The stability of the inverted hexagonal phase depends on energy
balance between different contributions to the system free energy, hence
the main problem in theoretical description of the lamellar to inverted
hexagonal phase transition and explanation of the stability of the Hy lipid
phase consists in finding the proper expression for the free energy of the
system. Most of contemporary theoretical models of the free energy of the
inverted hexagonal phase have shown that in addition to the bending
energy term, it is necessary to consider also the energy term, which depends
on the dimension of the “voids” in the hexagonal lattice, the so-called
interstitial energy [24, 31]. We followed this assumption and took into
account the interstitial energy which in our model is expressed by the
stretching energy of phospholipid chains.

In our theoretical analysis we did not take into account the dependence
of the chain stretching modulus 7 on the temperature [55], which is based
on the elasticity of lipid chains. We expect that neglecting the temperature
dependency of T predicts that the slope of the energy dependence of |H,,,| is
less pronounced (Fig. 13). Another simplification introduced in our theo-
retical model is the assumption of spherical cross sections of lipid tubes in the
Hy; phase. The nonspherical cross section of lipid tubes would probably
lower the stretching energy of phospholipid chains, but would also contrib-
ute to higher bending of the monolayer. To include the deviations from
sphericity in our computations will be one of our future tasks in theoretical
description of stability of nonplanar lipid phases.

In conclusion, our results indicate that the deviatoric bending can explain
the stability of the Hy phase at higher temperatures. However, for the L,—Hy;
transition, tuning of the deviatoric bending energy by the isotropic bending
energy and the interstitial energy is needed. Models based on the isotropic
elasticity described the L,—Hy; phase transition by showing that at a certain
temperature, the free energy of the system is lowered as it converts from the
L, phase to the Hy; phase [56]. However, the energy difference was found to
be lower than 0.1kT [24]. Our results pursue the general conclusions of the
previous models; however, the obtained energy difference becomes much
larger at elevated temperatures if the average orientational ordering of aniso-
tropic lipid molecules on highly curved surfaces of the Hy phase is taken into
account (i.e., if anisotropic elasticity of lipid monolayer is considered). This
energy difference is sufficient for the stability of a single cylinder within the
lamellar stack and therefore supports previously suggested nucleation models,
which are based on LDs [28, 34, 57, 58].

In spite of many simplifications introduced in our theoretical descrip-
tion, results of our modeling and simulations are in good agreement with
experimental results [28, 34, 59, 60]. Among others we have shown that
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with increasing absolute values of intrinsic curvatures of lipid molecules
Cim and Cy,, (which were assumed to increase with increasing tempera-
ture), the L,—Hy; phase transition occurs beyond a certain threshold tem-
perature. Further we could also reproduce realistic structures in good
agreement with experimental results. Our results thus show that deviatoric
bending plays an important role in the stability of the inverted hexagonal
phase and in the L,—Hp; phase transition. It should be stressed at the end that
considering the deviatoric bending of lipid monolayer [15, 21, 29, 45, 46|
does not assume lattice-like packing of anisotropic lipids with fixed orien-
tation and fixed position but just takes into account the possibility of
decrease of the free energy of lipid monolayer (bilayer) due to average
orientations of laterally mobile rotating anisotropic lipids.
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The interaction between equal, uniformly charged flat surfaces, separated by a
solution of spheroidal nanoparticles was studied theoretically. The nanoparti-
cles were assumed to have spatially distributed electric charge. The nonlocal
Poisson-Boltzmann (PB) theory for the spheroidal nanoparticles, which play the
role of counterions, was developed. In the model the center of the spheroidal
nanoparticle could not approach the charged surfaces closer than the radius of
the nanoparticle. It was shown that for large enough diameters of nanoparticles
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and large enough surface charge densities of membrane surfaces, the two
equally charged surfaces could experience an attractive force due to the spa-
tially distributed charges within the nanoparticles. The results presented in this
chapter may add to a better understanding of the coalescence of negatively
charged membrane surfaces induced by positively charged nanoparticles (e.g.,
proteins) which are proposed to play an important role in the complex vital
processes such as blood clot formation.

1. INTRODUCTION

The outer surface of biological membranes is usually negatively
charged [1]. For example, blood involves negatively charged red blood
cells [2, 3]. Also the outer membrane surface of the membrane microvesicles
released from red blood cells, platelets, and lymphocytes, as well as from
apoptotic cells (with negatively charged cardiolipin and phosphatidylserine
in the outer membrane layer) are negatively charged [4-8].

Clinical evidence indicates that microvesicles are prothrombogenic, as they
form catalytic surfaces for reactions of blood clot formation. A mechanism
which could be relevant in microvesiculation is the coalescence of negatively
charged membraneous structures mediated by multivalent ions [9-11].
Possible candidates for such multivalent polyions could be various membrane
proteins, including antibodies [9-12] and also artificial nanoparticles (entering
the body from the environment). Spheroidal multivalent ions (nanoparticles)
may thus play an important role in the formation of blood clots.

The phenomena of ion-mediated attractive interaction between two
equally charged surfaces has been observed previously in many other cases
as well. The first experimental observation of attraction between two highly
negatively charged clays was reported for CaCl, solution [13, 14]. Attraction
between charged lamellae [15], DNA condensation [16—18], network for-
mation in actin solutions [19], complexation of DNA with positively charged
colloidal particles [20], and virus aggregation [21] have also been observed.
However, origins of these attractive interactions are still not fully understood.

Theory of equally charged surfaces separated by a solution containing
dimensionless ions in the mean field approach yields electrostatic repulsion
[22-25]. However, it was indicated recently that large multivalent ions in
solution between two equally charged surfaces can induce at close distances,
also an attractive force between these two surfaces [26, 27]. Monte Carlo
simulations showed the existence of attractive interaction between equally
charged surfaces immersed in a solution composed of multivalent ions in the
limit of high surface charge densities [28—31]. Therefore, difterent improve-
ments with respect to Poisson—Boltzmann (PB) theory were suggested in
order to explain the observed attraction between like-charged surfaces.
Among others, direct ion—ion interactions were considered as a possible
explanation for attractive interaction within hypernetted chain theory
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[32-35], density functional theories [36—39], and by taking into account
in-plane Gaussian fluctuations [40—42].

New fields of research interest that were opened in past decade offer new
possibilities for the application of modified PB theories, especially in the
study of polyelectrolyte solutions [43, 44] and of protein—membrane inter-
actions [45—48]. In such systems, charge distribution along the polyelectro-
lyte chain or within the protein is essential to explain the attraction between
two like-charged membranes. Bridging mechanism, where polyions are
oriented in such a way that they electrostatically bind together the neigh-
boring equally charged surfaces, was proposed in the case of polyelectrolyte-
induced attraction between two charged surfaces [43, 44, 49]. Electrostatic
interactions may also play a crucial role in interaction of proteins with the
membrane. It was suggested that charge distribution within a protein
influences the orientation of the protein at the membrane surface [50].

The importance of finite ion size [51-54] and charge distribution [55] in
polyions for their solvation and double layer effects has been considered
previously. If spheroidal multivalent nanoparticles have an internal charge
distribution with charges being located at difterent, well-separated positions
[56], the classical PB description of the electric double layer fails to describe
the experimentally obtained spatial distribution and orientation of the multi-
valent nanoparticles [57]. A generalization of the PB theory of the electric
double layer for the case of multivalent nanoparticles could be made by
taking into account the internal space charge distribution of a single sphe-
roidal multivalent nanoparticle [58]. Theoretical description of such large
multivalent spheroidal nanoparticles in between two planar charged surfaces
that takes into account the internal charge distribution was proposed
recently [56], using a simple three-state model for the orientation of the
multivalent ions in the gradient of the electric field and applying the
methods of statistical physics. It was assumed that the distance between
the electric charges within a single multivalent nanoparticle is small enough
to justify the Taylor series expansion [58] in calculation of the electrostatic
energy of a single spheroidal multivalent nanoparticle in the electric field
gradient [56]. The orientational ordering of the multivalent nanoparticles
near the charged membrane surface was predicted [56]. However, within
this model the internal space charge distribution was taken into account
only in the entropic part of the free energy.

In this work we present a theoretical model with an improved descrip-
tion of the effect of the spatial charge distribution within the spheroidal
nanoparticle on the electric field and the free energy of the system. In our
case the two charges are placed oppositely on a surface of the spherical
nanoparticle; however, the theory presented can be generalized to include
any separation between charges within the spherical nanoparticle. The
distance of closest approach of the spherical nanoparticles to the charged
surface was taken into account [59] while the direct particle—particle hard
core interactions were not taken into account.



282 K. Bohinc et al.

2. THEORETICAL MODEL

We consider an aqueous solution containing spheroidal (Fig. 1) mul-
tivalent nanoparticles, which are positively charged and have a diameter a.
In the model the electric charge of each spheroidal nanoparticle is described
by two equal charges e = Zey, separated by an arbitrary distance [, where Z
is the valency and eq the elementary charge. The solution is sandwiched
between two large, planar surfaces of area A (Fig. 2), each carrying a
uniform negative surface charge density ¢. The distance between the two
surfaces is D. For the sake of simplicity we take | = a. The volume of the
spheroidal nanoparticle is given by vy = (41/3)(a/2)’. The electrostatic
field between the two charged surfaces varies only in the direction normal
to the surfaces (x-direction). We assume that there is no electric field on the
other side of each charged plate.

For each spheroidal nanoparticle, the center of the charge distribution
(also its geometric center) is located at x. The two point charges are located
at geometrically opposite points separated by a distance [. When projected
onto the x-axis, their positions are at x + s and x — s respectively, as shown
in Fig. 2. We describe the spheroidal nanoparticles by the local concentra-
tion of nanoparticles n(x). Furthermore, we refer to one of the charges of
the nanoparticle as the reference charge. The location of the reference
charge of a given spheroidal nanoparticle is specified by the conditional
probability p(s|x), x denoting the location of the center of the nanoparticle.
The probability density p(s|x) satisfies the relation

Figure 1 Schematic diagram of a large spheroidal multivalent nanoparticle with net
electric charge 2e and average diameter a. In the model the space charge distribution of
the multivalent nanoparticle is described by two effective polyions of charge elocated at
different, well-separated positions I < a. The main axis of the nanoparticle coincides
with the line connecting the two polyions.
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Figure 2 Schematic illustration of two like-charged planar cell surfaces of surface
charge density o, interacting in a solution that contains multivalent spheroidal nano-
particles. The coordinate x specifies the center of the spheroidal nanoparticle while the
coordinates x — s and x + s specify the positions of two charges in a spheroidal
nanoparticles. The distance between the planar surfaces is D.

1 (2
7] p(sl)ds = 1 (1)
—1/2

and p(s|x) = 0 for any x and |s| > 1/2.

The electrostatic free energy of the system F measured per unit area A
and expressed in units of the thermal energy kT (here k is the Boltzmann
constant and T is the absolute temperature) can be expressed as

F dew

YT + n(x) Inn(x)vo + ! (1 — n(x)vo).

e 81l Vo
In (1 = n(x)vo) + n(x){p(s|x) [In p(sfx) + U(x)])

where the first term is the electrostatic energy, the second and the third terms
are contributions to the positional entropy including the excluded volume
effect and the fourth term is the orientational entropy. The reduced
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%
4negokT
length, ¢ is the dielectric constant of the solution and & is the permittivity of

the vacuum. The average of an arbitrary function g(s) is defined as

1/2
@) =1 [ e @

electrostatic potential is denoted by W where Iy = is the Bjerrum

while the function
0 : <x<D :
9 TS X > - A
Ulx) = > > (4)

00, elsewhere

is introduced in order to ensure that the spheroidal nanoparticles are
confined within the region specified by the charged walls.
Equation (2) can be written in the following form:

‘ J " [M +n(x)hn n(x)vg — n(x)

ART ). | 8nly

L1 = a@)uo)in(1 = n(x)vo) + n(x)

[0

+ 7 (5)

+ n(x) {p(slx) In p(slx) + U(x)])

where we introduce parameter ) as

] 0, excluded volume not taken into acount (6)
4 1, excluded volume taken into acount

The equilibrium state of the system is determined by the minimum of the total
free energy F, subject to the constraints that (1) the orientational probability of
the spheroidal nanoparticles, integrated over all possible projections (Eq. (1)), is
equal to 1 and that (2) the system is electroneutral (2Z [~ n(x)dx = 26 /e).

To solve this variational problem, a functional ffooo F dux is constructed:

00 /2
J:OOOO Fdx = L + J A(x)n(x) (%J p(s|x)ds — 1> dx

ART —00 —1/2
. (7)
+ MLOCOO [2Zn(x) 5 dx

€0



Attraction of Like-Charged Surfaces 285

where A(x) and [ are the local and global Lagrange multipliers, respectively.
By taking into account Eq. (5), we can rewrite Eq. (7) in the form

|| Fo=] o mtn)
— n(x) +7 10(1 — n(x)wo)In(1 — n(x)vo) + n(x)

+ n(x)(p(sl) [In p(sfc) + U(x)])

—{—JOO dx (o) () [(p(s]x)) — 1]

—0o0

In equilibrium,

5]” Fav = 0 (9)

—0Q0

Using expression (8) we can perform the first variation of F as follows:

SF =6 (LJ T’de)
87'51]3 —00

+ |7 dx dn(x)[In(n(x)ro) — y In(1 — n(x)o)]

+ 7 dx dn(x) (p(slx) [In p(slx) + U(x)])

+ [ dx on(){A(x) ((p(slx)) — 1) +2Zp}

+ |7 dx (Op(slx)n(x)[In p(slx) + 1+ U(x) + A(x)])

We shall first perform the variation of the electrostatic energy (see the first
term in Eq. (10)):

5(ij \P’%):%J P 5 dx (11)

87'CZB Tt
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Using per-partes integration the last term can be transformed into
0 / / o0 I’ 0 "
J WS dx = J (WoW') dx — J PoW'd  (12)

—0o0 —00 —00

The first integral on the right side of Eq. (12) can be rewritten as

o0 o0
J (POV') dx = j d(Po¥) = wo |} (13)
—00 —00

The surfaces at x = 0 and x = D are uniformly charged, the variation of
the first derivative of the potential at both charged surfaces is zero
2 |._o=0and o |, _ p =0) and the first integral on the right hand
s1de of Eq. (12) is zero. Thus Eq. (12) becomes

J Yo dx = —J Yoy dx (14)
We insert the Poisson equation
" 47l
V() = o) 2 (13

into Eq. (12) and get

5 (ﬁ J: ‘P'de> - J: W(x)0 (Q Ef)) & (16)

where 9(x) is the volume charge density.
Using the above derived relation (16) we can rewrite Eq. (10) as

OF = [T W(x)o (Qi@) dx

+ [ dx dn(x)[In (n(x)v) — 710 (1 = n(x)o)]
+ 7 dx n(x) (p(sl) [In p(slx) + U (x))])
(x){2
(

+ |7 dx on(){A(x) ((p(slx)) — 1) + 2Zp}
+ 2o dx(Op(slx)n(x)[In p(slx) +1 + Ulx) + A(x)])

The volume charge density is determined by both charges of spheroidal
nanoparticle:
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p(x)

Zeo = (n(x — s)p(s|x — s) + n(x + s)p(s|x + 5)) (18)

The first variation of the volume charge density dg(x) is

52(;;) = (0n(x — s)p(s|x — 5) + n(x — s)op(s|x — 5)) (19)

+(0n(x + s)p(slx + 5) + n(x + 5)op(s|x +5))

Inserting Eq. (19) into the first term of variation ffooo W(x)o(o(x)/ep)dx
we get

ffooo Y(x)o (@) dx

= |7 (W (x) Z[on(x — 5)p(s|oc — 5) + On(x+ 5)p(s|x + 5)] ) dx (20)
+ ff;(‘?(x)Z[n(x —$5)0p(s|x —s) +n(x+s)dp(s|x+s)d])x

By introducing the new variables ¥ = x 4+ s and x = x — s, Eq. (20) can
be rewritten as

% P (x)0 (@) dx
0 e1)
==, )[Z‘I’(x +5) + Z¥(x — 5)])dx
+ LOO p(s|x)[ZW (x + 5) + Z¥ (x — 5)])dx
If we insert Eq. (21) into Eq. (17) we get
OF = % (o p( 1X)[Z¥(x +5) + Z¥(x — 5)])dx
+ f x)0p(s|x)[Z¥ (x + s) + Z¥ (x — 5)])dx
j_oo dxon(x)[Inn(x)vg — y1In (1 — n(x)vo)] 22)

+ 2 dxdn(x) (p(sl) [In p(slx) + U (x)])
+ 2o dwdn() {A(x) ({p(slx)) — 1) + 2Zp}
+ 25 dx(Op(slx)n(x) [n p(slx) + 1 4+ U(x) + Ax)])
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Equation (9) has to be fulfilled for variations dp(s|x) and dn(x). This means
that the expressions multiplied by dp(s|x) and dn(x) in Eq. (22) have to be
zero. First, we consider the term multiplied by dp(s|x):

Inp(s|x) +1+ U(x) + A(x) + Z¥(x +5) + Z¥(x —5) =0 (23)
from which the conditional probability density can be calculated

p(slx) = exp[—Z¥(x +5) — Z¥(x —5) — 1 — U(x) — A(x)] (24)

The normalization condition (1) determines the local Lagrange parameter,
and Eq. (24) becomes

e—Z"I’(x +5)—Z¥(x — )

p(s|x) - <e—Z‘]"(x +5)—Z¥(x — <)> (25)

We also consider the terms multiplied by dn(x):
Inn(x)vg —yIn (1 — n(x)vy)

+(p(sx)[Z¥ (x +5) + Z¥ (x — 5)]) (26)
+ (p(s]x)[In p(s|]x) + U(x)]) +2Zp =0

2.1. Including the Excluded Volume Effect

In the following we consider the situation in which the excluded volume of
the spheroidal nanoparticles is taken into account. Therefore, y = 1.

By inserting Eq. (25) into Eq. (26) and setting y = 1, we obtain the
equation for the concentration:

q(x) e~ U(x)—2Zp

vl + g(x)e” V022

(27)

n(x) =

where we defined

q(x) _ <ele11(x + )= 2Z¥(x — s)) (28)

The ionic distribution function can be obtained by inserting Eqs. (27) and
(25) into equation n(x,s) = n(x)p(s|x):

e—Z‘I"(x + 5)—=Z¥(x — 5)—U(x)—2Zp

i+ ()07

n(x,s) = (29)
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The volume charge density (18) can then be rewritten in the form

pZ<Z)) = (n(x —s,s) + n(x+s,5)) (30)

where we took into account the definition of the ion distribution function.
By inserting Eq. (29) into Eq. (30) we get

Zeo e—Z‘{"(x)—Z‘P(x — 25)=U(x — 5)—2Zn
plx) = —< 1 —Ulx — 522
I
e—Z‘I‘(x)—Z‘“P(X + 25)—U(x + 5)—22Zp > (31)

0]

14+ q(x + S)er(x + 5)—2Zp

In the first term of Eq. (31) we replace —s with s and add both terms

2 Zeq e Z¥(x)—Z¥(x + 25)—U(x + 5)—2Zn
p(x) = —U(x + )27 (32)
%) 14 q(x + S)e H
By taking into account Eq. (28), Eq. (32) can be rewritten as
2 Zeo e—Z‘*}’(x)—Z‘P(x—i- 25)—U(x +5)—2Zp
p(x) - Vo < 1+ <efz‘{’(x+§+s)fz‘l’(x f§+s)>er(x+ 5)—2Zp > (33)

The outer averaging is performed over s while the inner averaging is
performed over s.

Using the expression (33) for volume charge density ¢(x) in the Poisson
Eq. (15) yields the integro-differential equation for the reduced electrostatic
potential in the form

vo

Y 8nly Z o= Z¥(x)=Z%¥ (x + 25)=U(x + 5)—2Zp
o < 14 (e 205+ 9=2%(— 5+ 9)e=Ulx + 9221 >

(34)

The boundary conditions for this integro-differential equation are given
at the charged surfaces:

, 4nol , 4nol
Pix=0)= 198 @(e=p)="78

€ €

(35)
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2.2. Excluding the Excluded Volume Effect

Here we consider the situation in which the excluded volume eftect of
spheroidal nanoparticles is not taken into account. Therefore, y = 0.

By inserting Eq. (25) into Eq. (26) and setting y = 0, we obtain the
equation for the concentration:

n(x) — @G—U(x) —2Zp (36)

where q(x) is given by Eq. (28). The ion distribution function can be
obtained by inserting Eqgs. (36) and (25) into equation n(x,s) = n(x)p(s|x):

1 ¢

Again, the volume charge density (18) can then be rewritten in the form

’22 = (n(x — s,5) + n(x +5,5)) (38)

where we took into account the definition of the ion distribution function.
Inserting Eq. (37) into Eq. (38) we get

280 1~ 29 ()2 ¥(x — 2)-Ulx — §)-27n

Vo (39)
+ e—Z‘P(x)—Z‘I’(x + 25)—U(x + s)—ZZu>

p(x) =

In the first term of Eq. (39) we replace —s with s and add both terms:

) — 2%)60 <efZ‘I’(x)fZ‘I‘(x + 25)—U(x + 3)*ZZH> (40)

p(x

The averaging is performed over s.

Using the expression (40) for volume charge density ¢(x) in Poisson
Eq. (15) yields the integro-difterential equation for the reduced electrostatic
potential in the form

" 8 l Z " -
p (x) _ TCVOB <67Z‘I’(x)fZ‘I‘(x + 25)—U(x + s)fZZ},l> (41)

The boundary conditions for this integro-differential equation are given
at the charged surfaces by Eq. (35).
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2.3. Numerical Methods

The integro-differential Eq. (41) was solved numerically. The boundary
value problem was restated as a fixed-point equation ¥ = G(¥), where
G(\P) is the solution = of the ordinary differential boundary value problem:

" 1 =
(x) = —8mly — Ze =) 7220

[1]

0]
1 min([/, D—x] (42)
X_J ds exp(— Z ¥ (x + )
21 max[—/, [—x]
with boundary conditions
— oe
— oe

The domain [0, D] was represented by a mesh of N Chebyshev nodes,
the function W by an N-dimensional vector Wy of values of ¥ at the mesh
nodes, and the fixed-point equation was discretized into a finite dimensional
algebraic equation ¥y = 7y [g(pN(‘I’N))], where pn(Wy) is the inter-
polating polynom through the values of Wy at the mesh nodes and 7x/(Z)
is the N-dimensional vector representing the values of the function = at
the mesh nodes. The discretized fixed-point equation was rewritten as
G[¥YN] =Yy — N [Q(I,N(\PN))] =0 and then solved by “fsolve”
MATLAB function (available in the optimization toolbox), which finds
solutions of nonlinear algebraic equations by a least-squares method. The
function “fsolve” requires the solution of the above-defined second-order
ordinary boundary value problem which was restated as a system of first-
order equations and solved by the “bvp4c” MATLAB function by colloca-
tion. The integral in the second-order ordinary boundary value problem
was computed by the “quad” MATLAB function.

2.4. Monte Carlo Simulation

In the simulation, the standard Monte Carlo Metropolis algorithm [60] with
Lekner periodic boundary conditions [61] in the directions parallel to the
charged walls was used. A system of 100-200 spheres confined between two
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impenetrable charged surfaces was considered. Translational and rotational
moves were taken into account. To make contact with the theory, the hard
core interaction between particles and the walls was taken into account by
means of the distance of the closest approach. The influence of the direct

hard core interaction between spheres on the charge density distribution
was also calculated for two cases (Figs. 4 and 5).

3. RESULTS

Electrostatic potential ¥, volume charge density p, orientational order
parameter S, and free energy F of the system are calculated for different
values of model parameters: surface charge density o, size of the spherical
particles which corresponds to the distance between both charges [ and
distance between the charged surfaces D. The minimal distance D we can
achieve is equal to the size of the particles [ [when density of the particles
(surface charge density) is not too high]. We keep constant valency of the
charges Z = 1, which are positioned on the surface of the sphere (I = a).

Electrostatic potential between the charged surfaces is obtained for three
different particle sizes at a distance between the surfaces D = 20 nm, which
is much larger than the diameter of the particles / (Fig. 3A). We observe that
the electrostatic potential monotonously decreases with increasing distance
from the left charged surfaces and reaches its minimal value in the midplane.
The slope of the electrostatic potential changes essentially at the distance

A B
0.25
0.2
A
e £ 0.15F
= = o
B & :
= 01f
QU
0.05
-5 0
0 10 20
X [nm] X [nm]

Figure3 (A) Electrostatic potential ¥ and (B) volume charge density p as functions of
the distance from the left charged surface x for three different diameters of the
spheroidal nanoparticles. The model parameter is || = 0.033 As/m>.
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x = [ from the charged surface for all values of /. In Fig. 3B we present the
volume charge density distribution between both surfaces.

We can see one peak in the volume charge density near each surface for
small particles (I = 0.5 nm). If we increase /, an additional minimum appears
at x & [/2 (see full line in Fig. 3B). The reason for the existence of the
additional minimum is that the probability to find nanoparticles with the
center at x = [/2 which are oriented parallel to the surfaces decreases with
increasing dimension of the nanoparticles.

It can be seen in Fig. 3 that for small particles in the limit of vanishing I,
the electrostatic potential Y/(x) as well as charge density distribution p(x)
converge towards the corresponding potential and concentration obtained
by standard PB theory for point-like particles.

Although in the theory direct particle—particle interactions are not
explicitly taken into account (since the theory is essentially the mean field
approach), comparison of calculated volume charge density distribution
with corresponding Monte Carlo simulations shows satisfactory agreement
(Figs. 4 and 5). By using Monte Carlo simulations, we also checked the
influence of the particle—particle hard core interactions which are not taken
into account in the theoretical model. It can be seen in Fig. 4 that for
distance D = 2.5 nm there is practically no difference in volume charge
density profile between the predictions of theoretical model and Monte
Carlo simulations. This ceases to be true when the distance between the
surfaces is increased to D = 4 nm at the same surface charge density
|o| = 0.033 As/m? and the same size of the particles [ = 2 nm (Fig. 5).
Taking into account the particle—particle hard core interactions in MC

0.35

0.3

0.25

0.2

0.15

0(x)/eq [1/nmd]

0.1

0.05 [f

0 0.2 0.4 0.6 0.8 1
x/D

Figure 4 Influence of the hard core interaction between the spherical particles on the
volume charge density p(x) calculated for surface charge density |o| = 0.033 As/m?
and distance between the charged surfaces: D = 2.5 nm (squares: MC simulation with
hard core interaction; circles: MC simulation without hard core interaction; solid line:
theoretical prediction).
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Figure 5 Influence of the hard core interaction between the spherical particles on the
volume charge density p(x) calculated for surface charge density || = 0.033 As/m?
and distance between the charged surfaces: D = 4 nm (squares: MC simulation with
hard core interaction; circles: MC simulation without hard core interaction; solid line:
theoretical prediction).

simulations, two peaks in p(x) appear for D = 4 nm (Fig. 5), which means
that the orientation of the particles is slightly stronger if the hard core
interactions are taken into account. Therefore, the effects predicted by the
theory are expected to be even more expressed because of the hard core
interactions.

Figure 6 shows the average order parameter S = ((3cos*9 — 1)/2) as a
function of the distance between the charged surfaces D. The angle ¥
describes the angle between the line connecting both charges of the nano-
particle (Fig. 1) and the x-axis. The dependence of S on the distance D
exhibits a maximum at D slightly larger than the size of the particles /, then it
falls down with increasing D to nearly fixed value and practically remains
the same for any larger distance D. Monte Carlo results agree well with
theoretical predictions, especially at smaller distances. For larger values of
the surface charge density o, the dependency S(D) is shifted up, while it is
decreased for smaller values of ¢ [26]. Figure 7 shows the order parameter S
in dependence on the distance of the center of the spherical nanoparticles
from the charged surface (x.) for diftferent values of surface charge density o
and the distance between the surfaces D = 2.5 nm. The order parameter S
increases with increasing surface charge density || and exhibits two maxima
near the charged surfaces (especially for higher surface charge densities), which
means that the ordering near the charged surfaces is stronger than far from the
surfaces.

The orientational ordering effect which we already observed in the
volume charge density distribution and in the spatial dependency of the
order parameter is also reflected in the free energy calculations. We consider
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Figure 6 The average order parameter S = ((3cos*J — 1)/2), where 9 is the angle
between the main axis of nanoparticles and the x-axis. In dependence on the distance
between the charged surfaces D for [ = 2 nm, |o| = 0.07 As/m>.
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Figure 8 Electrostatic free energy F, measured per unit area of the charged surface A
and per thermal energy kT as a function of the distance between two equally charged
plates D for two different surface charge densities (solid lines: |o| = 0.1 As/m?, dashed
lines: || = 0.033 As/m?). The diameters of the spheres are (A) [ = 0.5 nm, (B) and
I =2nm, and (C) | = 6 nm.

the interaction between two like-charged planar surfaces as a function of the
distance D between them. The electrostatic free energy as a function of D is
shown in Fig. 8 for two surface charge densities and for three sizes of the
particles: /= 6 nm, [ =2 nm and [ = 0.5 nm. It can be seen in Fig. 8A and B
that for small surface charge density |o| = 0.033 As/m?, for the size of the
particles [ = 0.5 nm and [ = 2 nm, the interaction between charged surfaces
is repulsive, meanwhile for very large particles (/ = 6 nm), the interaction
also becomes attractive for small surface charge density ¢ with the minimum
of the free energy at the value of D slightly larger than the size of the
particles. On the other hand, the interaction between the like-charged
surfaces is attractive for large surface charge densities (e.g., |o| = 0.1
As/m?) and large enough diameter of the nanoparticle (Il = 6 nm or [ =
2 nm). In this case the repulsive behavior is observed only when the size of
particles decreases below a certain value and approaches to the limit of point
particles (see Fig. 8A). When the attraction between like-charged surfaces is
predicted, the minima in the free energy occur at distances D close to the
size of the particles [ Based on presented results it can be therefore
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concluded that the particle size plays a decisive role in the free energy
dependency on the distance D and can revert the system from repulsive to
attractive regime. As we have shown before, the orientational order param-
eter of the particles increases with decreasing distance between the surfaces
D and with increasing surface charge density |o |, indicating that orienta-
tional ordering of the particles near the surfaces mediates attractive interac-
tion between the two like-charged surfaces.

4. CONCLUDING REMARKS

We studied the interactions between equally charged planar surfaces in
a solution containing large multivalent spheroidal nanoparticles, that is,
counterions with two charges placed diametrically on the surface of the
nanoparticle. The distance of closest approach of the center of spherical
nanoparticles to the charged surfaces was taken into account as the boundary
condition for distribution of nanoparticles. Particle—particle hard core inter-
actions were not taken into account in presented theoretical predictions,
which according to our opinion leads to underestimation of the predicted
attractive force. Although ion—ion interactions are not taken into account
within the mean field approach, the comparison of the predicted volume
charge density distribution with the corresponding results of the Monte
Carlo simulations shows a good agreement, meaning that direct interactions
do not play a major role in this case. The internal charge distribution with
spatially separated charges within a single nanoparticle is reflected in intraio-
nic correlations. Within the presented theoretical model, the expression for
the free energy of the system contains in addition to usual electrostatic and
entropic contribution to the free energy also the term due to orientational
ordering of nanoparticles which is in our system the main reason for the
predicted attractive interaction between the like-charged surfaces [27].

For large enough diameters of the multivalent spheroidal nanoparticles,
the attraction between the equally charged surfaces takes place even at small
surface charge densities. Attraction occurs at smaller sizes of the particles if
the surface charge density of charged surfaces is large enough, which means
that either the surface charge density or the size of the particles has to be
large to yield attraction between like-charged surfaces. In the limit of the
point-like particles, the presented theory reduces to PB theory where
attraction between equally charged surfaces cannot be obtained.

The fact that the distance between the charged surfaces with minimal
free energy is close to the diameter of the nanoparticles (Fig. 8), indicates
that the bridging mechanism plays an important role in the predicted
attractive force between like-charged surfaces [49, 62]. The calculated
orientational order parameter (Fig. 6) shows that the most probable
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orientation of spheroidal nanoparticles coincides with the orientation of the
particle’s main axis (connecting the two charges) in perpendicular direction
to the charged planar surfaces. The two point charges of the nanoparticle
(Fig. 1) energetically prefer to be in close vicinity of both charged surfaces,
so they connect them as a bridge which is most efficient when the distance
between the charged surfaces becomes comparable to the distance between
the two charges of the nanoparticle.

Our results could be used to explain the behavior of more complicated
systems such as large spherical membrane surfaces immersed in a solution
composed of complex nanoparticles with spatially distributed charges.

In biological systems, a relevant system is composed of negatively
charged membranes in the solution containing large multivalent ions, such
as in blood where blood cells and derived membranous vesicular structures
are immersed in plasma. According to our results, proteins with dimeric
distribution of localized positive charge (such as some antibodies) can
mediate attractive interaction between negatively charged membranous
structures. Indeed, it has been observed that anticardiolipin antibodies
induce the coalescence of negatively charged phospholipid vesicles.

Mediated interaction between like-charged membranes may have an
important impact on the process of microvesiculation of the cell membrane.
Microvesicles are formed in the final stage of the process of membrane
budding, that is, when the bud is pinched off the mother membrane to
become a free microvesicle. While narrowing of the neck connecting the
bud and the mother membrane, the membranes of the bud and of the
mother membrane are in close proximity and are subject to the short-
ranged interaction mediated by the plasma proteins. Proteins with appro-
priate distribution of charge act as mediators of the attractive interaction and
cause adhesion of the bud to the mother membrane, thereby preventing the
bud to become free microvesicle. Since microvesicles are prothrombogenic,
the mediating effect of certain plasma proteins can be interpreted as an
anticoagulant eftect of plasma proteins. The results presented in this work
may therefore add to a better understanding of the mechanisms that are
important for the formation of blood clots.
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