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Chapter 1. General Introduction

1-1. A short historical overview of the physical biology of lipid membrane

properties

Basis for the physical biology of the lipid membrane

Investigations of the bulk properties of lipids began as early as 1694." The first
lipids studied were present in the milk of cows and other female mammals. In the
early research, scientists investigated lipid composition, crystal structures, and
physical phases.? Until the 1960s, through their investigations of milks,
researchers discovered the importance of glycolipids.® 4 The have an astonishing
foresight. Today an in-depth perspective takes into account the studies of lipids’
physical behavior and their activities in terms of biology, chemical biology, and
physical biology.

In 1858, R. Virchow’s book marked the birth of cell biology: “Omnis cellula e
cellula” (“All cells (come) from cells”).® 8 His theory and previous announcements
by M. J. Schleiden and T. Schwann (that living organisms are composed of cells)
and R. Remak and B. Dumortier (the first discoveries of cell division) are now
regarded as the foundation of modern cellular biology.” The obvious next question
became, “What is the definition of a cell?” This question initiates the investigation
of the molecular and physical biology of lipids.

The first answer, published in 1897, was provided by E. Overton.2 He was the
first to identify the <cell as a compartment surrounded by a
phospholipid/cholesterol membrane. During his research related to the
permeability of sugar and ions into cells, he noticed that cholesterol esters and/or
phospholipids might be components of the cell boundary.® He also observed that
the boundary not only involved a lipid bilayer but also had some mechanism for
incorporation of solutes, which today is known as “active transportation.” Overton
did not use the term “cell membrane,” but his discovery led to an acceptable
definition of the cell as a structural compartment surrounded by a lipid bilayer. He
was also one of the first to point out the possible existence of peculiar structures



at the boundaries of cells and the importance in cell behavior.1?

As the understanding of cells developed depth, more insights into cell
membranes were needed. The outer membrane is where cells accept and react
with external information, as Overton suggested. Beginning in the 1890s, there
were at least two significant advances in the understanding of lipid bilayers: (1) a
proposed model of protein—lipid coexistence and (2) the detailed observation of
phase transition in the lipid membrane.

The components of the cell membrane had not yet become clear in the early
1900s. In 1935, J. F. Danielli and H. Davson concluded that the cell membrane
was a thin film composed of lipoids (that is lipid-like substances) and proteins.
They also reported that the permeability of the film changed depending on the
surrounding temperature. E. D. Korn estimated the ratio of the components,
including amino acids, cholesterol, and phospholipids, using x-ray diffraction and
electron microscopy.'? Some of the studies that followed focused on the existence
of proteins in the fluid membrane of the cell.’® In 1972, S. J. Singer and G. L.
Nicolson proposed a fluid mosaic model for the structure of cell membranes.4
This model suggests that the cell membrane is a fluid arrangement of lipids in two
layers, and membrane proteins are embedded in or protrude into the hydrophobic
area of the lipid bilayer. The model explained the data obtained at that point well,
so it was accepted. Based on this model, versatile protein working and lipid
membrane characteristics, including asymmetric composition and membrane
curvature, were revealed, and these aspects continue to be examined.® 16

Second, the behavior of the lipid membrane itself was enthusiastically
investigated. J. M. Stain et al. measured the phase transition temperature of the
protein-free lipid bilayer and examined the delivery into the living cell lipid
membrane using differential scanning calorimetry.'” They observed that the lipid
membrane showed phase transitions whether with proteins or without, and the
phase transition temperatures were almost same as those of pure lamellar lipids
in water. They concluded that the phases of lipids are not determined by lipid—
protein interaction, but rather by hydrocarbon chain interactions between lipid
molecules. They also proposed the existence of protein—lipid interactions, based



on their thermodynamics measurements, because they observed perturbation
that resulted from protein—lipid interaction.

The effects of other components on lipids, such as cholesterol-lipid interaction
or drug-lipid interaction, were also examined.'® The complexity of the plasma
membrane could be seen from various approaches,’? and various kinds of
plasma membranes were also examined.® In terms of the complexity shown in
physical studies, the lecithin—water system first drew much attention as a model
of the cell membrane with its lipid bilayer.’ A phase diagram of the lipid bilayer
was derived using this model, based on the results of x-ray diffraction, nuclear
magnetic resonance (NMR), infrared spectroscopy, differential scanning
calorimetry (DSC), electron paramagnetic resonance, freeze-fracture electron
microscopy, and other technologies.3 18

Before 1980, various measurements had suggested that cholesterol had a
peculiar effect in terms of its phase transition. This effect of cholesterol was first
measured by Ladbrook et al.2? Cholesterol prevents lipids in myelin from entering
a crystalline phase at body temperature. This team and other researchers
demonstrated that cholesterol changes the lipid membrane behavior in terms of
sol- and gel-phase lipids.?'- 22 From this research there emerged an assumption
that the ordered hydrocarbon chains of lipids were disrupted by insertion of
cholesterol, producing a different phase.

Because the sol-gel-phase transition temperature is slightly above room
temperature, a mixture of DPPC, which is a phosphatidylcholine, and cholesterol
was used for related research.?® In 1987, based on this research, Ipsen et al.
investigated the heat-induced phase transition of this system and proposed that
cholesterol-rich lipid bilayer membranes have three representative physical
phases: a highly ordered (crystalline) phase, called the solid ordered (So) phase;
a liquid-crystalline phase, called the liquid disordered (Ld) phase; and a liquid
ordered (Lo) phase, a unique cholesterol-rich phase.?* 2> These three terms
convey the current principal interpretation of the lipid bilayer state and provide the
leading concept in physical biology for the lipid membrane. The Lo phase
especially seems related to various kinds of cell behavior, based on a concept of



“lipid raft,” as discussed in the following.

Relationship between the properties of the lipid bilayer and cell behavior
The fluid mosaic model for the lipid membrane can be used to explain the cell
membrane structure, made up of mobile proteins within the membrane.'® This
model, however, does not reflect the diversity and complexity of the lipid bilayer.2®
The fluid mosaic model assumes a random distribution of lipid and protein
molecules, and it does not apply well to local characteristic properties within the
plasma membrane; however, these local properties of lipids, such as composition,
phase, and fluidity, also play key roles in cell behavior.'®
The plasma membrane is not merely a complex of uniformly diffused lipid
molecules and embedded membrane proteins. Possible restrictions on
distribution of the lipid molecules within the plasma membrane have been
reported.?®: 27 The reports hypothesize a domain structure for the plasma
membrane, based on broadening of the peak seen in high-sensitivity DSC for the
mixture of lipids.?® Moreover, when a phase diagram was prepared from electron
spin resonance (ESR) spectra using the nitroxide radical TEMPO, it indicated
lateral phase separation in the lipid bilayer. The distribution of lipid molecules in
the plasma membrane is the focus of ongoing investigations in both physics and
cellular biology.?°

As compiled reports linked the local physical structure and cellular activities,
researchers began to consider the existence of a phenomenon closer to a solid-
phase where the plasma membrane recruits membrane proteins to a small
area.30 High-resolution transmission electron microscopy (TEM) also supported
the existence of a phase “cluster” at the lipid bilayer, with coexistence of different
phases in the same membranes.®! In 1979, R. D. Klausner et al. substantiated
such a domain structure in the lymphocyte plasma membrane, using a
fluorescent probe to examine the physical state of the biomembrane.3?> The
fluorescent lifetimes of probes were not the same as those found in pure lipids,
which was explained by the coexistence of different phases, as previously
indicated, in the model lipid bilayer membrane.?® 33 Since 1980, various kinds of



small molecular probes formed from fluorescent lipid analogs have been
developed to provide phase-selective labeling of the lipid bilayer.®* Such
fluorescent probes now make up the most widely utilized method for analysis of
domain structure in modeled and actual cell membranes.3®

From a biological point of view dealing with living cells, sophisticated membrane
properties began to be investigated through the perspectives of the immune
system and cellular aging. In 1978, I. Zs. Nagy proposed a model of cellular aging
that explained the advancing rigidness found in membranes. The report
suggested that the old and rigid membrane loses lateral mobility, with a decrease
in potassium permeability and a change in the intracellular ion balance, which in
turn negatively affects the regulation of chromatin condensation.®¢ In 1983, B.
Rivnay et al. reported that membrane fluidity influenced the aging of
lymphocytes.3” Lymphocytes from old mice showed increased proliferation when
the ratio of cholesterol to phospholipids was reduced through artificial exposure
of the cells to lipids. The data indicated that artificial restoration of this membrane
property can lead to recovery of cell functions if other significant functions have
not already been seriously harmed. Other research in the 1980s with natural killer
cells showed that cell-behavior regulation could take place via artificial
adjustment of lipid composition at the membrane.®® The importance of membrane
fluidity was confirmed through studies of the relationship between the immune
system and membrane composition shifts involving reduction of membrane
fluidity, such as in regulation of synthesized fatty acids or peroxidation of fatty
acids at the plasma membrane.3°

Further investigation of the plasma membrane uncovered a central role for
gangliosides as cell behavior regulators. Gangliosides are sphingolipids, and
have an oligosaccharide containing sialic acid as a head group and a ceramide
as a hydrophobic tail group. They generally include an unsaturated hydrocarbon
chain, so their phase transition temperature is high. In 1973, T. L. Steck et al.
reported, from a study of red blood cell membranes, that gangliosides were
embedded into the plasma membrane and that the sugar group poked out from
the membrane to the outside of the cell.*0



The importance of gangliosides in cell behavior was observed in a study of
cholera toxin, a protein made up six subunits produced by Vibrio cholerae,
causing the disease of cholera. One kind of ganglioside, GM1, works as a
receptor of for cholera toxin B in the small intestine.*' In 1975, T. Revesz et al.
found that GM1 clustered on the cell membrane of lymphocytes after treatment
with cholera toxin, and purified GM1 artificially inserted in the cell membrane
exhibited the same clustering.#? This observation indicated that gangliosides play
a key role in domain formation on the cell membrane, the way cholesterol does.
TEM images of GM1-containing membrane clearly showed that gangliosides
formed circular domains on the lipid bilayer.*® In the 1980s, the biological
importance of gangliosides as an interface between cells and their surroundings
was discovered through various phenomena, including membrane fusion
between a virus and the lipid bilayer,** association with a hormone receptor,*®
binding affinity for tetanus toxin,*¢ cell—cell recognition, and others.*” However,
the relationship of sophisticated membrane properties and the biological role of
gangliosides remained unclear until 1997.

In 1973 the co-localization of sphingolipids and some proteins was suggested
by J. Yu et al.®® They treated red blood cells with a neutral detergent, Triton-X-
100, and the membranes were separated into soluble and insoluble fractions.
One fraction was defined as the detergent-resistant membranes (DRMs). DRMs
were isolated from various kinds of cells and are now regarded as an acceptance
gateway for information on the plasma membrane, involving signal transaction,
or as the starting point for endocytosis.

The behavior of the Lo phase membrane and the DRM appeared similar. In a
reconstituted system, sphingolipids and cholesterol-rich liposomes are not
solubilized by Triton-X-100, and glycosylphosphatidylinositol (GPI)-anchored
proteins in the liposome become insoluble, unlike isolated ones. Without
cholesterol, the resistance to Triton-X was dramatically decreased, especially
with sphingolipids. Unsaturated fatty acids were retracted by Triton-X-100, which
did not take place with saturated ones.4? 50

In 1997, K. Simon proposed the concept of the “lipid raft,” a cholesterol- and
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sphingolipid-rich region on the plasma membrane that recruits membrane protein
and then freely drifts on the membrane, like a raft on the sea.*® This concept of a
lipid raft was accepted smoothly, and since 1997, various phenomena of signal
transaction, viral infection, immune system function, hormone secretion, cell—cell
recognition, and other cell behaviors have been explained using the concept.
Evidence demonstrates that the lipid raft is dramatically disrupted and generated
on living cells.

On the other hand, some doubts have been expressed about the lipid raft
hypothesis. The strongest criticism concerns the difficulty of real-time observation
of lipid rafts, even though the lipid raft model, with the domain of the Lo phase, is
easily and stably reconstituted on a model lipid bilayer. In 1998, D. A. D. Angelis
et al. reported fluorescent observation of raft induction with green fluorescent
protein (GFP)-tagged GPl-anchored proteins and an antibody-crosslinking
method that selects GFP.>! Obtaining images for the natural lipid raft is still
challenging. K. G. N Suzuki and N. Komura et al. attempted real-time imaging of
the lipid raft on cells. They developed a method of single-molecule imaging for
lipid-raft-selective proteins with Lo-phase preference fluorescent ganglioside
probes and reported the dynamics of lipid raft formation and deformation.52: 53
From their reports and ongoing research, the current concept of the lipid raft has
been adjusted to a small and temporary complex of sphingolipids and membrane
proteins recruited within a cholesterol-rich area.

Finally, non-raft nanostructures, such as lipidic clusters, can also relate to cell
behavior, as described in the following.

Development of analytical tools for phase separation of the cell-like lipid
bilayer

The significance of lipid bilayer property in the functions of the plasma
membrane emerged from physical or theoretical fields, as well as from biological
scientists. To support these investigations, methods to analyze the properties of
lipids are continuously proposed and designed. Among them are preparation of
the cell-like lipid bilayer and domain formation, fluorescent probe use for analysis
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of domain phases, and real-time imaging methods and equipment for tracking the
changes in membrane properties. To generate data about more sophisticated
membrane properties, such as the dynamics of lipid rafts, required methods that
had higher resolving power than the traditional ones already described.

To analyze the domain structure under cell-like conditions, preparation methods
for cell-sized liposomes called giant unilamellar vesicles (GUVs) were developed.
In 1969, J. P. Reeves et al. reported their preparation method for GUVs, which
they called the hydration method.>* They made thin lipid films by spreading out
lipids dissolved in organic solvents and then evaporating the solvents. An
aqueous solution was added onto the film, and the lipids were allowed to swell
into large micrometer-scale vesicles. Reeves et al. reported formation of a thin,
approximately single-layer lipid membrane with a spherical shape, which was
confirmed experimentally in 1983 by P. Mueller et al.5® In 1982, R. Biischl et al.
reported an efficient method of GUV preparation that used electric field-induced
fusion of liposomes.®® In 1986, M. |. Angelova et al. investigated the GUVs
method by adding an external electric field.5” Based on previously compiled
discussions, in 1992, M. I. Angelova et al. proposed an efficient and rapid method
to form GUVs by applying external AC electric fields, which is called
electroformation in today’s soft matter physics and biophysics fields.>® Modified
electroformation methods for each research purpose are most widely utilized
today for phase-separated GUVs, which embrace at least two different phase
domains on a single GUV.5° 60
Another artificial cell membrane developed takes the form of giant plasma
membrane vesicles (GPMVs). GPMVs are cell-sized lipid vesicles formed by
blebbing and/or swelling and isolation of lipidic membrane vesicles that originate
from living cells.6' The artificial blebbing technology was reported by E. S. Ruth
in 1911 (utilizing pure water), and a brief summary of the procedures, including
other developments, was provided in 1919 by M. J. Hogue.®? In 1976, R. E. Scott
offered a study of the first useful method to prepare vesicles from the plasma
membrane.®3 In 1983, D. Holowka et al. developed the methodology of isolating
GPMVs from cells.®4 In 2007, phase-separated GPMVs were also prepared by T.
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Baumgart, who validated this using fluorescent lipid probes.®® GPVMs are now
widely utilized as a cell-like membrane model, although the composition of the
membrane is not artificially determined, so that physical analysis of lipid
membrane properties and of characteristics of the lipid molecules or lipid domains
on GMPVs requires sophisticated technology. In the research | report here, |
utilized GUVs as a cell model, to take advantage of the benefit of definite
determination of lipid compositions and of reconstitution of the domain. However,
physiological studies, especially those related to asymmetric bilayers, sometimes
require GPMVs instead.%®

Analytical tools for visualizing the phase separation of lipid bilayers also improved
from the 1990s to the 2000s. At first, phase conditions of lipid bilayers were
studied using spectroscopic analysis, such as nuclear magnetic resonance
(NMR), ESR, infrared spectroscopy (IR), isothermal titration calorimetry, circular
polarization probes such as diphenylhexatriene (DPH), and others, as | have
described in previous sections. These methods, however, are not suitable for
observing the phase separation on a single GUV or GPMV.

Instead, to observe the phase condition and phase-separated domain structures,
methods that examine lipid membrane fluidity use fluorescent probes, such as
laurdan (6-dodecanoyl-2-dimethylaminonaphthalene), and fluorescent lipids and
hydrophobic fluorescent molecules that localize on specific phases.

The first fluorescence visualization of phase-separated domains on GUVs was
achieved in 1999 by J. Korlach et. al.8” They prepared ternary GUVs composed
of DLPC/DPPC/cholesterol and visualized the GUVs with two fluorescent probes,
1,1’-dieicosanyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil-C20) for
Ld and 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (Bodipy-PC). Previous
reports, such as one in 1987 regarding visualization of Ca?*-induced domains in
GUVs, could not monitor a nascent domain in GUV.%8 lons in solution induce a
pseudo-domain formation®® and GUV aggregation,”® so that native observation
of the domain is necessary in order to further the progress of domain analysis.
Fluorescent probes for detecting phase separation on GUVs were systematically
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tested in 2007 by T. Baumgart et al.> | have focused on fluorescent lipid
derivatives. Their localization on the lipid bilayer can be determined when
examining both the hydrophilic head group, including a fluorescent group, and
the hydrophobic carbon group. It should be noted that a single characteristic will
not determine the phase selectivity of these molecules, and the localizations
show variation for each probe. For example, both Rho-DPPE (1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) and NBD-
DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl)) locate preferentially in the Ld phase, even though the acyl
structures present are unsaturated hydrocarbons. As another example from the
cholesterol derivatives, NBD cholesterol is preferentially located at the Ld phase,
but cholestatrienol, a derivative of cholesterol, partitions into the Lo phase.3®
Insight into each of the phases has a different history. For Ld, due to both its
historical background’! and low photobleaching,®® Rho-DPPE has been a top
choice among commercial probes for pursuing the details of phase separation,
transition, or other related domain modifications.”? 73 Observation of the Lo phase,
however, is relatively difficult. Even though some probes can theoretically monitor
the Lo phase region, they disappear or diffuse from the Lo domain through phase
transition or domain metamorphosis. Moreover, some of the glycolipid-based
probes, such as the commercially available BodipyFL-GM1 or a large portion of
the fluorescently labeled sphingomyelin, did not partition into the Lo phase
region.%3 74 Previous studies stained the head group of GM1 with small molecules
such as cholera toxin B subunit (CTB) or wheat germ antigen, but the processes
themselves induced the formation of new artifact domains.”> 76 In the 2000s, H.
Ando, A. Imamura, K. Fujikawa, and other collaborators devoted sequential
efforts to the total synthesis of glycolipid analogs in effective ways.””-"® Based on
these facets from organic chemistry, in 2016, N. Komura and K. G. N. Suzuki
developed fluorescent ganglioside probes selective for the Lo phase and revised
the definition of the lipid raft on plasma membranes.>3 In 2017, several additional
phase-selective sphingolipid analogs were reported from the same group, which
used these to elucidate a role for sphingolipids in lipid raft dynamics.8°
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These probes are very effective tools for analysis of domain structures and can
be applied to tracking single molecules in living cells, but they are difficult to apply
in terms of grasping sequential changes of a membrane property, such as fluidity.
One solution is to perform a fluorescence recovery after photobleaching assay to
measure the lateral diffusion of lipid molecule, but this requires time-lapse
measurement, so real-time imaging of the membrane property is difficult.8: &
Another traditional solution is the use of environmentally sensitive probes.

In 1979, G. Weber et al. synthesized a probe sensitive to environmental polarity,
Prodan (2-propionyl-6-dimethylaminonaphthalene), which has a large excited-
state dipole moment.® The fluorescence emission spectrum for Prodan exhibits
a wide shift toward red in accordance with the increase of a solvent’s polarity.84
This type of probe is superior to the preceding probes because the researcher
can define membrane fluidity as a continuous function of spectrum shift. The
normalized value reflecting the shift of spectrum, now called the GP value, has
become widely utilized in comparing the local environments around probes.8
This measurement depends less on the number of probes in an observed area
or on the distribution of probe molecules, so that the GP values can define the
local condition easily without disturbing it, generating an improvement compared
with anilinonaphthalene sulfonate or tetramethylsilane (TMS), probes that reflect
the environmental conditions as a function of fluorescent intensity.86

Laurdan, a derivative of Prodan for lipid membranes, was applied to analysis of
the phospholipid bilayer in 1986 by T. Parasassi et al.8’” Laurdan has a
hydrophobic acyl chain that inserts automatically into the lipid membrane. In 1991,
T. Parasassi et al. quantified the lipid phase of phospholipid vesicles as a function
of GP value.88 They also observed a radical peak shift for the laurdan emission
spectrum near the sol—gel-phase transition temperature. In 1997, T. Parasassi et
al. applied two-photon imaging to the excitation of laurdan and prevented
photobleaching from affecting the GP value.?® In 2000, L. A. Bagatolli et al.
captured microscopic images of the domains of GUVs, using spectra imaging.*°

Laurdan has been applied to various kinds of analysis for model membranes,
both of GPMV and GUVs and for real plasma membranes.®! In 1993, R. Fiorini
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attempted to use laurdan in the analysis of nanostructures on the plasma
membrane of leukocytes. In 2002, K. Gaus et al. achieved two-photon imaging of
cell membranes (ref). Other concepts of probes were also investigated, such as
probes that contain a carboxyl group to fix molecules near the hydrophilic group
(C-laurdan)®? or that become excited under the relatively long wavelength of a
popular light source (di-4-ANEPPDHQ).%3

These probes were also utilized in the work described in the present thesis, but
it should be notified that such probes tend to reflect bulk properties relatively more,
and at the time of writing, their resonance is not sufficient for tracking the
dynamics of nanoscale domains on plasma membranes. Moreover, a probe
molecule can unintentionally transfer from the target membrane to surrounding
structures, such as the lipidic nanostructure on the membrane. Thus, this study
observed that Laurdan only reflected the attached membrane structure and did
not provide information on the target membrane domain structure. Application of
each method must be carefully considered in the experiments.
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1-2. The relationships between lipid raft and other membrane property with
cell behavior

A cell is surrounded by a lipid bilayer membrane and the membrane property is
related to various kinds of cell behavior related to reactions to the outer world.
Including neurotransmission® %, immune system °, hormone secretion %7,
metamorphose of cell shape %100 cell differentiation'®!. 1°2and development.'03
The property provides the reaction field for a response to stimulations, gathering
proteins, functional lipids, and other materials. It should be noted | used the word,
membrane property, as not only for the pure physical phase of lipids but for all
other characteristics, including domains, complexes with proteins and others,
phase-separated domains, clusters, and others exist in/on the model and real
plasma membrane in this thesis.

The most well-known property is cholesterol-rich nanodomain. The domain
gathers membrane proteins glycolipids such as sphingolipids and gangliosides
and dynamically forms the nanoscale lipid-protein complex called lipid raft on the
cell membrane. Lipid raft is a typical example of the membrane property which
can connect soft matter physics and cellar biology.

For instance, the GPl anchored proteins gathered on cholesterol and
sphingolipid rich area and formed lipid-tethered nanostructures on membrane %>
104 GPI anchored protein is a group of membrane proteins connected on the
plasma membrane by glycosylphosphatidylinositols (GPI) conjugated by amide
bond at the C-terminal of proteins. GPl anchored proteins are related to various
kinds of cell behavior. A typical example is CD 59 protein on T-cell surface 95,
CD59 is a small GPl-anchor protein and trigger signals for activation of T-cell
followed by clustering of CD59 proteins on lipid raft when CD 59 is associated
with Antigen-presenting cells. GPI anchor protein is associated with various kinds
of cell behavior and it means the significance of lipid raft.

Animal perception of temperature is also related to membrane property.?°6. 107
The transition receptor potential (TRP) receptor is a family of receptors that works
as a sensor of pain and temperature. One of the TRP channels, TRPV8 activity
were reduced by cholesterol depletion from cell membrane %, The activity of
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TRPV1 channels suppressed by lipid raft disruption by the decrease of the
amount of cholesterol, sphingomyelin, or ganglioside by the depletion or inhibition
of these molecules. 109, 110

Lipid-raft is a widely associated immune system''" and other neural signal
transactions® and these phenomena have been discussed continuously in
scientist community2. To light the | would like to focus on new insight of
membrane property from the viewpoint of the relation of dynamic membrane re-
organization of a process such as elongation and development in animal cells
and plant cells. For metamorphosis, the elongation of nerve cells required lipid
raft. Glycoprotein M6a(GPM6a) co-localized with D4, a cholesterol-binding
protein, and a molecular imaging marker for lipid rafts, filipin. '3 GMP6a activates
the downstream signal transaction on lipid rafts and regulates the elongation of
nerve cells 4. GMP6a perhaps works as an inducer of lipid raft clustering on the
tops axis. In the developmental process, mouse embryo is enriched in cholesterol,
and glycolipids and depletion of cholesterol from the plasma membrane of oocyte
inhibit the cell-division in the early stage of development.’® The same
phenomenon is observed in the embryo of amphibian.1®
The behavior of plant cells is also determined by membrane property. 17 The
most famous example is the temperature sensing of a plant cell from the change
of fluidity. The change of membrane fluidity regulated genes related to the
desaturation of lipids to protect cells from collapse ''8. The exist of lipid raft on
plant cell is confirmed by DRM study and other methods 9121 but, since the less
availability of plant lipids in both of commercial way and the difficulty of synthesis
of plant peculiar glycolipids, the investigation of plant lipid raft is less advanced in
plant cell than in animal cells. 122

It should be noted that continuous researches have been performed for the non-
raft study of the relationship between the plant plasma membrane and cell
behavior. For example, the effects of the addition of fatty acid are not explained
by lipid raft. In the plant plasma membrane, the amount of DGDG was regulated
by the concentration of phosphor ions in the surrounding environment. 22 On

other plant cells, GIPC accumulated together and trigger the uptake of calcium
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ion 124, To analyze or manipulate such properties, a direct supplement of lipids is
required. The regulation of the content of the lipid membrane is a key factor for
both raft- and non-raft- property of cells and determine cell behavior.

As shown in this section, lipid membrane property, lipid raft, and others is a
fundamental part of the cell-behavior determination. The methodology of
manipulator development would lead new cell engineering tools for

understanding cell-behavior and regulation of cells toward industrial application.
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Chapter 2. Colloidal Stability of Lipid/Protein - Coated Nanomaterials in

Salt and Sucrose Solutions

2-1. Introduction
As | discuss in chapter one, development of manipulator for nanostructure on
plasma membrane will be a promised novel cell-engineering technology. The
design of manipulator, however, have intrinsic difficulties. Almost all
biocompatible and/or plasma-membrane oriented nanomaterials are optimized
for physiological conditions, including about 300 mM cations and/or anions. To
observe the nanomaterial-membrane interaction requires no-salt condition
because of the vulnerability of GUVs and reconstituted structures on GUVs
against salts. For example, only 0.1 mM of calcium ion or 10 mM of sodium ion
destabilized reconstituted model lipid raft (Lo domain) on GUVs and make a
pseudo domain ! 2 so that it is hard to estimate the nanomaterial-raft interaction.
Collection precious data of lipid-bilayer and nanomaterial interaction is
fundamentally important to proper design of develop and evaluation of bioactive
nanomaterial toward control of physical property of plasma membrane but, the
fundamental difficulty for in vitro analysis prevented researchers from data
collection or perspective establishment3. It should also be noted that GUV
aggregation under high salt condition is not be ignored even prepared by modern
method .3

In this chapter, | introduced the first detail investigation of salting-in and salting-
out effect on biocompatible nanomaterial dispersion. | also reveal that sucrose
also show the same effect on a kind of such nanomaterials and cationic dipole-
sugar interaction and protein-sugar interaction is essential to let sugar exhibit the
salting-in like effects. The investigation proposed the co-stabilization dispersion
condition for both of biocompatible nanomaterial and GUVs and will become a
new perspective to analyze nanomaterial-cell interaction in detail.
Research on Nanomaterial - cell interfaces is of attracting inter as this serves in
understanding the behavior, fate, and functions of cells and control them by using
nanomaterials.#® The colloidal stabilization of plasmonic nanomaterial under
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physiologically relevant environment is essential part of this study because the
tendency of colloidal stability tuning or sometimes completely off the plasmonic
nature of nanomaterials®8. For instance, the near-infrared (NIR) absorption peaks
of gold nanorods (AuNRs) disappears upon their aggregation. °

AuNR is a candidate of a bioactive nanomaterial because of the stability derived
from one of gold, local photothermal properties and photodynamic properties
originated from the plasmonic absorbance of NIR laser .1° The surface of AUNR
not only have plasmonic characteristic but can intact with bioactive
macromolecules and other covering materials including protein and DNA. 10-13
Consequently, processing the surface chemistry of plasmonic nanomaterials is
extensively studied owing to the potential biomedical applications.4-16

In previous study, high-density lipoprotein (HDL) mutant, a reconstituted discoidal
lipid/protein nanomaterial composed of lipid bilayer disk and surrounding Apo-A1
protein'” bearing with cell penetrating peptide (CPP) was chosen as a good
covering material of AuNRs'8. The HDL mutant efficiently shrouded AuNRs and
bound to the plasma membrane without cytotoxicity. AuNRs covered with HDL
mutant which is embraced cationic lipids, called plasma membrane-targeted gold
nanorods (pm-AuNRs) enables safe photoactivation without membrane
disruption on neuronal cells.'®

Giant unilamellar vesicles (GUVs) are cell-sized liposomes of dozens of um in
diameter, which have been widely recognized as a good model of the plasma
membrane to gain mechanistic insight due to their similarity in the size and
curvature as living cells and affordability in various kinds of phases, lipid
compositions and domain formations. 29 21
These features of GUVs represented physical aspects including the mobility of
lipid bilayer or the extent of the curve of the plasma membrane profitably. GUVs
have already been utilized for analysis of lipid diffusion, reconstitution and
investigation of model lipid rafts and for the soft matter aspects of nanomaterial-
membrane interactions.??-25 Additionally, GUVs enable experiments in
diversified biophysical conditions, e.g., pH, temperature, etc. 26 However,
GUVs are generally aggregated in the presence of salt, e.g., in phosphate-
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buffered saline (PBS), while there exist a few methods for GUV preparation under
the presence of salt, and sucrose solution is used to stabilize them in salt-free
and osmotic aqueous media®®. To harness the data obtained in GUV systems to
nano-science studies toward living cell smoothly, nanomaterials of interest need
to be colloidally stabilized and exercise their ability in both salt and sucrose
aqueous solutions. Herein, the above-mentioned AuNRs and their derivatives are
systematically prepared in surface condition and | investigate their colloidal
stability in the two solutions to propose a general strategy to stabilize

physiological condition-oriented nanomaterial in GUV-favorable condition.
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2-2. Results
As a starting nanomaterial, the above mentioned AuNRs (plasma membrane -
targeted AuNRs, pm-AuNR) were chosen (Fig.1) The schematic images of HDL
and pm-AuNRs are described in Fig.1A AuNRs were synthesized in Seed-
mediated method in CTAB solution and surface CTA+ are replace with sodium
oleate proceeded with HDL-covering process. The surface derived from HDL did
not effect on plasmonic absorbance of AuNR essentially as shown in Fig.1C. The
surface charge of ingredient AuNRs, covered with either CTA+ or oleate, were
measured in advance like shown in Fig.1D. Oleate-coated AuNR shows very
negative zeta-potential without HDL.

pm-AuNR were prepared from oleate coated AuNRs and HDL including 30% of
DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane, a cationic lipid, in a lipid
molar ratio. The presence of the protein on the surface of pm-AuNR was
confirmed by SDS-PAGE analysis shown in Fig.2 The calculated protein
concentration was 38 ug/mL in dispersants containing ca.1mg/mL of AuNR, as
same value as previous HDL-coated AuNR dispersants.

pm-AuNRs (ca. 1 mg Au) were centrifuged and re-dispersed in MillQ (deionized
and filtrated water), 200 mM sucrose solution, or aqueous PBS buffer (pH 7.4).
The dispersed pm-AuNRs were observed by light and electron microscopy (TEM)
(Fig.3A, Fig.4). In both conditions, pm-AuNRs were gathered in MilliQ, non-salt
condition and well-dispersed in PBS buffer, a physiological condition. Surprisingly,
pm-AuNRs also exhibit colloidal stability in 200 mM sucrose solution without salts.
Both of bright-field and TEM images said that there was no large aggregation in
both of 200 mM sucrose and PBS buffer but, in MilliQ solution, huge aggregates
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Figure 1. Schematic image of an HDL mutant (A) and pm-AuNR (B) The HDL
mutant is assumed to be composed of a discoidal phospholipid bilayer and two
copies of a TAT peptide-fused apoA-I protein (Apo-TAT protein. Previous study (T.
Murakami et al. ACS Nano 2014, 8, 7370-7376) suggests that the HDL mutant
components form a coating on the AuNR surface as shown in the inset. Normalized
NIR spectra (C) and Zeta-potentials (D) of as-synthesized (CTAB-coated) and oleate-
coated AuNRs are also shown. In C), the spectrum of CTAB-coated AuNRs (orange)
was measured in 0.1 M CTAB and that of oleate-AuNRs (purple) measured in
deionized water. Zeta-potential measurement was performed after dilution of them by
40-fold with 20 mM Tris-HCI buffer, pH 7.4.
of pm-AuNRs existed. The maximum size shown in Fig. 3A was above 50 ym.
Even though the shapes of single AuNRs were essentially same in the three
dispersions (Fig3A, lower, and Fig. 5), their NIR absorption spectra of pm-AuNRs
in MilliQ were diminished. In contrast, pm-AuNRs in PBS and 200 mM solution
exhibited shape NIR absorbance peaks around 760 nm, which are the same as
ingredient AuNRs shown in Fig3B.
Dynamic light scattering (DLS) data supported that pm-AuNRs aggregated in
deionized H20 and dispersed well in the other two solutions (Fig.6A). DLS
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Figure 2. SDS-PAGE Analysis of Apo-TAT protein on AuNR surface. Protein
concentration was 38 ug/mL in pm-AuNR dispersion (AuNR concentration was
ca. 1 mg/mL). This w/w ratio of protein to AuNR analyzed by SDS-PAGE
corresponded with our previous study. (T. Murakami et al. ACS Nano 2014, 8§,
7370-7376). Lane 1 and 12: molecular weight marker. Lane 2—4:pm-AuNRs in
ca. 1 mg/mL. Lane 5-10: free Apo-TAT protein from 187.5 png/ml to 5.86 ng/mL.

analysis is known to be applicable to anisotropic nanomaterials such as AuNRs
under specific conditions and the relative comparison of hydrodynamic diameter
data have been utilized to judge their aggregation’s. The large material is
observed in MilliQ dispersant and not observed in PBS buffer or 200 mM sucrose
solution. These results clearly demonstrated that pm-AuNRs can maintain high
colloidal stability as in 200 mM sucrose as in PBS?’. On the other hand, simply
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cationized AuNRs with a well-known dispersant, hexadecyltrimethylammonium
bromide (CTAB) did not show such dual stability (Fig.5B, Fig.6). The DLS data
indicated that CTAB-AuNR is dispersed well in MilliQ after removal of free CTAB
by centrifuge and in 200 mM sucrose solution, the colloidal behavior of AUNR
were changed. NIR peak wavelength was almost same but the shape of peak
broadened in 200 mM sucrose solution compared with MilliQ. And PBS buffer
completely destabilized CTAB-AuNRs like in MilliQ condition for pm-AuNRs.

The behavior of CTAB-AuNRs is not surprising because salting-out effect of ions
for nanomaterials is wildly acceptable phenomenon. In contrast, the behavior of
pm-AnNRs looks like not to obey the role of colloidal chemistry. However, The

¢l
NN

Figure 3. Structures of pm-AuNRs under various conditions. (A) Upper column:
Bright field picture of pm-AuNRs dispersion in MilliQ (left), phosphate-buffered
saline (PBS, pH 7.4) (middle), and 200 mM sucrose (right). Scale bar, 50 um. Lower
column: Electron microscopic (TEM) image of pm-AuNRs previously dispersed in
MillIQ (left), phosphate-buffered saline (PBS, pH 7.4) (middle), and 200 mM sucrose
(right). Scale bar, 20 nm. (B) NIR absorption spectra of pm-AuNRs in PBS (blue),
200 mM sucrose solution (red), and MilliQ (green).
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better dispersion of pm-AuNRs in PBS than in deionized water would be
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Figure 4. Typical TEM images of gold nanorods. (A) CTAB-coated AuNRs, (B)
oleate-coated AuNRs, (C) pm-AuNRs in PBS buffer, (D) pm-AuNRs dispersed
in 200 mM sucrose, and (E) pm-AuNRs in MilliQ.
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Figure 5. Histogram of the length (left column) and width (right column) of AuNRs in the TEM
images of Figure 4. (A) CTAB-AuNRs, (B) oleate-coated AuNRs, (C) pm-AuNRs dispersed in
PBS buffer, (D) pm-AuNRs dispersed in 200 mM sucrose. Left column shows the longer length

and right column shows the width.
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explained by salting-in effects, utilized wildly to explain the well dispersion of
macromolecules or proteins in low salt condition?”.

A B

1.2
40 1
gso § 0.8
> 206

%20 §
0.4

210 <
g _/\A 0.2

0 — — — - -
0.1 1 10 00. 1000 10000 0
diameter (nm) 600 700 800 900 1000

Wavelength (nm)

Figure 6. Dispersion of CTAB-AuNRs. (A)Volume size distribution determined by

DLS analysis for pm-AuNRs in PBS (blue), 200 mM sucrose (red) and MillIQ (green).

(B) NIR absorption spectra of CTAB-coated AuNRs in PBS (blue), 200 mM sucrose

(red) and MillIQ (green).
Salting-in effect of pm-AuNRs dispersion is monitored by varying the
concentration of PBS buffer. In fact, the NIR absorption peak of pm-AuNRs
became the most obvious at 0.05x PBS condition and the intensity was gradually
decreased over 0.5x PBS (Fig.7A, B). The latter results in high-salt
concentrations suggested aggregation of pm-AuNRs, which is a typical
phenomenon explained by salting-out effects.?® Figure 8A shows the
hydrodynamic diameter data of pm-AuNRs in various PBS concentrations from
DLS results. The precipitation of pm-AuNRs precluded the analysis in MilliQ, but
in the range of 0.05-0.5x PBS, reasonable hydrodynamic diameter data were
obtained, which were comparable to the ones in Fig.1 and Fig.6 In accordance
with the results in Figure 7B, the diameter value became larger at >0.5x PBS
concentrations. These data clearly demonstrated that the presence of relatively
low condition of salts is favorable for the colloidal stabilization of pm-AuNRs,
which would be interpreted as the results of salting-in effects. This is a first
example of carefully explained salting-in effects on the colloidal stability of metal
biocompatible nanomaterials.

Interestingly, a similar concentration tendency was observed for the sucrose
dispersions of pm—AuNRs (Fig. 7C, 7D and 3B). The NIR peak intensity of pm -

38



AuNRs showed a bell-shaped profile with a maximum at 400 mM (Fig.7D), and
the hydrodynamic diameter was the smallest at the same concentration (Fig.8B).
These data suggested that the colloidal stability of pm-AuNRs in sucrose
solutions was determined under similar mechanisms to salting-in and salting-out
effects in PBS. To gain insight into the mechanisms, the zeta potential of pm-
AuNRs was measured at different concentrations of sucrose (Fig.9). As a result,
the value was gradually decreased along with the increase of sucrose
concentration from 50 to 400 mM and appeared to reach a plateau of 20 mV,
although sucrose molecules are neutral. This graph indicate that sucrose
molecules somehow shield the positive surface charge of pm-AuNRs and
increase their colloidal stability in the range of 50-400 mM. This mechanism is
just similar to one of salting-in effects observed at relatively low salt

concentrations.2®
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Figure 7. Effects of the concentration of PBS (A, B) and sucrose (C, D) on the
colloidal stability of pm- AuNRs.(A) NIR absorption spectra of pm-AuNRs in 0.05x,
0.25x, 0.5x, 1x, 5x or 20x PBS. (B) Peak top absorbance values in (A). (C) NIR
absorption spectra of pm-AuNRs in 50 mM, 100 mM, 200 mM, 400 mM, 800 mM or

1000 mM sucrose solution. (D) Peak top absorbance values in (C)

To the best of our knowledge, this is the first obviously demonstration that
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hydrophobic colloids like metal nanomaterials were dispersible in both PBS and
sucrose solutions and that salting-out effects and salting-in effects governed the
colloidal stability of nanomaterials in physiologically relevant media and sugar

solution. 30. 31
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Figure 8. Hydrodynamic diameter based on dynamic light scattering (DLS) data of

pm-AuNRs in various concentrations of PBS (a) and sucrose (b).
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Figure 9. Zeta-potentials of pm-AuNRs in various concentration of sucrose
concentration Zeta potential analysis in the absence of sucrose, i.e., in MilllQ, was

precluded by aggregation of pm-AuNRs (see Figure 2).

By this sucrose concentration-dependent neutralization of the surface charge
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Figure 10. Zeta-potentials of HDL derivatives prepared with various contents of a

neutral lipid (POPC) and a positively (DOTAP) or a negatively (DOPS) charged lipid.

Lipid contents are shown in the graph. HDL samples were diluted by 40-folds with 20

mM Tris-HCI buffer (pH 7.4) before measurement.
of pm-AuNRs, | suspected some putative involvement of electrostatic interaction
between sucrose molecules and the surface material of pm-AuNRs in the
increase in colloidal dispersibility. To validate this hypothesis, six types of pm-
AuNRs bearing different surface. These pm-AuNRs were prepared from HDL
derivatives which included DOTAP or DOPS, 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine, a anionic lipids in the bilayer of each HDLs from O % to 30 %. As
expected, newly prepared six kinds of HDL mutants exhibited different zeta-
potential values in accordance with the ratio of charged lipids (Fig. 10). It should
be noted that the yield of cationic HDL decreased depending on the ratio of
DOTAP and, above 30% DOTAP ratio, it is quite hard to prepare nanomaterials
which can be presumed to be HDL (data not shown) so | limited the amount of
charged lipid ratio to 30%.

Six types of pm-AuNR derivatives were synthesized with these HDL mutants in

a similar manner. As inferred from the absorption spectra (Fig.11), like their

original counterparts from HDL bearing 30% DOTAP (original pm-AuNRs), all
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Figure 11. NIR absorbance spectra of AuNRs containing the various amount of a
positively (DOTAP) or negatively charged lipid (DOPS) in PBS (blue), 200 mM

sucrose solution (red), or MillIQ (green). Lipid contents are shown in the graph.

derivatives were dispersed well in PBS buffer and not in MiliQ. However, in 200
mM sucrose solution, their colloidal stability dwindled as the degree of the
cationization of AuNRs was decreased. Under 10 % DOTAP concentration or
anionic pm-AuNR did not dispersed well in 200 mM sucrose solution. The size
distribution of the derivatives showed the same tendency (Fig.12). Cationic pm-
AuNRs show peaks around 100 to 200 nm diameter in both PBS and sucrose
solutions. In 10 % DOTAP concentrations, peak in 200 mM sucrose solution
shifted to larger area compared with PBS buffer dispersion samples. And in
neutral or anionic samples, the peaks of pm-AuNRs were almost same in 200
mM sucrose solution and MilliQ. These data strongly support my hypothesis
about the reason why sucrose cause salting-in like effects.

It has been reported that sucrose can stabilize proteins and lipid bilayer vesicles
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Figurel2. Volume size distribution determined by DLS analysis for six types of pm-

AuNR derivatives, prepared with different lipid contents, in PBS (blue), 200 mM

sucrose (red) and MillQ (green). Lipid contents are shown in the graph.
during lyophilization, possibly via hydrogen bonding,32-3% but no report is available
yet regarding the application of sucrose for stabilization of nanomaterials in
solution. To investigate the role of the pm-AuNR components, i.e., DOTAP,
apoA-I protein and TAT peptide, in bestowing the stability, pm-AuNRs lacking
either of them were prepared. In the absence of TAT peptide (Fig.13, Fig.14A, B,
C), pm-AuNRs were dispersed in both PBS and sucrose, to a similar degree,
relatively regardless of the charge of lipids. Both of DOTAP 30% and 0 % HDL
surface can disperse pm-AuNRs in both of PBS buffer and 200 mM sucrose
condition. NIR peaks intensity of anionic pm-AuNRs bearing DOPS in 30% ratio
slightly decreased in the 200 mM sucrose solution but not diminished completely
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Figure 13. Volume size distribution determined by DLS analysis for of pm-AuNR
derivatives lacking TAT peptide, prepared with different lipid contents, in PBS

(blue), 200 mM sucrose (red) and MilllQ (green). Lipid contents are shown in the
graph.

In the absence of both apoA-I protein and TAT peptide, on the other hand, the
colloidal stability of pm-AuNRs in PBS and 200 mM sucrose was significantly
decreased (Fig.14D) and completely lost without DOTAP (with POPC alone) (Fig.
14E). These spectra indicated that both DOTAP and apoA-I protein play a
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significant role in the colloidal stability of pm-AuNRs in PBS and 200 mM sucrose,
respectively. The stabilization by the apoA-I protein in PBS would be attributed

to salting-in effects.
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Figure 14. NIR absorbance spectra of various pm-AuNRs, lacking TAT peptide

with (A) 30% DOTAP, (B) POPC alone, and (C) 30% DOPS and lacking both apoA-

I and TAT peptid with (D) 30% DOTAP and (E) POPC alone, in PBS (blue), 200

mM sucrose solution (red), or MilliQ (green)

At this moment, the precise reason behind the stabilization by DOTAP in sucrose
solution is still enigma, but it is reasonable to presume from the data in from Fig.5
to 8 that the ion-dipole interaction between the cation of DOTAP and the dipole
of sucrose (hydroxyl groups) plays a role via salting-in like effects.

Finally, a nanomaterial-membrane interaction study was performed in 200 mM
sucrose with fluorescently-labeled pm-AuNRs and GUVs with a liquid order (Lo)
membrane, which allowed the binding of small particles of <200 nm in diameter.
As shown in Fig.13, the bright filed image observed by a phase difference
microscope showed that a GUV appeared to be spherical even in the presence
of pm-AuNRs and pm-AuNRs accumulated on the Lo phase region as soft matter
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physics predicted. This data demonstrated that well-dispersed pm-AuNRs in 200
mM sucrose are applicable to nanomaterial-lipid bilayer interaction studies with
GUVs.
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2-3. Discussion

Our data suggested that sucrose can bind to the surface of pm-AuNRs in certain
conditions like serum proteins forming protein coronas of nanomaterials.®¢: 37 The
UV/Vis/NIR spectra of each pm-AuNR in each surrounding condition support the
hypothesis that the interaction between sucrose molecule to the surface of
original, DOTAP 30% pm-AuNRs. The salting-in effect like shift of pm-AuNR
colloidal stability, observed by plasmonic peak intensity assay and DLS
measurement also suggest the surface-sucrose interaction as ion-surface
interaction in the previous salting-in effects.

Apo-A1 mutant also plays a key role on the well-dispersion of pm-AuNR in
sucrose solution. The existence of TAT peptide caused the law stability in 200
mM sucrose in cationic, anionic, and neutral charged pm-AuNRs. In the previous
purification method of apo-A1 mutant with TAT peptide expressed in E. coli,
salting-in effect was utilized in the process of ammonium sulfate precipitation.'®
The protein part may be susceptible to the salting-in effect.

This phenomenon let researchers to dream that some interaction between pm-
AuNRs and sugar-grope of molecules within the plasma membrane, e.g.,
gangliosides, inositol phospholipids, etc.3® These glycolipid works as fundamental
part of nanostructure on plasma membrane in various kinds of livings from animal
to plant.3® 40 Recent report says pm-AuNR can activate a kind of ion channel
for heating or pain, transient receptor potential vanilloid type | (TRPV1)'® was
affected by the integrity of lipid rafts,*! in which some gangliosides are localized.*?
Nanomaterial-cell interactions have attracted researchers from a wide range of
disciplines, from physics to biology. Surprisingly, there are very few reports of
detailed analysis of lipid domains-nanomaterials interactions in terms of
fundamental physics viewpoint. | speculate that a major limitation is derived from
the small investigation on colloidal stability of biocompatible nanomaterials:
despite the establishment of the concept of the salting-in effect by Hofmeister et
al. in the 1880s, few biomaterial scientists have attempted to apply this concept
to biomaterial plasmonic nanoparticles. 2° In this chapter, | suggest that surface
charge shielding is important in considering the dispersed state of biomaterial
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nanoparticles, which is fundamental information for the application of physical
theory of nanoparticle interactions with other objects.
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2-4. Conclusions

| established a method to disperse AuNRs in both PBS and around 200 mM
sucrose aqueous solution with HDL mutants-coating as well as its mechanism.
Two part of a pm-AuNR, a cationic lipid (DOTAP) and a lipid binding protein
(apoA-I), were found to contribute to the colloidal stabilization. Our systematic
studies explained that this stabilization was basically brought by salting-in effects
by PBS buffer and their allied influences by sucrose molecules. Thus, similar
stabilization of other nanomaterials may be achieved by modifying their surface
with both proteinous and cationic coating material or, perhaps, designed protein
corona®. It is significant to note here that PBS is one of the most-widely utilized
physiologically relevant media and around 200 mM sucrose solution, which is
isotonic to PBS, has been chosen for GUV studies in agueous media.
Consequently, our findings would enable detailed investigation of bioactive
nanomaterial-lipid bilayer interaction, especially lipid membrane domain
formation or deformation under cell-free conditions and the subsequent live cell

studies with the same nanomaterials.
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2-5. Experimental section

General information

Materials General reagents including sucrose were purchased from Nacalai
Tesque (Kyoto, Japan). 1x PBS buffer contains 137 mM of NaCl, 8.1 mM of
NaH2PO4, 2.68 mM of KCI and 1.47 mM of KH2PO4. The PBS composition is
popular and adjusted as neural pH in these compositions These inorganic salts
were also obtained from Nacalai Tesque Inc. (Kyoto, Japan). L(+)-ascorbic acid,
Silver nitride, and sodium oleate were obtained from Wako (Osaka, Japan). Gold
(1) chloride and sodium borohydride were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) and
1,2-dioleoyl-sn-glycero-3-phospho-Lserine (sodium salt) (DOPS) 1,2-dipalmitoyl-
sn-glycero-3-phosphocholin (DPPC) were obtained from NOF (Tokyo, Japan). N-
(7-nitro-21,3-benzoxadiazol-4-yl)-1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (NBD-PE), 1,2dioleoyl-3-trimethylammonium-propane
(chloride salt) (DOTAP) and cholesterol were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL, USA). Nap 5 column were purchased from GE Healthcare
Life Sciences (Little Chalfont, Buckinghamshire, UK).

Synthesis of AuNRs (CTAB-coated)

AuNRs are synthesized in aqueous media in a seed-mediated method. 44Typically,
In all preparation, MilliQ was utilized as a solvent. Seed solution was prepared by
rapid reduction of Aud+. CTAB was freshly dissolved in 9.6 mL MilliQ at 30°C. 50
uL of 50 mM HAuCls aq were added while stirring. 600 L of freshly-prepared and
ice-cold 0.1 M NaBH4 aq were added. Final concentration of CTAB was 0.1 M.
After 1 h reaction with gentle stirring at 30°C, seed solution was collected and
was kept at room temperature. The color of seed solution was freshly prepared
for each AuNR preparation and the color of seed solution was always brownish
yellow. To growth AuNR. 600 pL of this seed solution was added to the mixture of
18. 3 mL of 0.1 M CTAB, 400 pL of 50 mM HAuCls, 800 pL of 0.2 mM AgNQO?3, 320
uL of 1.6 mM L-ascorbic acid in a 50 mL glass vial tube while stirring vigorously.

Just after this mixing process, stirring was stopped immediately and the reaction
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solution was incubated at 30°C overnight under dark condition. The AuNRs were
collected from dispersion by centrifuge at 20,000 x g for 40 min and the pellet
was re-dispersed in 0.1 M CTAB aqueous solution as ca. 1 mg/mL in AuNR

weight concentration for purification from residual reactants.

Preparation of pm-AuNRs

pm-AuNRs were synthesized according to our previous report. 4> Briefly, 1 mL of
CTAB-coated AuNRs in 0.1 M CTAB (ca. 1 mg/mL) were pelleted by
centrifugation and treated with sodium oleate solution. AUNR were collected from
1 mL the dispersant by centrifuge at 20,000 x g for 40 min and washed by MilllQ
by removal of 900 pL of supernatant and fresh MilliQ to the reaction tube. After
the centrifuge, 750 mL of supernatant was removed again and added freshly
prepared 16 mg/mL of sodium oleate solution. It should be notified that the
solution were sonicated vigorously to dissolve all of sodium oleates include small
clear oleate crystal-like something. After that, the reaction solution was vortexed
well and heated at 50 °C for 1h to replace surface CTAB to oleate. All residues
were removed by Nap5 disposal column purification.

The resulting oleate-coated AuNRs were mixed with HDLs, which were prepared
with a cell penetrating peptide (TAT peptide)-fused apoA-I protein, POPC and
DOTAP'8. 19,46 After 1h reaction at 50 ‘C for coating, the reaction solution was
centrifuged at 20,000 x g for 40 min, removed all supernatant. pm-AuNRs were
re-dispersed by sonication and vortex in 1 mL of PBS, MilliQ, or 200 mM sucrose
solution (ca. 1 mg/mL AuNR), respectably after washing with the corresponding
solution (1 mL) once.

Lipid coating of AUNRs

Lipid films were dissolved in PBS containing 30 mg/mL sodium cholate at 13.6
mg/mL. The dispersions and oleated-coated AuNRs (ca.1 mg/mL) were mixed at
a lipid/AuNR ratio of 10 and then coating reaction was performed by heating for
1 h at 50°C. The heated mixture was centrifuged at 20,000 x g for 40 min,
removed all supernatant, resuspend with 1ml of PBS, MilliQ, or 200 mM sucrose
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solution and centrifuged again at 20,000 x g for 20 min to wash the lipid-coated
AuNRs. After centrifuged, these AuNRs were re-dispersed as same as pm-
AuNRs with the corresponding solutions (ca. 1mg/mL).

NIR absorption spectroscopy

The UV/VIS/NIR spectra of all AuNRs in this study were measured by a V630
spectrometer (JASCO, Tokyo, Japan). Each sample was diluted 20-fold with
corresponding solutions just before applied into a measurement cell.

TEM and Zeta-potential measurement
TEM Images were obtained using JEM-2100 and analyzed with Imaged.#” Zeta-
potential of HDLs and pm-AuNRs were measured by Zetasizer Nano-Z (Malvern,
Worcestershire, UK) and viscosity of solutions, especially of sucrose solution,
were calculated in advance and considered in the measurements by the Zetasizer
software.

To gain data, samples were diluted 40-fold with 20 mM Tris-HCI buffer (pH 7.4)
or appropriate sucrose solutions. In the case of pm-AuNRs, vortex and sonication

were performed before measurement.

DLS measurement

pm-AuNRs were briefly sonicated and vortexed to disperse well as long as | can
to gain correct data and then diluted 40-folds with the corresponding solution,
PBS buffer, 200 mM sucrose or MilllQ, before measurement with a Zetasizer
Nano ZSP (Malvern, Worcestershire, UK).

GUV study

GUVs were prepared by electroformation method 48, a most widely utilized
method to prepare GUVs having intended property. 4 50 mM of DPPC and 50
mM cholesterol in chloroform solution were mixed in a small glass tube. A portion
of the lipid mixture (5.7 mmol) was dropped and spread on an surface of ITO
glass (8—12 Q/sq, Sigma-Aldrich, MO). After heating for 5 min on a heater at 50°C
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to make all lipid to gel phase and evaporated organic solvents, the lipid film was
further spread to make thin layer by a single drop of hot chloroform and then
drying in vacuo for =2 h to remove any solvents completely. The sample glass
was covered with another clean ITO glass to sandwich a silicon sheet (ca. 1 mm
thickness) with a 1.5 mm square hole to prepare a small chamber on the lipid film.
The inner space of the chamber was filled with 200 mM sucrose solution. An
alternating current voltage (10 Hz, 0.6 mV) was applied to the chamber with an
AFG-2005 function generator (TEXIO TECHNOLOGY CO., Japan) at 50°C for 2
h, and then the sucrose solution containing GUVs was collected from the
chamber. Fluorescently-labeled pm-AuNRs were synthesized in a similar manner
to above-mentioned pm-AuNRs with the HDL mutant that was containing 6 mol%
NBD-DPPE in lipid molar ratio. As-prepared GUVs and fluorescently labeled pm-
AuNRs (ca. 1 mg Au/mL) were mixed in a 1:1 volume ratio and then the mixture
was analyzed by an ECLIPSE Ti epifluorescence microscope (Nikon, Tokyo,
Japan) with a lens for phase contrast imaging an appropriate filter.
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Chapter 3. Control of Lipid Bilayer Phases of Cell-sized Liposomes by
Surface-Engineered Plasmonic Nanoparticles

3-1. Introduction

In chapter two, | demonstrated that the sucrose shows the salting-in and salting-
out effect on the colloidal stability of biocompatible nanomaterials and It is
applicable to establish experimental systems for the analysis of nanomaterial-
GUV interaction without salt disturbance. This is very significant results, as
Arepeatedly informed in previous chapters, although the on-demand handling of
the nanostructures is promised to open the door of new cell-engineering, the
stabilities of GUVs themselves and reconstituted domain structure on GUV was
sensitive under salt-rich condition so that this is a bottleneck of collecting
fundamental insight to design nanomaterial toward the manipulation of
nanostructure, such as lipid raft and other clusters. | previously tried ix a
biocompatible nanomaterial prepared for salt-rich solutions and GUVs dispersed
in sucrose solution, but, in results, both Are aggregated.

In this chapter, | introduce pm-AuNRs as a manipulator of model lipid raft. Pm-
AuNRs consist of rod-shaped plasmonic gold nanoparticles and high-density
lipoproteins (HDL) mutants on their surfaces, the former having a photothermal
effect and the latter a function of Cholesterol transporter. | evaluated the effect of
pm-AuNRs on domain formation/deformation in 200 mM sucrose solution without
the disturbance of salts. | achieved the control of model lipid raft
formation/deformation by cleverly combining these functions and demonstrate
the first manipulated of model lipid raft formation/collapse to multiple GUVs at the
same time.

Lipid bilayers can have three representative physical phases, which are solid-
order (So), liquid-disorder (Ld), and liquid-order (Lo) phases.!3 Especially, Lo
phase regions are enriched in Cholesterol. In the Cholesterol rich region of the
plasma membrane, sphingolipids and membrane proteins assemble to generate
clusters called lipid rafts. 4 It is Il known that the dynamic formation/collapse of

lipid rafts is associated with clustering and/or activation of membrane proteins
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Figure 1. Schematic illustration of the concept of model lipid raft control by using
plasmonic gold nanorods (AuNRs) with high-density lipoprotein (HDL) which can
absorb cholesterol like a spongy. (A) Spontaneous (forward) and optical (reverse)
control of lipid bilayer phases by pm-AuNRs and cholesterol-loaded pm-AuNRs,
respectively. (B) Chemical architecture of plasma membrane-targeted AuNRs (pm-
AuNRs) used in this study, of which the components of mutant, a cationic lipid bilayer
and a cationic peptide-fused apoA-I protein are bound to the surface. (C) UV/Vis/NIR
absorption spectrum and Typical TEM image of pm-AuNRs. Scale bar, 10 nm.
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such as T cell receptors and MHC2 complexes in the mammalian immune system
and several TRP channels involved in neurotransmission.”" A specific type of
internalization, i.e., caveolae-mediated endocytosis, also occurs through forming
vacuole followed by clustering membrane proteins on lipid rafts. Conventional
method to control lipid raft formation/collapse has been craved. | demonstrate
here that the formation/collapse of Lo phase domains can be controlled by
plasmonic nanoparticles with the surface functioning as a membrane glue as well
as a Cholesterol sponge (Fig. 1A).

Nano-bio interface is defined as a place where nanomaterial meets the plasma
membrane. ' This is a key concept to under-stand material-plasma membrane
interaction. The size, shape and surface chemistry/material of nanomaterials and
the mobility of the plasma membrane play a key role on their interaction. From
the nanomaterial side, therefore, the development of bioactive surfaces is one of
the key strategies to control the nano-bio interface. To do that, | focus on the
physiological function of a biomaterial in my body.

High-density lipoprotein (HDL) is a lipid/protein nanocomposite existing mainly
in the blood circulation. One of its physiological functions is Cholesterol (Chol)
efflux from the plasma membrane.'? | have previously mentioned that HDL can
be a biocompatible surfactant for hydrophobic colloids, such as gold nanorods
(AuNRs) and that AuNRs coated with a cationic mutant of HDL (Fig. 1B) show a
high affinity to the plasma membrane of living cells with negligible cytotoxicity,
compared to those with a few types of cationic synthetic polymers.’™ Upon
illumination around the near-infrared absorption maximum (Fig. 1C), the HDL
mutant-coated AuNRs, designated as ‘plasma membrane-targeted’ AUNRs (pm-
AuNRs), are able to activate a heat-sensitive ion channel via the localized
photothermal heating.

Giant unilamellar vesicles (GUVs) have been widely utilized as models of the
plasma membrane. * 15 GUVs and living mammalian cells are comparable in
terms of the size, meaning they potentially have similar membrane curvature.
Lo/Ld phase-separated GUVs (Lo/Ld-GUVs) are recognized as a model of the

plasma membrane of living mammalian cells.® In this context, nanoparticles with
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the size of <200 nm Are reported to show preferential binding to the Lo phase
domains of Lo/Ld-GUVs, which could be accounted for by the free energy cost
for small nanoparticle binding-induced bending deformation of Lo phase
membrane being insignificant'®. Thme, pm-AuNRs (~50 nm in longitudinal length)
would preferentially bind to the Lo domains. Herein, | show that pm-AuNRs not
only absorb Chol of Lo/Ld-GUVs in a Lo domain binding-dependent manner to
induce Lo-to-So phase transition but also mediate the reverse phase transition
on So/Ld-GUVs upon near-infrared illumination when pre-loaded with Chol (Fig.
1A).
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3-2. Results

At first, | confirmed that pm-AuNRs bound to Lo-phase GUVs much more
efficiently than Ld-phase GUVs, which was in accordance with the rule as
described above (Fig. 2). 17 Almost all Lo phase GUVs were covered by pm-AuNR
but almost No Ld phase GUVs interact with pm-AuNRs. This result was
consistent with the results of soft matter physics that small nanoparticle
preference to attach on Lo phase domain and large nanoparticles accumulated
on Ld phase domain. Next, | investigated the effect of pm-AuNR on the
membrane phase of Lo/Ld GUVs. The type of the phase is generally identified on
the basis of the domain shape, which is circular for Lo domains and non-circular
for So domains (Fig.3A).'® 1°  When pm-AuNRs are added to Lo/Ld-GUVs
(DOPC:DPPC:Chol=2:2:1), their circular Lo phase domains (Fig. 3B) are
immediately diminished and instead non-circular (string-shaped) domains
emerged on the surface of GUVs (Fig.3C). The phase transition rale is very high.
| show the typical fluorescent images of whole observation are in Fig.3. pm-

AuNRs attached almost all Lo domain in one-time simple mixing and induced

Ld phase pm-AuNR Merged

Lo GUV

o !!!

Figure 2. Lo phase selective adhesion of NBD-PE labeled pm-AuNRs adhesion. Lo GUV
contained DPPC and cholesterol in 2:1 molar ratio and Ld phase GUVs contained DOPE with
1% Rhodamine-DPPE, a kind of florescent lipid which is located on Ld phase selectively.
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Figure 3. Phase transition in GUVs induced by pm-AuNRs. (A) Schematic
image of the phase transition in GUVs. (B) Fluorescence image of typical
Lo/Ld GUVs, of which the Ld domains were labeled with Rho-DPPE. Scale

bar = 10 um. (C) Fluorescence image of dispersed model lipid raft and self-

assembled pm-AuNR on noncircular shape So phase region. Ld-phased were
labeled with Rho-DPPE (left) and pm-AuNRs were labeled with NBD-DPPE
(middle). Scale bar = 20 um. At least 30 independent pictures of GUV were

utilized for each condition.

phase transition. The amount of the new domains depended on the concentration
of pm-AuNRs added, and the addition of neither the buffer alone (no pm-AuNRs)
nor the cationic HDL mutant alone (no AuNRs) induced a similar phase transition
(Fig.5A, 6). This data indicated that the probable contamination in the pm-AuNR
dispersant did not cause this phase transition. The new domains are stable at
40°C that was over the phase transition temperature for the DPPC Lo phase (Fig
7A). To monitor the temperature of the small amount of reaction dispersant
preciously, | made direct observation system of temperature by using a fiber
thermometer and heater (Fig. 7B). At this time, pm-AuNRs existed on the new
domains. These results suggest that the newly emerged domains are
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characteristic of So phase and that the adhesion of pm-AuNRs to the Lo domains
of Lo/Ld-GUVs induced this Lo-to-So phase transition. Moreover, considering the
higher transition temperature than So phase, pm-AuNR adhesion itself would be
stabilized the domains.

Figure 4. Entire image of GUVs after addition of pm-AuNRs. Ld phase regions were

labeled with Rhodamine-PE (dark brown). and pm-AuNRs were labeled with

NBD-PE (green). Scale bar = 20pm

Next, localization of a fluorescently labeled monosialodihexosylganglioside
(ATTO-GMB) (Fig. 8A), which is a fluorescent ganglioside localizing in lipid rafts
in live mammalian cells?® and in Lo phase domains in GUVs?!, was examined
upon the treatment of ATTO-GMS3-bearing Lo/Ld GUVs (Fig. 8B) with pm-
AuNRs. The red fluorescence signal pattern changed from circle to string and
was colocalized with the green fluorescence signal from pm-AuNRs (Fig. 5B
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8B, 8C), both of which were consistence with the observation in Fig. 3C. This

result suggests that pm-AuNRs can not only transform the membrane phase

but also control the location of GM3 in GUVs.
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Figure 5. pm-AuNRs concentration dependency of phase transition. Judged by
localization of Rhodamine-DPPE (A) or ATTO-GM3 (B). 1 of relative concentration
value was equal to ca. I mg/mL. On the right of the graph A means GUV contents
mixed with not pm-AuNRs but PBS buffer to eliminate the effects of contaminated
salt in pm-AuNRs dispersion on phase transition. All content of GUVs was

calculated from at least 30 independent GUV images
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Figure 6. Cationic HDL dependency of Lo-to-So phase transition (A). HDLs were
diluted in 200 mM sucrose solutions previously. All ratio of phase separation of
GUVs was calculated at least 30 independent GUV images. (B) Representative
image of HDL attached Lo/Ld GUV. HDL concentration was 40 pg/mL Scale bar =
S pm
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Figure 7. Temperature dependency of phase transition caused by pm-AuNRs
adhesion(A). All ratio of phase separation of GUVs was calculated at least 30
independent GUV images. (B) Experimental apparatus for heating GUVs with pm-
AuNRs. Cover glass chamber was set on the objective lens of a microscopy after the
mixture of GUVs and pm-AuNRs were loaded.  Silver bottom heater was set on the
stage of the microscopy. Temperature were measured by yellow fiber thermometer.
This apparatus was covered with top heater (not shown) during experiments to keep
the temperature constant.
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Figure 8. Control of ganglioside localization in GUVs by pm-AuNRs. (A)
Chemical structure of a fluorescent ganglioside known to localize in lipid rafts and
Lo membranes (ATTO-GM3). (B) Representative image of Lo/Ld GUVs containing
ATTO-GM3 (red). (C) ATTO-GM3 labeled Lo/Ld GUVs after the addition of pm-
AuNRs (green). Scale bar =5 pm
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To gain insight into the mechanism of this Lo-to-So phase transition, | sought to
conduct a real-time imaging analysis of this process. Micro chambers, in which
the gradual mixing of pm-AuNRs and GUVs were allowed, are developed by
sandwiching a 100 ym-thick silicon sheet with a single 6 mm hole with two slide
glasses. To achieve such gradual mixing, the two droplets of each of them Are
put apart within the hole of the silicon sheet on one slide glass and allowed to be
mixed by putting another slide glass on it. Then, the boundary at which the two
droplets are mixing was analyzed by fluorescence microscopy (Fig. 9A). In GUV
rich region, GUV kept Lo/Ld phase separation. On the boundary, however, pm-
AuNRs accumulated on Lo domain selectively. When observed the pm-AuNR rich
areas, the boundary of two phase started to destabilized and started to transform
to noncircular domain (Figure 9B.C). The time lapse images were took for a GUV
on the boundary of the two dispersant (Fig.9D) The image of a single GUV near
the boundary suggested that pm-AuNRs predominantly attached on the Lo phase
region, which triggered the mixing of the two phase membranes, indicated by the
formation of yellow area at 0’, 1’3", and 1’41”, and finally lead the formation of
non-circular domains at 5°, which are characteristic of So phase. During this Lo-
to-So phase transition, small microdomains with the green fluorescence
appeared. These micro-domains appeared to gather each other to form larger
non-circular domains.

| also performed to the high-resolution imaging of the process of domain
metamorphose by using fluorescent microscopy (Fig. 10). It should be noted that
this data is a preliminary one and further investigation is required, but | observed
the microdomains were emitted from one phase region to another and form
noncircular shape domains through the gathering and/or intrusion of domains
from one to another. At 4’, 35” the boundary of Lo and Ld domain were stable but
slight intrusion of Lo domain with pm-AuNR were observed. Ld domain also
started to intrude to Lo phase region at 4’, 57”. Small Ld domain were already
emitted to Lo phase region. The protruded part of Ld domain were left form the
parent domain, formed stripe-shaped pattern, and broken into small

microdomains. The domain boundary became non-circular at 13’, 9”.
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Figure 9. (A): Schematic image of observation of the boundary of pm-AuNRs and GUVs
dispersants. A droplet of GUVs dispersants and of pm-AuNRs dispersants were loaded
on a cover glass chamber as shown in left. A boundary was formed on the cover glass
chamber as shown in right. (B) Fluorescence image near the contact area between pm-
AuNRs dispersion and Lo/Ld GUVs dispersion. Wight line means the boundary between
pm-AuNRs rich area and Lo/Ld GUVs rich area. (B) Extended GUV images on
Figure (C). Scale Bar= 10 um (D) Time-lapse fluorescent images during the Lo-to-So
phase transition in GUVs. Just starting observation (0 min), the green fluorescence of pm-
AuNRs was already shown from the Lo domains specifically. Then, the boundary of the
Lo and Ld phase came to be unstable and the area of Lo domains decreased, while instead
small microdomains increased with time, which finally assemble to form string-shaped

domains. Scale bar, 5 um.
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Figure 10. Lo-region-focused high-resolution time-lapse fluorescent images of Lo-to-
So phase transition process. Small microdomains were emitted on Lo phase region
according to destabilization of the boundary structure of two phase domains. Ld phase
domain protrude into Lo phase and diffused as microdomains. Scale bar, 5 pm.

Two mechanisms have been proposed for the nanoparticle binding-induced
phase transition of lipid bilayers at a constant temperature. One is
arearrangement of multiple lipid molecules by single nanoparticles through
electrostatic interaction, resulting in fluid-to-gel transition in 200 nm liposomes. 22
23 Although such electrostatic interaction would be involved in my phase transition
becamee pm-AuNRs had the cationic surface, the occurrence of such
electrostatic interaction-induced local rearrangement is intrinsically limited to
nanometer-scale areas, and its contribution would be only for the initial binding
of pm-AuNRs to Lo/Ld-GUVs.

Another possible mechanism is an alternation of the lipid composition in lipid
bilayers derived from HDL, which was involved on the pm-AuNR surface, was
capable of withdrawing Chol from Lo/Ld-GUVs.?* Reduction of the Chol content
in the GUVs leads to the disappearance of Lo domains on the basis of the phase
diagram of the GUVs. In this previous study, however, no new phase domain was
not detected, while the Lo do-mains disappeared. | also confirmed with my HDL
mutant chosen for the surface modification that the mutant alone did not induce
the phase transition (Fig. 6). In contrast, upon the treatment of my Lo/Ld-GUVs
with 10 mM methyl-B-cyclodextrin (MBCD) 2%, almost all Lo membranes vanished,
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while many non-Ld small domains appeared and the formation of non-circular
membranes was rare (Fig. 11). On the basis of these consideration and my
observation of the localization of the fluorescence of pm-AuNRs on the non-
circular membranes (Fig. 3C,4), | hypothesize that the HDL mutant components
of pm-AuNRs can adsorb Chol from the Lo/Ld-GUVs in an en-hanced manner
compared with the mutant alone to induce the Lo-to-So phase transition and that

the self-assembly of pm-AuNRs on the membrane affects the shape of the So
domains.
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Figure 11. Effects of MBCD for phase transition for Lo-to-So phase transition GUVs
were treated with above-mentioned final concentration of MBCD. (A) Ratio of GUV
domain pattern. Observations were performed 0 (middle) or 3(left) h after MBCD
treatement. All content of GUVs was calculated from at least 30 independent GUV

images (B) Representative image of each domain pattern. Scale bar = 5 um

To verify the former hypothesis, | sought to induce the reverse phase transition
from So to Lo by by using Chol-loaded pm-AuNRs (pm-AuNRs-Chol, Fig. S9) and
So/Ld phase-mixed GUVs (So/Ld-GUVs). Just mixing them at r.t. did not affect
the phase significantly, but upon heating at 50°C for 10 min, followed by cooling
to room temperature circular domains appeared (Fig.12), clearly validating my
former hypothesis. The circular shape domains often moved on the GUVs. This
is a well-known characteristic of relatively small Lo domains Lo/Ld phase
separated GUVs so that | convinced that the phase of the circulat domain is Lo.
Heat-induced Lo membrane formation motivated me to examine whether its

optical control is possible because AuNRs are capable of photothermal heat
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Figure 12. (A) Typical images of So/Ld GUVs. So/Ld GUVs without any
nanoparticle addition (left), after heating with pm-AuNRs (right, upper) or with pm-
AuNR-chols (right, lower). (B) Ratio of GUVs phase separation pattern after heating
with pm-AuNR (light) or pm-AuNR-chols (left).
generation. | constructed the NIR laser experimental system shown in Fig.13. The
NIR laser was introduced from light source as blue arrows indicates and sample
were irradiated by NIR laser (Fig.13A). To prevent samples from rapid heat
diffusion through the contact between samples and metal desk which has high

heat conductivity, the samples were set on air by using a single well plates (Fig.13
B.C).
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Figure 13. (A) Experimental apparatus for NIR laser irradiation for the mixture of pm-
AuNR-chols and So/Ld GUVs. Optical path of NIR laser were shown in red arrows.
(B) Enlarged view of blue rectangle in (A). Cover glass chambers were set on Iwaki
one-well dish. (C) Schematic image of a side view of figure (B).
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Ld phase pm-AuNR Merge

Figurel4. Representative image of pm-AuNR-chols on So/Ld GUVs without any

heat stimulation. Scale bar, 5 um.

When the mixture of pm-AuNR-chols and So/Ld-GUVs at room temperature, the
fluorescence of the AuNRs was detected from the So domains (Fig. 14). This
data is accordance with the results in Fig.12 and it indicated that pm-AuNR retain
cholesterol near acceptor lipid bilayer. This would be caused by the high ability of
original HDL membrane. Upon illumination at 852 nm for 5 min, small circular
Lo membranes are observed after cooling to r.t. (Fig.15A, upper). This formation
depended on the presence of Chol (Fig. 5A, lolr) and the illumination (Fig. 15B,
0 mW). The content of Lo/Ld-GUVs was increased by increasing the laser power
intensity (Fig. 15B). Meanwhile, it was reported that high power laser irradiation
on GUV cause the formation of pseudo domains via photochemical cross-linking
between unsaturated lipids and fluorescent probes?. Fig. 15C excluded this
possibility became no circular-shaped domain formation was induced by the laser
irradiation in the absence of Chol. These results clearly demonstrated the So-to-
Lo phase transition was due to photoinduced Chol transfer from pm-AuNRs-Chol
to GUV membranes. This result also supports the above-mentioned Chol

absorption hypothesis for the Lo-to-So phase transition.
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Figure 15. (A) Typical Image of 700 mW laser-irradiated So/Ld GUVs. Upper GUV
was treated with pm-AuNR-chols containing ca. 3.2 mg/mL cholesterol (Chol).
Lower GUV was treated with pm-AuNR-chols without cholesterol. (B) Laser
power dependency of Lo/Ld GUVs emergence when So/Ld GUVs were treated with
pm-AuNR-chols without cholesterol. (C) Laser power dependency of Lo/Ld GUVs

emergence with So/Ld GUVs treated with pm-AuNR-chols containing ca. 3.2
mg/mL.
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3-3. discussion

There were two common reagents for manipulation of cholesterol. One is filipin,
a kind of polyene antibiotics. Filipin was widely utilized as a probe of cholesterol
localization in fixed cells but it is difficult to apply it on living cell because it
causes membrane disruption and leads cell death. Another is MBCD 2728,
MBCD was well-known donor-accepter of cholesterol to study lipid raft related
processes in living cells. Cholesterol poor MBCD extract cholesterol from cell
membrane and cholesterol enriched MBCD-cholesterol complex donate
cholesterol on the membrane. As long as we know, however, there were no
MBCD-based materials designs enabling recognition of Lo or So domains.
Recent GUVs studies suggested MBCD removed cholesterol rather Ld phase
region 2°. Moreover, NIR laser triggered cholesterol enrichment on lipid bilayers
have not achieved. The spongy of cholesterol-like character of pm-AuNRs
distinguish this material from mere donor-accepter of cholesterol such as
MBCD. They removed cholesterol after attachment on lipid bilayer and
cholesterol enriched pm-AuNR was able to stop cholesterol penetration into
lipid bilayers without stimulation. This character is completely different from
MBCD and cholesterol enriched MBCD, which were widely used as a passive
transporter of cholesterol from and to lipid bilayers.

| also evaluated the effect of Chol-loaded MBCD (MBCD-Chol) in my
experiment system because the insertion and withdrawal of Chol to the plasma
mem-brane are known to be possible with methyl-B-cyclodextrin (MBCD). 28-30
MBCD-Chol was utilized to transfer Chol to So/Ld-mixed GUVs for the first time.
Under my experimental condition, such a transition was confirmed with So/Ld-
GUVs. The number of So domains could also be controlled by changing the
amount of MBCD-Chol (Fig. 16). With my pm-AuNR-Chol, on the other hand,
the initiation, as lll as the degree of the transition, was controllable by laser
illumination. Although the reason why the spontaneous Chol transfer from the
AuNRs to GUVs does not occur like the reverse case as shown in Fig. 2C is
unclear at present, pm-AuNRs-Chols are unprecedented optical tools to

spatiotemporally control membrane phases via photothermal Chol transfer to
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membranes.
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Figure 16. Saturated mBCD-chol induced So-to-Lo phase transition. Saturated
mBCD-chol solution included ca.1.3 mM cholesterol. All content of GUV's was
calculated from at least 30 independent GUV images.

There are a few reports showing induction of the membrane phase transition in
GUVs by NIR laser 31-33. Their transitions are sol-to-gel and limited in a very small
area3! 32 and their mechanism was through photothermal heating of water3? or
immobilization of single GUVs with optical tlezers.?'-33 Compared with these
methods, my pm-AuNRs based system can control much larger area and much
larger number of GUVs at the same time. Taken together with the fact that the
plasma membrane is the most fragile organelle in living cells, pm-AuNRs-Chol
are potentially safer and more practical tools for cell biology studies.

pm-AuNRs utilized in this study are capable of the photo-thermal activation of
TRPV1 without a significant membrane disruption, which was impossible with
other AuNRs with the cationic surface.’”® It has been reported that Chol
depletion by MBCD did not alter the thermo-sensitivity of TRPV1, while the
temperature threshold of the activation was increased upon Chol enrichment34.
Meanwhile, mammalian cells rigidify the plasma membrane by increasing the
amount of saturated lipids and/or Chol when exposed to heat. Based on these

considerations, how are my results obtained with GUVs interpreted in terms of
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the safe TRPV1 activation in living mammalian cells? If a similar Lo-to-So phase
transition occurs in TRPV1-expressing mammalian cells upon the treatment of
pm-AuNRs, the thermo-sensitivity of TRPV1 may, at least, not be increased and
the plasma membrane may become more fragile, both of which apparently
contradict to previous reports. These observations are suspected to be due to the
limitation of the model system using GUVs or suggest the existence of unknown

mechanisms for the So-phase membranes in the plasma membrane.
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3-4. Conclusion

In summary, pm-AuNRs bound to the Lo phase membranes selectively in Lo/Ld
GUVs, which spontaneously caused a Lo-to-So phase transition. With hand-
made microchamber system and fluorescently labeled pm-AuNRs and GUVs, the
membrane phase transition process was successfully visualized for the first time.
During the transition, microdomains Are emitted from the blebbing edge of the
circular Lo domains and then assembled as string-shaped So domains, from
which the pm-AuNRs fluorescence signal was detected. The fluorescence signal
of a ganglioside (GMS3) localizing in lipid rafts and Lo membranes was also
detected from the So domains after pm-AuNRs treatment. The reverse transition
in So/Ld-GUVs was possible by utilization of Cholesterol-enriched pm-AuNRs,
and interestingly, its initiation was strictly controlled by NIR laser illumination. This
is the first example of the Lo-to-So and So-to-Lo phase transitions in GUVs with
nanomaterials, and its success is most likely derived from the bioactive AuNR
surface created by an HDL mutant. This study marks the beginning of the
spatiotemporal control of lipid raft formation/collapse with nanomaterials bearing
bioactive surface designed in view of biological chemistry, photo-chemistry, and
cell biology.
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3-5. Experimental section

General Information

General reagents Are purchased from Nakalai Tesque (Kyoto, Japan). Gold(lll)
chloride and sodium borohydride (NaBH4) Are obtained from Sigma-Aldrich
(Saint Louis, MO, MEA). Silver nitrate, L-(+)-ascorbic acid, and sodium oleate Are
purchased from Wako (Osaka, Japan). 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoCholine (POPC) was obtained from NOF (Tokyo, Japan). 1,2-Dioleoyl-
3-trimethylammonium-propane (DOTAP), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE), and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine  rhodamine B
sulfonyl) (Rhodamine-PE) Are purchased from Avanti Polar Lipids, Inc (Alabaster,
AL, MEA). Methyl-beta-cyclodextrin (MBCD) and Cholesterol (Chol) Are obtained
from Sigma-Aldrich (Saint Louis, MO, MEA). ITO glasses Are purchased from
Sigma, and the fluorescent ganglioside probe (ATTO-GM3) was obtained from
Prof. Hiromune Ando 2. Visible/near-infrared (Vis/NIR) spectra are measured by
using the V-630 spectrometer (JASCO Cooperation, Tokyo, Japan). Giant
unilamellar vesicles (GUV) images Are obtained by using Zeiss LSM 800 confocal
fluorescent microscope or Nikon Ti eclipse fluorescent microscope. The
concentration of the cationic high-density lipoprotein mutant (catHDL) on a
protein basis was measured with a DC Protein Assay kit (Bio-Rad, CA, MEA).
The hydrodynamic diameter of catHDL was measured utilizing Nanotrack UPA-
UT151 apparatus (MicrotracBEL, Osaka, Japan).

catHDL preparation

The preparation of catHDL was described previously 3 7. Briefly, POPC and
DOTAP Are mixed in ethanol in a round-table flask at a molar ratio of 7:3. A 6
mol% solution of NBD-PE in ethanol was added if necessary. The reaction
mixture was concentrated and dried under reduced pressure to remove all
solvents. The lipid film formed at the bottom of the flask was dispersed by using
30 mg/mL sodium Cholate solution in phosphate-buffered saline (PBS, pH 7.4).
Following incubation at 37 °C for at least 2 h, are recombinant apoA-I mutant with
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a deleted N terminal 43 amino acid, and a cell-penetrating TAT peptide fused at
the C terminal Are mixed at a protein-to-lipid molar ratio of 100 in PBS containing
4 M urea. The reaction mixture was incubated at room temperature (r.t.) overnight.
The mixture containing catHDL was dialyzed against 3 L PBS for at least 4 h,
changing the dialysate three times to remove urea, sodium Cholate, and
unreacted proteins. Subsequently, the sample was centrifuged to remove debris.
The hydrodynamic diameter of catHDL was determined at approximately 37 nm
by using Nanotrack UPA-UT151 apparatus.

Synthesis of CTAB-coated AuNRs

AuNRs Are synthesized utilizing the seedless method 3. Typically, 1200 pL of a
4 mM aqueous solution of AgNOS, 400 pL of 50 mM aqueous solution of HAuCl4,
and 258 pL of 100 mM solution of aqueous L-ascorbic acid Are added to 40 mL
of 0.1 M aqueous solution of hexadecyltrimethylammonium bromide (CTAB).
After the color of the reaction mixture turned from yellow to colorless, 48 uL of
35% HCI and 30 pL of a freshly prepared ice-cold aqueous solution of NaBH4
Are added while stirring. AuNRs formed in the mixture Are pelleted by centrifuging
at 20,000 x g for 40 min at 25 °C, followed by incubation at 30 “C overnight. Finally,
the AuNRs Are re-dispersed in 0.1 M CTAB at ca. 1 mg/mL.

Preparation of pm-AuNR

pm-AuNRs Are synthesized according to my previous report '3 7. Briefly, 1 mL of
CTAB-coated AuNR (ca. 1 mg/mL) was centrifuged at 20,000 x g for 20 min at
25 °C followed by removal of 900 pL of supernatants. The sample was re-
dispersed with the resting 100 L supernatants, diluted with 900 pL of deionized
water, then centrifuged at 20,000 x g for 20 min at 25 °C. Subsequently, 750 yL
of the supernatant was removed and 250 L of 16 mg/mL sodium oleate solution
was added to the samples. This mixture was heated for 1 h at 50 °C and the
products (oleate-coated AuNRs) Are purified by using the Nap5 gel column (GE
Healthcare). Oleate-coated AuNRs Are mixed with catHDL in a 1:0.4 molar ratio
and then heated for 1 h at 50 “C in a 1.5 mL microtube. The products (pm-AuNRs)
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Are centrifuged at 20,000 x g for 20 min at 25 °C and all supernatants Are
carefully removed. pm-AuNRs are suspended in a 200 mM sucrose solution at
ca. 1 mg/mL.

Preparation of GUVs

GUVs Are prepared by using the electro-formation method 6. 40 mM of DPPC,
DOPC, and Cholesterol in chloroform Are mixed in a Durham tube. 1 mg/mL
solution of Rhodamine-PE or ATTO594-GM3 in ethanol was added if necessary.
A portion of the mixture (5.7 mmol lipids) was dropped and spread on an ITO
glass (8—12 Q/sq, Sigma-Aldrich, MO). The ratios of lipids and Cholesterol for Lo,
Ld, Lo/Ld, and So/Ld GUVs Are DPPC:DOPC:Chol = 2:0:1, 0:1:0, 2:2:1 or 1:1:0,
respectively. After heating for 5 min at 50 °C, the lipid film was further spread by
adding a single drop of hot chloroform, then drying in vacuo for =2 h. The sample
glass was covered with another ITO glass by using a silicon sheet (ca. 1 mm
thickness) with a 1.5 cm square-shaped hole to create a small chamber on the
lipid film. 0.3x102 pL of 200 mM sucrose solution was added into the chamber
and a home-made electric circuit was made of thin foil, the chamber, and an
arbitrary function generator AFG-2005 (GW Instek). For So/Ld GUVs, the
procedure was slightly modified. The lipid film for So/Ld GUVs was heated at 70
°C for 5 min instead of 50 ‘C, and the 200 mM sucrose solution and other
apparatus. Are heated at 70 °C prior to electrification. Electric power (10 Hz, 1.4
vpp, 0.35 mV) was applied to the chamber with the arbitrary function generators
at 50 °C in an ICI-1 incubator (AS One) overnight. After cooling the chamber to
room temperature, the dispersion of GUVs was recollected from the chamber with

a disposable syringe and stored in 1.5 mL tubes at room temperature.

Observation of GUVs

A chamber for GUV observation was prepared by sandwiching a single 0.1 mm
thick silicon sheet with a ca. 6 mm hole between two 0.13-0.17 mm thick cover
glasses (24 mm x 50 mm and 18 mm x 18 mm, respectively). Typically, after
mixing 5 pL of the GUV dispersion and 5 pL of the pm-AuNRs dispersion in a
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microtube, 3.5 pL of the mixture was dropped within the hole on one cover glass.
After the hole was covered with another cover glass to close the chamber, the

phase separation pattern of GUVs was observed under a microscope.

Observation of the temperature dependency of the phase separation.

After the mixtures of GUVs and pm-AuNRs Are loaded into it, the above-
mentioned chamber was set in an INUBG2-ONICS stage-top incubator (TOKAI
HIT) equipped with an ECLIPSE Ti microscope. The temperature was controlled
with the bottom and top heaters of the incubator. The sample temperature was
monitored by attaching the tip of an optical microfiber thermometer onto the slide

glass near the area of observation.

Observation of the phase transition process

2 pL of pm-AuNRs and 2 pL of Lo/Ld GUVs (DPPC:DOPC:Chol = 2:2:1) Are
dropped within the above-mentioned hole on one cover glass. Placing another
cover glass on top allold mixing the two substances. The area near the boundary

was then observed by using an LSM 800 microscope.

Cholesterol depletion by using MBCD
MBCD was dissolved in a 200 mM sucrose solution at 20 mM and stored at 4 °C.
The MBCD solution was warmed at r.t. and mixed with the GUV dispersant.

Microscopic observation was performed at r.t.

Preparation of pm-AuNR-Chols

pm-AuNRs dispersion was mixed with 1/10 volume of 32 mg/mL Chol in 2-
propanol and centrifuged at 20,000 x g for 20 min at 25 °C. All supernatants Are
removed carefully and the pellet was re-dispersed in a 200 mM sucrose solution
at ca. 1 mg/mL.

Observation of the heating-induced So-to-Lo phase transition
pm-AuNR-Chols and So/Ld GUVs (DPPC:DOPC:Chol = 1:1:0), in which the Ld
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phase was labeled with 0.1 mol % Rhodamine-DPPE, Are mixed in a 1:1 volume
ratio and heated at 50 °C for 10 min in a microtube. The mixture was placed into
the chamber and the domain patterns of GUVs Are observed by using the
ECLIPSE Ti microscope.

Observation of the NIR laser-induced So-to-Lo phase transition

The chamber containing the above-mentioned mixture was set on a glass-bottom
dish (IWAKI) and illuminated at 852 nm with a Chameleon femtosecond-pulsed
laser (Coherent). Then, the chamber was cooled to r.t. for at least 10 min prior to

the analysis.

Observation of the phase transition induced by saturated Chol-loaded
MBCD (MBCD-Chol)

MBCD-Chol preparation was described previously?®. MBCD and Chol Are
dissolved in 200 mM sucrose solution at 5 mM and in a 1:1 chloroform:2-propanol
solution at 64.7 mM, respectively. 1 mL of the MBCD solution and 19.3 uL of the
Chol solution Are mixed, then rotated at 37 °C overnight to obtain a clear solution.
The mixture was then filtrated with a 0.45 ym pore size filter (Millipore) and mixed

with GUVs in a 1:1 volume ratio.
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Chapter 4 Membrane Fusogenic High-density Lipoprotein Nanoparticles

4-1. Introduction

In previous chapters, | focused on the manipulation of domain structure on lipid
bilayer with biocompatible nanomaterial. | developed a methodology to estimate
nanomaterial-lipid interaction based on newly revealed salting-in and sugar
assisted salting-in like effects of biocompatible nanomaterials. And | estimated
nanomaterial-membrane domain interaction without any disturbance of cationic
and anionic ions to build an orientation for development of model lipid raft and
other phase-separation structure on lipid bilayer on both of model and cell
membrane.

In this chapter, | Introduced another way of membrane manipulation method,
direct supply of lipids based on membrane fusion approach. Lipid supply from
fusogenic lipid/protein nanocarrier (HDL) was observed and characterized toward
both of model membrane and living cell membrane. This fusogentic HDL
achieved a kind of environmental selective lipid supply. At mildly acidic
pH,endosomal or tumor-like condition, well-optimized fusogenic HDL mutant
exhibited the fusogenic activity higher than known fusogenic liposomes. |
proposed the fusogenic HDL-based direct manipulation of lipid composition
would also be a novel tool for control property of structure on lipid bilayers.

Lipid bilayer membrane fusion, including that in fertilization', development?, viral
infection® 4, and membrane trafficking between intra-cellular organellars®, is a
fundamental and universal process in biology. Membrane fusion requires
sophisticated fusion machinery and is often executed by membrane-binding
proteins via zippering process that generate intertangle contact of molecules
between the two membranes and arrange hydrophobic atmosphere within the
contact area to be fused®. For example, viruses utilize their envelope proteins on
the surface such as neuraminidase and hemagglutinin to complete infection
process into cytosol under moderate acidic pH in the endosomes of the host cell
to introduce their nucleic acid into its cytosol. As | discussed in previous chapters,
control of lipid composition of cell membrane would be a key intermediate
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millstone to achieve the manipulation of two-dimensional  structure on cell
membrane. In the pharmaceutical field, artificial membrane fusion is also
regarded as a novel and reasonable tactics to potentiate the efficacy of
nanocarrier-mediated drug delivery systems. Herein, | sought to apply a human-
derived lipoprotein into a virus-like drug nanocarrier via design of membrane-
fusogenic surface by genetic and chemical engineering. The smart membrane
fusion system not only modified membrane condition but a novel drug delivery
carrier in the future.

HDL is a complex of lipid and protein, which have approximately 10nm in
diameter, and a cholesterol (Chol) carrier on reverse cholesterol transport
process from peripheral tissues to the liver and steroidogenic tissues in human
body. In its nascent form, HDL has a discoidal lipid bilayer circumscribed by
lipoproteins and may be artificially reconstituted in vitro with recombinant
apolipoprotein A-1 (apoA-1) and phospholipid-cholate micelles’. Due to its intrinsic
biocompatibility, small size, development of in vitro preparation method, and
capability to incorporate hydrophobic drugs, HDL has been considered as a
amazing drug carrier &'4. HDL mutants have a kind of flexibility on design. The
horizonal surface of the discoidal structure show different characters as the “head
and tail “of lipid molecules and the vertical surfaces, covered with apoA-I could
be modified by genetically fused peptide at the terminal of apoA-lI mutant. For
example, fused-cell penetrating peptide (CPP) at the C-terminal of N-terminal 43
residue-deleted apoA-l enhance the intracellular delivery of drugs on HDL. This
mutant, termed as cpHDL, was prepared with Apo-A1 mutant bearing TAT peptide,
which sequences is derived from HIV (Human Immunodeficiency Virus) Tat
(Trans-activator of transcription) protein and POPC (1-Palmitoyl-2-
oleoylphosphatidylcholine), a kind of phospholipid.® 6  Electron microscopy
(EM) measurement informed that cpHDL really exhibits a discoidal structure like
the wild-type HDL and was attached to the plasma membrane in a face-to-face
manner 7. Inspired by these results, | tried to invent a fusogenic HDL nanoparticle
in the viewpoint of modification of the Nano-bio interface of HDL and target bilayer
by the detail insights about the effects of HDL variants surfaces
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4-2. Results

| chose DOPC (phospholipids with dioleoyl groups 1,2-dioleoyl-sn-glycero-3-
phosphocholine) and DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine)'®as the staring lipid components of fusogenic cpHDL
derivatives, owing to their abilities to form relatively fluidic membranes and the
amino grope of DOPE. The phase transition temperature (Tm) of DOPC and
DOPE, which are 18:1(A9-Cis) lipids, is -22°C and -16°C, respectively so lipid
bilayer of these lipids are fluidic phase in our handing condition. Contradictory,
16:0-18:1 pair of phospholipids, POPC and POPE shows white aggregation and
condensation of lipid and protein conjugation due to their high phase transition
temperature, -3°C and 25°C respectably. | also realized the lipid film preparation
process perturb the yield and stability of HDLs derived from 16:0-18:1 pair of
phospholipids and it was slightly difficult to handle. The rotation speed of
evaporator looks critical to good film but it is troublesome and the best sample is
not stable because it transition temperature is over storage temperature so the
sample tend to gel and sometimes irreversible even though lipoprotein required

low storage temperature. | decided to use 18:1(A9-Cis) pair phospholipids

oL Lipid pH 7.4 pH 5.5
derivatives Diameter C-potential Diameter C-potential
DOPC | DOPE | CHEMS | Chol (nm)2 (mV)P (nm)2 (mV)

1/TAT 100 - - - 9.1 +£0.3 -13.0 £ 2.7 10.1 £ 0.2 -03x03
2/TAT 50 50 - - 9.5+ 0.2 -171%+0.5 9.1+ 0.9 -04*05
3/TAT 375 50 12.5 - 11.0 = 0.1 -20.6 =6.1 10.6 =04 -04x03
4/TAT 25 50 25 - 11.1 = 0.1 -313*+16 10.5 = 1.0 -02=x05
5/TAT 75 - 25 - 9.6 = 0.1 -227 *43 9.7 0.2 -16*=03
6/TAT 25 50 20 5 8.3 +0.3 -222=*+08 8.8 0.5 -05*x04
7ITAT 25 50 12.5 12.5 11.0 = 0.8 -18.1 %25 9.7 = 0.9 -06=*=04
8/TAT 25 50 - 25 9.0 =0.9 -14.0 = 0.3 9.7 0.9 -02=%=03
1/mock 100 - - - 9.0 +1.2 -126*14 8.2+ 0.6 -0.1=*03
4/mock 8.9 = 0.1 -355=*+14 95+ 0.5 -80x038
4/PN 25 50 25 - 9.7 + 0.1 -335+04 | 105+02| -04=+03
4/R8 121 =041 -221 %21 125 1.0 -19+04

Tablel. The summarized characteristics of prepared HDL derivatives. Lipid
composition in preparation, diameter by using DLS measurement, and (-

potential of HDL derivatives at different pH conditions are shown.
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instead of 16:0-18:1 pair in this section. The Amino group generally protonated
at weak acidic condition and make hydrogen bonding between the protonated
amino group and carboxy! or phospholipid group on lipid bilayer would be strong.
19,20 Cholesteryl hemisuccinate (CHMES) has been utilized to make surrounding
pH-responsible lipidic nanocarriers because of the involvement of its carbonyl
group?' 22, From these estimations, | tried investigating the interaction between

the lipid bilayer and cpHDL derived from DOPE, DOPE, and CHEMS.
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Figurel. Size-exclusion chromatography(SEC) of the prepared HDL derivatives of
1/TAT,2/TAT, 3/TAT, 4/TAT, and 5/TAT. Fractions between the elution volume of
60 and 70 mL (surrounded region by red-dotted line) were collected and
concentrated for the subsequent evaluation. Former peaks indicated a large cholate-

lipid micelles and later peaks indicated free Apo-Al proteins as shown in panels.

At first, the suitable molar ratio of DOPE for cpHDL synthesis was declined by
preparation in various ratios of DOPE in the cholate dialysis method (Table 1).
The cpHDL formation efficiency decreased in response to an increase in DOPE
molar ratio and was declined to zero at 80% mola ratio of DOPE (data not shown).
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These results are in accordance with those of a previous report, wherein DOPE
tend to prevent HDL formation?3. Therefore, DOPE molar ratio was fixed at 50%.
Next, cpHDL synthesized with 50% DOPE (2/TAT) was derivatized with addition
of CHEMS (12.5, 25, and 50 mol%) in ingredient lipids. (Fig. 1 and Table 1). At
50% CHEMS (0% DOPC and 50% DOPE) compositions, discoidal HDL
nanoparticle was not synthesized (data not shown). This data indicated that main
component of HDL lipids should be DOPC, as predicted above. The split main
peak would indicate that the ratio of supposable two shape of HDL, saddle shape
and discoidal- shape. 24 In this research, | chose to purify main products for
each batch. The diameters of the two cpHDL derivatives (ca. 10 nm) were like the
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Figure 2. Size distribution of the purified HDL derivatives of 1/TAT, 2/TAT, 3/TAT,
4/TAT, and 5/TAT. All HDLs were diluted with PBS and measured by dynamic light
scattering.
diameter of the original cpHDL without CHEMS (Fig. 2 and Table 1). The zeta
potential of 2/TAT (-17.1 £0.5mV) at pH7.4 dramatically declined along with an
increase in the CHEMS amount (Table 1). This negative shift was accordance
with results of a gel mobility shift assay by using native agarose gel
electrophoresis (Fig. 3A). The distance of gel electrophoreses well correlated with
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the surface charge of HDL derivatives and there was no decomposition of HDLs.
CBB stained protein and florescent labeled lipid band images were collocated
well in every samples. The decrease in the solution pH, on the other hand,
resulted in the immobile band in the gel shift assay and positive shift value toward
almost zero in the zeta potentials of cpHDL derivatives with CHEMS. The band
location and surface charge value were comparable to that of 2/TAT with no
CHEMS (Table 1, Fig. 3B). These data also clearly indicated that the HDL
derivatives contained CHEMS which has carboxyl group. They are deprotonated
under neutral pH condition and protonated under mild-acidic condition. These
results clearly demonstrate that the two 2/TAT derivatives (3/TAT and 4/TAT)
successfully incorporated CHEMS in an adding content dependent manner.
From the above patches of the surface design, | supposed that 4/TAT would be a
rich donor/acceptor of hydrogen bonding. To confirm our success of surface
design of HDL. | also checked the molar ratio of contents in cpHDL in 4/TAT by
LC/MS/MS analysis. To our knowledge, there are no actual observation of
consistence between HDL components and the preparation ratio of the mixed
lipid material in cholesterol dialyses method.?* The major characteristic ions for
DOPC, DOPE and CHEMS were their molecular ions [M+H] (positive ion mode)
or [M-H] (negative ion mode) at m/z of 786.4, 744.3 and 485.3, respectively, and
when subjected to collision-induced dissociation, they yield a fragment at m/z
184.0, 603.4 and 99.0, respectably (Fig.4). Fig.4 shows the LC-MS/MS
chromatograms of precursor and product ion at 786.4>184.0 for DOPC,
744.3>603.4 for DOPE or 485.3>99.0 for CHEMS of authentic standard (Fig .4D,
S, F) and the extract from 4/TAT (Fig. 4.G, H, ). The extract from 4/TAT showed
the same retention time as each authentic standard at 51.5, 43.7 and 24.3 min
for DOPC, DOPE and CHEMS. The concentration of these three compounds in
imL of methanol extraction were 6.0+0.8, 11.0+1.3, and 3.1+0.4 ug/mL,
respectively, which corresponded to the molar ratio of 1.2:2.3:1. This result clearly
shows that the composition of components in 4/TAT was almost same as that of
starting material of 4/TAT preparation based on the cholate dialysis method (1:2:1,
Table1).
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Figure 3. Native agarose gel (0.8% agarose) mobility shift assay for HDL
derivatives at pH 7.4 (A) or 5.5 (B). After peforming electrophoresis, Rho-DPPE

fluorescence from HDL lipids was detected and the agarose gel was subjected to

CBB staining to confirm the co-localization of lipid and protein moiety of HDL
derivatives. Rho-DPPE fluorescence was detected under UV (302 nm) excitation
by a Gel Doc XR imager (Bio-Rad).

The fusogenicity of these cpHDL derivatives was evaluated by a Forster
Resonance Energy Transfer (FRET)-based lipid-mixing assay (Fig.5). 2 In this
assay, cpHDL were mixed with 100 nm liposome in the same lipid basis
concentration (15 yM of both sample). cpHDL included NBD-PE and Rho-PE at
a molar ratio of 1% of the total lipid. Without lipid mixing, NBD-PE and Rho-PE
locate in the vicinity area within cpHDL (~100 nm?) so that FRET quench
observed fluorescence intensity from NBD-PE. According to the lipid mixing
between cpHDLs and liposomes, NBD-PE and Rho-PE diffused into large
liposome lipid bilayer (~30000 nm?) and green NBD-PE fluorescence turn to

emerge.
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Figure 4. Product ion spectra of pure DOPC (A), DOPE (B), and CHEMS (C) and
chromatograms of LC-MS/MS analysis of precursor product ion at 86.4 > 184.0 for DOPC
(D, G), 744> 603.4 for DOPE (E, H), and 485.3>99.0 for CHEMS (F, I) of authentic

standard (D, E, and F) or the lipid extraction from 4TAT (G, D, and I).

At neutral condition (pH =7.4), no cpHDL derivatives show significant lipid mixing
as far as our examination (Fig. 6A-6E, green line). At mildly acidic condition
(pH=5.5), however, a strong lipid mixing was induced for 4/TAT (Fig.6A, red line).
The fusogenicity of 4/TAT at pH 5.5 was significantly higher than that of well-
known two fusogenic liposomes, which are named as Fulip-1 or Fulip-2 in Fig. 6F
21,26 These results indicate that HDL containing TAT peptide at the terminals of
Apo-A1 mutants, which then been introduced as a DDS carrier, was successfully
endowed with acidic environment-dependent fusogenicity by incorporation of
CHEMS and DOPE. 26 27, This results also suggested the occurrence of lipid
supply from HDL to liposome in an environmental-selective manner. It should
be noted that the first decrease of Lipid mixing ration shown in Fig. 6A-D are

caused by solution condition changes such as temperature adjusting from room
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Figure 5. Schematic illustration of the lipid mixing assay based on Fluorescence
resonance energy transfer
temperature to 37°C and do not relate with lipid exchange.

The low pH-selective fusogenic ability of 4/TAT declined in response to a
decrease in the ratio of CHEMS (Fig. 6A-D), demonstrating that the protonation
of the carboxyl group of CHEMS at pH 5.5 was responsible for this effect. 2'-28
The replacement of all DOPE in 4/TAT with DOPC (5/TAT) did not show significant
lipid mixing (Fig. 6E). These data indicated that the co-existence of CHEMS and
DOPE in the lipid bilayer of cpHDL are fundamental for the remarkable acidic pH-
selective lipid-mixing. The role of DOPE is still in an enigma, but | estimate that

the protonation of an amino group of DOPE in acidic conditions may increase the
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Figure 6. Results of time-dependent lipid-mixing monitoring of 1/TAT (A), 2/TAT
(B), 3/TAT (C), 4/TAT (D), and 5/TAT (E) with 100 nm-sized DOPC/DOPS (9/1)
liposomes at 37 °C. Lipid-mixing activities of known fusogenic liposomes with
SOPC/DOPE (75/25) (FuLip-1) and DOPC/DOPE/CHEMS (25/50/25) (FuLip-2)
were evaluated for reference (n=3). All samples were prepared with 50 mM MES
buffer containing 150 mM NaCl (pH 5.5, red) or PBS buffer (pH 7.4, green) to adjust
concentration followed by mixing assay. Lipid-mixing values after the assay were
summarized as a function of lipid composition (F).
number of hydrogen bonding between 4/TAT and liposomes as | mentioned
above. Previous reports suggested that the carboxyl group of CHEMS was a well-
known membrane fusion inducer 28. To collect more information related to the role
of the carboxylate group in this lipid-mixing process, CHEMS in 4/TAT was
replaced with Chol at different molar ratios (5, 12.5 and 25 mol%) and the molar
ratio of DOPE and DOPC were kept as 25 mol% and 50 mol% to obtain 6/TAT,
7/TAT and 8/TAT, respectably (Fig. 7).
Lipid mixing ratio significantly decreased for 6/TAT and 7 TAT at mildly acidic
condition and showed almost no lipid mixing ability in 8/TAT. These data clearly
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Figure 7. Lipid-mixing ratio of 6/TAT, 7/TAT, and 8/TAT at both pH conditions. All
data represent the average of triplicates.
verified that the necessarily of CHEMS in this lipid mixing process. To gain more
insight in the role of CHEMS. The physical property of HDLs in both pH conditions
were evaluated because the characteristic of Nano-bio interface would be
generally affected on the free energy of adhesion. Moreover, the change of
physical behavior, such as the tendency of membrane fluidity sometimes leads
the membrane fusion and adhesion. | measured the two major physical
parameter of the lipid/protein Nanodiscs, hydrophobicity and fluidity.
Hydrophobicity means a tendency of invention of water molecules into the lipid
bilayer and was evaluated by using Laurdan, a sensitive fluorescent probe to
surrounding polarity. Fluidity was evaluated by using DPH (1,6-diphenyl-1,3,5-
hexatriene), a fluorescence anisotropy probe for molecular motion (See detail in
experimental section 8. and 7.). This pH-selective fusogenicity of 4/TAT at least
in part correlated with the protonation-derived hydrophobic membrane of the
HDLs at pH=5.5 (Fig. 8A), while the membrane fluidity is likely to have no
association with the high fusogenicity of 4/TAT (Fig. 8B). They mentioned that
this lipid mixing is not explained explicitly from these two properties of the lipid
membranes of HDLs. Other possible mechanism is related to protonation of the
histidine tag (His-tag) for Ni-column purifications of our apoA-lI mutants at the N
terminus (see experimental section 2. Cloning and expression of apoA-I mutants),
because the histidine imidazole ring has a pKa of ca. 6. | cannot completely
decline the possibility of contribution of its cationization in some way at pH5.5 to
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the low pH-dependent fusogenicity of 4/TAT but given that 2/TAT and 5/TAT
showed the much less activity at pH5.5, respectively, contribution of His-tag, all
cpHDL derivatives have, if any, would be small compared with other conditions.

| studied the mechanism of membrane fusion in detail by altering CPP moiety at
C-terminal of my Apo-A1 mutant. (Fig. 9A). TAT peptide in 4/TAT was removed
(4/mock) or replaced with penetratin (RQIKIWFQNRRMKWKK) (4/PN), Arg8
(4/R8), or Arg11 (4/R11). Unfortunately, 4/R11 was hardly yielded by our HDL
preparation method and stop to investigate further. However, other three
derivatives were successfully constructed, purified and exhibited similar
diameters to one of 4/TAT in DLS analysis and SEC profile (Fig. 9B, C). The
former three derivatives and 4/TAT was also characterized by using EM (electron
microscopy) analysis and the diameters were almost same in all samples (Fig.

9D). | confirmed that the three CPP derivatives could be utilized as a control to
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Figure 8. Estimated membrane polarity (A) and fluidity (B) of HDL derivatives.
General polarization (GP340) of HDL derivatives and liposomes was measured as an
indicator of membrane polarity by using 6-dodecanoyl-2 dimethylaminonaphthalene
(Laurdan) at both pH conditions (n = 3).Laurdan dictate membrane fluidity as the
water content in the membrane, as indicated by the low value of gel phase DOPC
liposomes and high value of sol phase  DPPC(1,2-dipalmitoyl-sn-glycero-3-
phosphocholine) liposome in the right of (A). Fluorescence polarization (1/P) of HDL
derivatives and liposomes was evaluated as an indicator of membrane fluidity at both
pH conditions (n = 3). The reciprocal of the steady-state fluorescence polarization
value (P) of 1,6-diphenyl-1,3,5-hexatriene (DPH) in lipid bilayers is an indicator of
the membrane fluidity.1/P indicates the rotation tendency of the rod-shaped DPH.
DOPC- and DPPC-liposomes work as control to verify our system in that they showed
relatively high and low values, respectively. All of HDL derivatives showed similar

values, irrespective of the solution pH.

investigates the works of CPP peptides on lipid mixing process without at least
explicit disturbance. Low pH selective fusogenicity was observed for 4/R8 and
4/PN, but 4/PN have lower fusogenicity than 4/TAT and 4/R8 (Fig. 10A,B)) and
4/mock did not show any fusogenicity (Fig. 10 C). These results indicate that the
presence of CPP is essential in the occurrence of membrane fusion and the effect
is depended by the number of Arg residues in CPP (Fig. 10D).
To gain more insight about the mechanism of the lipid mixing of 4/TAT, 4/R8, and
4/PN, the lipid mixing acceptors, liposome of liposomes of DOPC/DOPS(1,2-

dioleoyl-sn-glycero-3-phospho-I-serine) =90/10, were derivatized by changing
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the lipid compositions. | supposed that at least either of surface charge or acyl
chain length would be a factor related to lipid mixing so | choose to DOPC
liposome and POPC liposome as liposome derivatives. The surface charge of
liposome is lower than DOPC liposome. Lipid mixing by all three HDL variants
was inhibited to some extent with liposomes containing DOPC only compared
with DOPC: DOPS=90:10 liposome, but was completely suppressed in liposomes
containing POPC only (Fig. 10 E-H). Furthermore, DLS analysis after the lipid
mixing assay showed the existance of a micrometer-sized distribution in the
mixture of 4/TAT and DOPC/DOPS=90/10 liposomes, but not observed in
liposomes alone (Fig. 11). It should be noted that aggregation itself sometimes
increase the fluorescence intensity but the possibility was excluded by fusogenic-
living cell membrane fusion assay as you shall see below.

The data indicates that the CPP peptide of 4/TAT play a significant role of CPP-
membrane adhesion and induced the following lipid mixing. Since the previously
studied HDL mutant with TAT peptide (and POPC) was bound to the plasma
membrane of adherent cells in a face-to-face manner 7, such aggregation
induction would be explained by gathering two liposomes by a single 4/TAT via
their binding to the both sides of the 4/TAT membrane. These observations
indicate that both the electrostatic interaction and membrane fluidity of liposomes
are critical factors influencing the lipid mixing in three HDL derivatives.

It should be noted that the aggregation of nanomaterial itself sometimes
increase the fluorescence intensity, but | decline the possibility from the living cell
assay as you shall see. Accumulation of HDL on membrane itself did not cause
the increase of fluorescence but incubation in acidic pH induced the lipid mixing-

driven fluorescence change.
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Figure 9. Illustration of modified cp HDLs derivatives, 4/TAT,4/mock,4/R8,4/PN (A) and
characteristics of the cp HDL derivatives by using SEC chromatography (B), DLS
mesurement (C,) and electron microscopy (D). scale bar, 100 nm.
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To measure fusogenicity of HDL mutants and pH dependency of the fusogenicity,
octadecyl rhodamine B chloride (RhoB) was utilized in mammalian living cells
experiments?®. RhoB is a fluorescently label for the cpHDL lipid bilayer. 4/TAT
was chosen as representative because HDL mutants embracing TAT peptide
have been tested in various studies in previous live mammalian cell systems.>
17,30-32 And the behavior of 4/TAT in lipid mixing is investigated in detail in this

study. 1/TAT (no CHEMS) and 4/mock (no TAT peptide) were used as a control.
Both

A B C D
20 25
4/mock 4/PN 4/R8
15 | - - 20 r
10 b . pH 74 | L /
! .,/ 10
5 & - o 5
EN T i | e i
"§ 0 250 500 0 250 500 0 250 500 750 § E i g
2 E F G E s ¥ 7
X 20 H <
£ 4/TAT 4/PN 4/R8
2t T - 7’” 20
| é
/4 15
10 r - F }’
/ /"‘ :’{' 10
5 k7 - e i
0 e akad g . 5 |
0 250 500 0 250 500 0 250 500 750 0 I ! I

Time/ min
® DOPC/DOPS (9/1) ® DOPC ® POPC

= pd 0
<C o Y
E F =
v

Figure 10. Results of lipid-mixing assay between 4/mock (A), 4/PN (B), and 4/R8
(C) and DOPC/DOPS=9:1 liposome at pH 5.5 (red) and pH 7.4 (green). Lipid-mixing
ratios were illustrated as a function of cell-penetrating peptide (D). Lipid-mixing ratio
of 4/TAT (E), 4/PN (F), and 4/R8 (G) with different membrane properties of
liposomes at pH5.5. DOPC (red), POPC (green), and DOPC/DOPS (9/1) (blue)
liposomes were incubated with indicated HDL derivatives at pH 5.5. Lipid-mixing

ratios after the assay were illustrated as a function of lipid composition of liposomes

(H).
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Figure 11. Size distribution after the lipid mixing assay (37°C, 750 min) of liposomes
and 4/TAT at pH 7.4 (A), liposomes alone at pH 7.4 (B), liposomes and 4/TAT at pH
5.5 (C), and liposomes alone at pH 5.5 (D). Results of the three trials are shown in
each condition.
1/mock and 4/mock did not exhibit the plasma membrane binding/internalization
at either pH conditions, as predicted from lipid mixing assay results (Fig. 12A).
On the other hand, 4/TAT bound to the plasma membrane of T24 cells,
established cell line of urinary bladder carcinoma, in the presence of FBS (Fetal
bovine serum) even at neutralized condition (pH=7.4) (Fig. 4A). The binding
ability of 4/TAT was much stronger than the binding ability of 1/TAT, which have a
more cationic surface (Table 1), and this tendency was essentially same at pH
6.4 (Fig.12A). Further acidification below pH 6.4 of the serum-containing cell
medium led to clouding and aggregation of serum components, inhibiting live cell
studies at pH 5.5. Therefore, | decided to use serum-free medium at pH 5.5.
instead of usual medium. As shown in Fig.12B, C, the fluorescence signal on cell
membrane was more intense at pH 5.5 than at pH 7.4. Because the intrinsic
fluorescence intensity of 4/TAT was almost same in both pH conditions (Fig.12E),
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this microscopic result indicates that the binding of 4/TAT to the cell membrane
was enhanced at pH 5.5. Next, pulse-chase experiments were performed to
determine whether lipid mixing between 4/TAT and the cell membrane of T24
cells occurred in pH-selective manner (see Experiment. Confocal analysis). RhoB
fluorescence is to some extent self-quenching in a limited compartment of the
4/TAT disc membrane and diffusion of RhoB are result in the stronger
fluorescence intensity. The diffusion-induced recovery of fluorescent intensity is
thought to be monitored the lipid mixing between the two. As shown in Fig.12D,
the signal of RhoB fluorescence from the cell membrane seemed to be stronger
at pH 5.5 than at pH 7.4. This result suggests that 4/TAT could undergo mildly
acidic pH-dependent membrane fusion with living T24 cell membranes. Flow
cytometric analysis of the cells in Fig.12D was also carried out, but the significant
difference in fluorescence intensity was not clear. This could be due to inadequate
lipid mixing; however, the fluorescence intensity of the microscopic images clearly
indicates the occurrence of lipid mixing.
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Figure 12. pH-depending affinity of 4/TAT toword the living cell membrane of T24

cells under neutral and mild acidic condition. Confocal microscopic images of live
cells incubated with octadecyl rhodamine B (RhoB)-labeled 1/mock, 4/mock, 1/TAT,
or 4/TAT (10 pg protein/mL) in the McCoy’5A medium containing FBS at pH 7.4
(upper) or 6.4 (lower) for 1 hat 37 °C (A). In the absence of FBS condition, the plasma
membrane affinity of RhoB-labeled 4/TAT at pH 7.4 and 5.5 was also measured by
imaging (B) and flow cytometric assay (n=3) (C). Confocal analysis of T24 cells
were treated with RhoB-labeled 4/TAT for 1 h at 4 °C and pH 7.4 and incubated with
fresh serum-free media of pH 7.4 (left) and pHS5.5 (right) for Smin (D). The
fluorescence of 4/TAT in both pH condition (E). Scale bar 10 um.

104



4-3. Discussion

High-density lipoproteins are natural biomaterials with a protein-lipid bilayer
structure that can be functionalized in a variety of ways. The protein-lipid bilayer
engineering of HDLs using TAT peptides and cationic lipids has been reported,
as drug carriers®® that can escape from endosomes and plasma membrane
adhesive covering material for plasmonic nanoparticle3'. In this study, a series of
HDL mutants with multiple kinds of CPPs and lipid compositions were prepared
and evaluated for their lipid supply activity using liposomes and live mammalian
cells. | found that one HDL mutant (4/TAT) with TAT peptide and a horizonal
surface as a mixture of 25 mol% DOPC, 50 mol% DOPE and 25 mol% CHEMS
showed promising germination activity under weakly acidic conditions. The
coexistence of TAT peptide, DOPE, and CHEMS with 4/TAT was found to be
necessary for efficient the HDL and accepter membrane fusion. (Fig. 6B, D, C, E
and 7).

The replacement of CHEMS in 4/TAT with Chol to prepare 6/TAT, 7/TAT, and
8/TAT resulted in the forfeit of fusogenicity at pH5.5 (Fig. 7), as also observed
following replacement with DOPE (Fig. 6B). Thus, CHEMS and Chol worked as
an accelerator and a bystander, respectively, for this lipid mixing at pH5.5. This
observation is contradictory at a first glance because both CHEMS and Chol are
neutral at pH5.5 and their ¢- potential was almost same o. However, it should be
noted that the strength of hydrogen bonding is strong in the condition at the place
of HDL-membrane contact and the change of potential in Table 1 indicates that
the existence of strong a lot of hydrogen bound donor, protonated carboxylic
groups. Although the reason of stronger impact of CHEMS in fusogenicity is still
vague, but its protonated succinate group may be inserted between the molecule
arrangement of acceptor lipid bilayer and/or slightly fluidize the lipid membrane,
resulting in trigger of the lipid mixing derived from the bulkiness and
hydrophobicity of the group, respectively. Kulig et al. reported a computational
simulation of Chol- or CHEMS-containing membrane structure and mentioned
that the deuterium order parameter (higher the value, more ordered is the bilayer)
was significantly lower for CHEMS than for Chol 34 . Although this seems to be
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inconsistent with the results in Fig. 7B, it would be interesting to utilize Chol
derivatives with longer or bulkier alkyl carboxylic acid groups instead of CHEMS
to study their effect on fusogenic activity of HDL derivatives.

cpHDL derivatives bearing penetratin (4/PN) only exhibited the lower lipid mixing
activity and no membrane adhesion and fusion was observed for 4/mock lacking
CPPs even though mutants with eight arginine (4/R8) showed fusogenecity not
at all inferior to 4/TAT (Fig. 10A-D). The number of positively charged residues
in these derivatives at pH 5.5 was similar (7 for PN, 8 for TAT and Arg8),
suggesting that the number of Arg residues may have a significant impact on
carcinogenicity (3 for PN, 6 for TAT and 8 for Arg8) In terms of internalization,
Arg-rich peptides have been exhibited a superiority to Lysine-rich peptide
sequences?®® 36 and this difference was involved in the adhesive on micrometer-
sized liposomes®’. In a previous study using a 1/TAT derivative containing POPC
instead of DOPC, the replacement of two Arg residues of TAT with two Lys
residues significantly reduced the membrane affinity of TAT to the same degree
as its racking derivatives.3° This superiority of Arg has been explained as resulting
from the bidentate hydrogen bonding and electrostatic interaction with phosphate,
carboxylate and sulfate groups with the side chain of Arg. 3638 The removal of
the lipid with anionic head group (DOPS) from the host membrane caused a
drastic decrease in the lipid-mixing ratio for all fusogenic derivatives (Fig. 10E-G).
Thus, the membrane binding between the Arg residues of CPPs and DOPS head
anionic group based on the hydrogen bonding and electrostatic interaction would
play a critical role in the subsequent lipid mixing at pH5.5.

From above discussions, related to the protonation of DOPE and CHEMS,
insertion of the group of CHEMS into the counterpart membrane and the role of
CPP peptide, | supposed the model of lipid mixing process as the following
description. First, cpp peptide attached on cell membrane via hydrogen bonding
with protonated Arg and the surface of membrane. This works like an anchor of
cpHDLs on lipid membrane. Next, hydrogen bonding between the surface
protonated Amino and carboxylic groups bond the two surface of cp HDL and
acceptor membranes. Finally, the hydrogen bonding and insertion of a part of
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CHEMS molecules make a hydrophobic condition where the contact areas and
induce an exchange of lipid layers and following lipid diffusion from cpHDLs to
acceptor membrane.

In live mammalian cell assay, 4/TAT showed a higher affinity for the cell
membrane in the presence of serum than 1/TAT lacking DOPE and CHEMS as
well as 4/mock lacking the TAT peptide (Fig. 12A). Given that 4/TAT (Fig. 6A) has
a higher lipid mixing ratio than 1/TAT (Fig. 6A) and 4/mock (Fig. 10A) this high
binding affinity of HDL to the cell membrane is not surprising, since the binding of
the two membrane structures is the first step in lipid mixing; the apparent lack of
pH dependence, evident from the lack of significant enhancement in binding at
pH 6.4, is a result of the lack of Inconsistent with the results shown.10D.
Inadequate acidification of the cell medium (pH 6.4) compared to serum-free
buffer (pH 5.5) for liposome studies may be the main reason why CHEMS
protonation significantly altered the physical properties of the membrane at pH
below 5.5.28 In addition, the formation of plasma protein coronas 3°-4! around
4/TAT and/or the binding of Ca?* to CHEMS 28 in 4/TAT may affect its biding to
the plasma membrane. These considerations were supported by the results
shown in Fig. 12B, C.

At least two major plasma membrane receptors of HDL were existing on plasma
membrane of mammalian in vivo. (scavenger receptor class B type 1 and ATP-
binding cassette transporter A1). 42 These receptors work as a supporter of lipid
transportation between the HDL and plasma membrane, which can be regarded
as a type of lipid mixing. In other word, the CPP-plasma membrane interaction
could be equivalent to the HDL-receptor binding in terms of the opening of the
lipid mixing. Therefore, the presence of these receptors would enhance the
fusogenicity DOPE and CHEMS included HDLs, such as 4/TAT and 4/mock, in
living cells if expressed. Alternatively, CPPs of 4/TAT may not be required for the
lipid mixing with cells expressing the receptors in future therapeutic application of
this fusogenic HDLs.

HDL can embrace lipophilic drugs such as all-trans retinoic acid 43 as well as
small RNA derivatives in cholesterol-conjugated manner #4in the lipid bilayer. The
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incorporation limitation of former type drugs is generally up to 15% of total number
of lipid molecules within the final HDL discs, which was between 12.5% and 25%
of CHEMS in 3/TAT and 4/TAT, respectively (Fig. 6). Thus, it is not astounded that
incorporated drug or lipidic molecules modulates its fusogenicity, relying on the
loading ratio and physicochemical properties of drugs incorporated. In the case
of the latter drug, the bulkiness and negative charge of siRNA may influence the
interaction of the HDL and acceptor membrane.

An extracellular mildly acidic environment is a main characteristic of tumor tissue.
To develop tumor-targeted oriented drug delivery carriers, the difference in the
pH between normal and tumor tissues has been regarded a first-choice input
parameter to allow carriers to distinguish the two tissues. 4% 46 Fig. 12D exhibited
that the surface of HDL derivatives, like virus envelopes, conceivably became
fusogenic in response to mild acidified surroundings under serum-free condition.
4/mock with the lipid content like that of 4/TAT did not retain the plasma-
membrane affinity and not perform cellular internalization, whereas 1/TAT was
mostly internalized into the cell and not kept on the plasma membrane (Fig. 12A).
This result indicates that the co-existence of and DOPC/DOPE/CHEMS bilayer
and the TAT peptide sequence in 4/TAT is significant for the plasma membrane-
oriented binding. The activity of membrane fusion is lower than the expectation
from liposome lipid mixing assay. The relatively weak of pH dependency for 4/TAT
(Fig. 12A) may indicate that CHEMS in lipid bilayers do not act well as an intrinsic
machinery for response to pH 6.4 condition. Due to the pH of tumor tissue was
reported to be only 0.4 unit lower then neutral*’, further modification of HDL
surface is perhaps requires. Previously report mentions that a membrane-
destabilizing poly (propyl methacrylate-co-methacrylic acid) derivative exhibits
binding to the cationic mutants of HDL and controlled their cellular interactions in
a pH-dependent manner even in the presence of serum33. Thus, co-utilization of
such polymer and this fusogenic surface would lead a design for a more effective
lipid supply and manipulation of membrane lipid composition.

The potential of this fusogenetic HDL will be realize in a phase of application on

plant cells. The lipid molecule itself works as a gate of information on plant cells.
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Recently, a kind of glycolipid molecules, GIPCA, form a complex and work as a
calcium ion gates on cell membrane*8. Moreover, the lipid composition of plant
cell membrane would be changed dynamically to reacted on cell membrane. As
an example, the composition of a kind of glycolipids, was changed to react an
outer phosphate-lack condition 4°. Suppling of lipid molecules would be a direct
manipulation method of plant cell behavior due to these lipids themselves activity
on cell membrane. Fortunately, the cell cultures media of a major model plant cell,
tobacco BY-2, has a mildly acidic pH around pH=5.6, the best condition for lipid
mixing by using this fusogenic HDL derivatives.®® A systematic research of
interaction between CPP peptide and plant cell reported that R8 peptide has a
high plant membrane affinity®'. Our results would be a flagship model of lipid-
base nanotechnology of plant cells.>?

In conclusion, | achieved an invention of environmental-selective lipid supply
from guest HDL to host lipid bilayer, model and cell membrane. This technology
does not require any sophisticated artificial requirements. Due to the
characteristic of HDL as a novel drug delivery carrier, our derivatives also have a
potential as a tumor-like tissue selective adhesive carrier. The role of each
components, DOPE, CHEMS, CPP peptide, of HDL were investigated in detail
and they provide a chart of design the surface of future developed nanodevice
toward other lipid supply method. contents of this chapter are a good handbook

for lipid component manipulator on mammalian and, in future, plant cells.
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4-4 Conclusion

| developed a high-density lipoprotein (HDL) mutants that can selectively fuse
with the lipid membrane and provide HDL side lipids under mildly acidic conditions
selectively by modifying the lipid composition and protein structure of HDL, which
can be adapted to non-raft nanostructures on the membrane such as lipid cluster.
Mildly acidic conditions are a characteristic of human cancer tissue and are
physiologically significant. To increase the membrane affinity, cell-penetrating
peptides (CPPs) were attached to the HDL. DOPC, a highly fluidic phospholipid,
DOPE, containing a primary amine, and CHEMS, a Chol derivative, were utilized
as lipids. Various kinds of HDL derivatives were prepared systematically and
their fusiogenic activities were measured.

A HDL derivatives, containing DOPC:DOPE:CHEMS=1:2:1 in molar ratio and
TAT peptide as CPP, showed the highest membrane fusion activity and fused
with plasma membrane of living cells. The co-existence of DOPE and CHEMS
were essential and the amount of arginine in CPP peptide sequence was required
for high-activity of membrane fusion.

| proposed as a reason of the high fusogeninc ability of this HDL. First, arginines
of CPP form hydrogen bonds with the lipid membrane to keep HDL aside target
membrane, protonated primary amines of DOPE molecules form additional
hydrogen bonds between them to promote adhesion, and finally, the succinyl
groups of CHEMS molecules, which are protonated under mildly acidic condition
selectively and has increased lipophilicity, is inserted into the lipid membrane. |
have an assumption the space between the lipid and HDL membranes becomes
extremely hydrophobic under above process and the two membranes fuse
together as other membrane-fusiogenic carriers or membrane-fusion process of
viral infection. | believe that fusogenic HDL can supply any lipids of which
additionally incorporated into the lipid bilayer to the target lipid membrane and aid

in the formation of non-raft nanostructures on there.
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4-5. Experimental section.

Materials and Regents

The lipids DOPS, DOPC, DOPE, DPPC, and POPC were purchased from NOF
(Tokyo, Japan), while, Rho-DPPE (N-(lissamine rhodamine B sulfonyl)-1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine), NBD-DPPE (N-(7-nitro-2-1,3-
benzoxadiazol-4-yl)-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine), ,
SOPC ( 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine), CHEMS, and
Extruder set were bought from Avanti Polar Lipids (Alabaster, AL, USA). DPH and
Chol were obtained from Sigma-Aldrich (St. Louis, MO, USA). Laurdan was
supplied from AnaSpec, Inc (Fremont, CA, USA). FBS(Fetal bovine serum) was
supplied from Japan Bioserum (Hiroshima, Japan). Dulbecco’s phosphate-
buffered saline (PBS) and trypsin-ethylenediaminetetraacetic acid buffer (EDTA;
0.05% trypsin, 0.53 mM EDTA-4Na) were purchased from Invitrogen (Carlsbad,
CA, USA). Cell Counting Kit-8 and n-dodecyl-beta-D-maltopyranoside and were
provided by Dojindo Laboratories (Kumamoto, Japan). glass-bottomed dishes
were purchased from Greiner bio-one (Frickenhausen, Germany). Cell culture
dishes were purchased from BD Bioscience (San Jose, CA, USA). RhoB was
purchased by Thermo Fisher Scientific (Waltham, MA, USA). SDS-PAGE precast
gel and McCoy’s 5A media were supplied by Wako (Osaka, Japan). DC Protein
Assay Kit was supplied from Bio-Rad Laboratories (Hercules, CA, USA).
Spectra/Por Dialysis Membranes (molecular weight cut-off [MWCO], 3,500 and
50,000) were suppled from Spectrum Laboratories (Rancho Dominguez, CA,
USA). Escherichia coli strain BL21(DE3) was procured from Novagen (Madison,
WI, USA). Ni Sepharose resin was obtained from GE Healthcare Life Sciences
(Little Chalfont, Buckinghamshire, UK).

Preparation, cloning and expression, of apoA-l mutants

The pCold | vector was utilized for the large-scale preparation of N-terminal 43
residue-deleted apoA-I protein and its mutant containing TAT peptide at the C
terminus 5. It should be notified the N-terminal 44 residue-deleted apoA-I mutant

was utilized instead of N-terminal 43 residue-deleted apoA-lI sequence for the
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preparation of apoA-lI mutants protein bearing 4/PN (penetratin), R8(octa-
arginine), and R11( undeca-arginine) peptides. Nucleic acid sequences encoding
the four cell penetrating peptides were annealed and ligated between the Pstl
and Xbal sites of pCOLD | vector for their C-terminal fusion. These
oligonucleotides were synthesized by using primer extension method.
Sequences of annealing forward and reverse primers was shown as follows:
Forward primers

PN, 5’-attctgcagcgccagattaaaatttggtttcagaaccgcecgceatg-3/;

R8, 5'-atctgcagcgcecgecgecgecgecgecgecgctaatctagaaaactgetggataattggg-3';
R11, 5'-
atctgcagcgccgecgcecgecgecgecgecgecgecgecgctaatctagaaaactgetggataattggg-3°
Reverse primers

PN, 5’-attctagatttttttttccatttcatgcggcggtictgaaaccaaa-3’;

R8 and R11, 5’-cccaattatccagcagttt-3’

The all mutants of apoA-lI were expressed in BL21(DE3) E.coli cell line in
accordance with the protocol from manufacturer and purified mutant protein was
extracted from the E.coli using a Ni Sepharose resin column under denaturation
buffer conditions. After dialysis against 0.4 mM hydrochloric acid (HCI) at 4°C
with a Spectra/Por Dialysis Membrane (MWCO, 3,500), these were lyophilized to
remove all buffers and HCI and stored at —-80°C.

Preparation of HDL derivatives

Reconstituted high-density lipoprotein derivatives were prepared by minor
improvement method based on previous reports. Briefly, the solutions in
chloroform of DOPC, DOPE, CHEMS, and Chol were mixed at described molar
ratios in a round-table glass flask. Fluorescently labeled lipids, NBD-DPPE, and
Rho-DPPE for model membrane lipid-mixing assay or RhoB for plasma
membrane-oriented fusion assay were also added at 1% molar ratio of the total
lipid. The organic solvent was evaporated and removed completely by overnight
vacuum with a freeze drier. The dried lipid film was dispersed in PBS buffer at
pH=7.4 containing 30 mg/mL of sodium cholate at a final cholate: lipids molar
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ratio of 4:1. Each of apoA-l mutants was dissolved in PBS containing 4 M urea
and was mixed with the lipid-cholate dispersant at a protein/lipid molar ratio of
1/50. The protein/lipid/cholate mixture was kept overnight at room temperature to
mature precursor of reconstituted HDLs. The matured mixture was dialyzed
against 3 L of PBS three times at room temperature by using a Spectra/Por
Dialysis Membrane (MWCO 50,000). The reconstituted HDL derivative
dispersant was centrifuged at 4°C and 15,300 xg and for 30 min to separate any
debris as a precipitation. Purification of the HDL derivatives from large cholate
micellar and Apo-Al mutants was performed by a size-exclusion chromatography
method with a Superdex-200 HiLoad 16/600 column (GE Healthcare) using 2 mM
EDTA,150 mM sodium chloride (NaCl), 50 mM Tris/HCI (pH 7.5), and 0.5 mM
phenylmethanesulfonyl fluoride (PMSF). The detection wavelength of the
chromatography was set as 280 nm, while the elution rate was fixed at 1 mL per
1 min. Fractions of size-exclusion chromatography including HDL derivatives
were recollected and concentrated by Amicon Ultra-15 (MWCO 50 kDa) disposal
centrifugal filter to ensure enough concentration of HDL derivatives for the
following experiments. The concentration of HDL was measured by Lowry

method.

Liposome preparation
The parched lipid film (DPPC, DOPC, POPC, SOPC/DOPE = 75/25, or
DOPC/DOPS = 90/10) was dispersed in 50 mM MES buffer containing 150 mM
NaCl (pH 5.5) or PBS buffer (pH=7.4) at a lipid concentration of 1 mg/mL. The
hydrated lipids were extruded using extruder (Avanti) equipped with a 100 nm of

pore size polycarbonate membrane filter.

Dynamic light scattering and surface charge analysis

The zeta potential and hydrodynamic diameter of HDL derivatives and liposomes
were measured using a Zeta Sizer Nano Z (Malvern, Worcestershire, UK) and
Nanotrac UPA-EX250 particle size analyzer (Nikkiso, Tokyo, Japan), respectively.
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Lipid-mixing assay

The extent of lipid supply as measured by lipid-mixing assays using model
liposomes was performed as reported by Lei et al.?® | performed lipid mixing
assay with each liposomes and HDL derivatives. 15 pyM of HDL derivatives 15
UM of liposome was mixed in a 96-well Costar white plate and incubated at 37°C
while intermittent plate shaking. The concentration of both nanomaterials were
based on lipids. The time dependent change of fluorescence derived from NBD-
PE was monitored continuously at an excitation wavelength of 460 nm, emission
wavelength of 538 nm, and 530 nm emission cutting-off filter using SpectraMax
M2&M2e Microplate Reader (Molecular Devices). After enough time for fusion,
750-min, 20 pL of 10% n-dodecyl-beta-D-maltopyranoside was appended into the
fusion system to destroy all lipidic structures, and intensity from NBD-PE was
collected for another 40 min to determine the maximum intensity of NBD
fluorescence as a value from completely relaxed condition of FRED. The NBD
fluorescence data were converted into the time-lapse monitor value of the
percentage of intensity of NBD-PE fluorescence under FRED-free condition.
Therefore, each fluorescence intensity in the lipid-mixing assay was normalized
by subtracting the minimum fluorescence (Fmin) and dividing by the maximum
fluorescence (Fmax) measured under the following condition with added 20 L of
10%  n-dodecyl-beta-D-maltopyranoside. Generally, n-dodecyl-beta-D-
maltopyranoside is hard to cause the increase or decrease of the emission of
coexisting fluorescence molecules. The definition of lipid-mixing ratio was 100 x
(F = Fmin)/(Fmax — Fmin).

Determination of lipid content

The molar ratio of CHEMS, DOPE, and DOPC in an HDL derivative with the most
prominent lipid mixing ability (4/TAT) was measured by LC/MS/MS analysis. The
analyses were performed with a Sciex API3200 Qtrap LC/MS/MS system
equipped with an electrospray ionization (ESI) source. Each content was
separated at 20°C by using a reverse-phase C18 analytical column (Eclipse Plus
C18 column, 3.5 ym, 4.6 mm i.d. x100 mm; Agilent, CA, USA). The condition of
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mobile phase liquid was 95% methanol aqueous solution containing 5 mM
ammonium acetate and a flow rate was 0.2 mL/min. CHEMS was analyzed in the
negative ion mode and DOPE and DOPC were analyzed in the positive ion mode.
The quantitative analyses were performed by using MS/MS-MRM of the
precursor/product ion for CHEMS (m/z: 485.3>99.0), DOPE (m/z: 744.3>603.4),
and DOPC (m/z: 786.4>184.0). The analytical conditions were described as
follows: gas temperature, 350°C ; ion spray voltage, —4,500 V (CHEMS) and
5,500 V (DOPC and DOPE) ; de-clustering potential, -60 V (CHEMS), 66 V
(DOPE), and 86 V (DOPC); entrance potential, 8.5 V; collision Energy, —36 V
(CHEMS), 51 V (DOPE), and53 V (DOPC); cell exit potential, =34 V (CHEMS),
64 V (DOPE), and 56 V (DOPC). 4/TAT was freeze-dried to destroy its discoidal
structure, and a mixture of the lipids was extracted from the lipid/protein mixture

with methanol and subjected to the analysis.

Evaluation of the membrane polarity

The hydrophobic fluorescent probe molecule, Laurdan, show different florescent
spectra in response to the polarity of surrounding environment. Its emission
spectra shift to a red region originated from dielectric relaxation with water.53
Thus, generalized polarization, defined as GP340 = (1440 - 1490)/ (1440 + 1490),
was determined as an indicator of the membrane polarity by obtaining the
fluorescent intensities (l) of Laurdan by excitation with 340 nm wavelength light
at 37°C. The final concentrations of lipids and Laurdan in the analytical condition

were 100 and 1 yM, respectively.

Evaluation of the membrane fluidity

The membrane fluidity of HDL derivatives was evaluated with a fluorescent probe,
DPH.5* DPH is a rod-shaped probe and the fluorescence polarization reflects how
the molecule move. DPH was appended to an HDL dispersant at a DPH / lipid
was 1/10 at a molar ratio. The final concentrations of DPH and lipids were 25 and
250 uM, respectively. After incubation for 30 minutes at 37°C, the fluorescence

polarization of DPH was obtained using a spectrofluorometer (excitation/emission,
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360/430 nm). Samples were excited by vertically polarized light, and the emission
intensity was monitored through an detector oriented parallel (l//) and
perpendicular (IL) to determine the polarization direction of the excitation light.
The DPH polarization (P) was defined as P = (I// = GIL)/(I// + GIL), G =iLl/ill
where i L and i/ are emission intensities perpendicular and parallel to the
horizontally polarized light, respectively. The membrane fluidity was evaluated on
the calculated reciprocal of polarization, 1/P.

Specimen preparation for EM observation

HDL samples for EM observation were prepared according to the optimized
negative staining protocol established by Zhang et al 5. A 15 pyL drop of HDL
dispersant (0.75-1 ug/mL protein) in 50 mM MES/150 mM NaCl buffer (pH 5.5)
or PBS buffer (pH 7.4) was put on a collodion-coated 400-mesh copper grid
(Nisshin EM Corp., Tokyo, Japan). After 15 s, the excess dispersant was
eliminated by blotting with a filter paper. The grid was washed by briefly floating
it on a 30 pL drop of either of the buffer solutions on parafilm and then drying with
a filter paper. This washing procedure was performed thrice. Finally, a 30-yL drop
of 1% (w/v) uranyl acetate solution (pH 4.5) was put on the grid and kept for 1
min for staining. The excess solution was absorbed by a filter paper gently, and
the sample on the grid was air-dried at room temperature.

Cell culture

T24 cell line, derived from human urinary bladder cancer, were supplied from the
National Cancer Institute (Frederick, MD, USA). T24 cells were cultured in
McCoy’5A media containing 10% FBS, 100 pg/mL streptomycin and 100 U/mL
penicillin under a humidified atmosphere of 5% CO2 and 95% air at 37°C. They
were passaged every 3-4 days by using trypsin.

Confocal analysis
Cells were generally seeded at a density of 2.0 x 10° cells/mL on cell culture
dishes and cultured for 1 day before treatment with 10 yg/mL of HDL derivatives
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labeled with Rho-DPPE at 37°C for 1h in cell culture media which is adjusted at
pH 7.4 or 6.4 condition and contained 10% FBS. After rinse with ice-cold fresh
media, cells were monitored with a confocal laser scanning microscope,
OLYMPUS FV-10i-LIV (Tokyo, Japan).

For the serum-free experiments with the HDLs, McCoy’s 5A media at pH 7.4 or
5.5 were utilized. The pH of media is adjusted by using concentrated HCI
solutions. To minimize the internalization of HDLs into cells, the short-time HDL
treatment was performed for 10 min at 37°C.

For the pulse-chase experiment, cells were treated with 4/TAT including RhoB for
1 h at 4°C and pH 7.4 and in the absence of FBS to let 4/TAT bind to the plasma
membrane while inhibiting its internalization. The cells were then treated with
fresh McCoy’s 5A media (pH 7.4 or 5.5) for 5 min at 37°C to start lipid mixing

between 4/TAT and the plasma membrane.

FACS (Fluorescence-activated cell sorter) measurement

T24 cells were seeded at a density of 2.0 x 10° cells/mL in a 24-well plate and
cultured for 1 day. 10 pg/mL HDL derivatives were appended on cell culture
media and the samples were kept for 10 min at 37°C without serum. After that,
cells were rinsed twice with each pH-adjusted McCoy’s 5A medium (pH 7.4 and
5.5) and harvested. The cells were immobilized with 4% paraformaldehyde in
PBS buffer and analyzed using a Guava® easyCyte flow cytometry system
(Merck Millipore, Darmstadt, Germany). The non-treated cells were utilized as a
negative control to estimate the autofluorescence. A total of 3,000 cells were
counted for evaluation the ability of the HDL derivatives. Assays were carried out

in triplicates.
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Chapter 5. General Conclusion and Perspective

In this thesis, | explained the significance of membrane properties as a factor in
the determination of cell behavior, and | introduced methods to design
manipulators of membrane properties using bioactive nanomaterials. Cells are
surrounded by a lipid bilayer, and they respond to external information using
nanostructures that are found on cell membranes. These nanostructures are
closely related to a wide range of biological phenomena, such as immune
responses, neurotransmission, cell elongation and development, and viral
infections. Thus, nanostructure manipulation could control these processes in a
unified manner via cell-engineering technologies.

In chapter two, | created a basic method to analyze giant unilamellar vesicle
(GUV)-nanomaterial interactions without ion disturbances. | hypothesized that the
salting-in effect exists for the dispersion of biocompatible nanomaterials. Thus far,
no detailed reports exist regarding the salting-in effect of biomaterials since its
discovery in protein dispersion and aggregation. The first example | found
reported that sugar exhibits salting-in and salting-out effects for biocompatible
metal nanoparticles. The exact influence that nanomaterial-model lipid raft
interactions display is difficult to estimate, due to the contradiction that exists
between the poor resistance of GUVs against salts and the intrinsic adjustment
that biocompatible nanomaterial designs have for physiological conditions. This
result indicates that appropriate concentrations of sugar let both GUV and
nanomaterials co-exist in a stable manner and accelerates the clarification of lipid
raft-nanomaterial interaction. In regards to nanomaterial-cell membrane
interactions, this finding could be utilized to confirm material designs, considering
the wide application of biocompatible metal nanoparticles in both in vivo and in
vitro cell experiments.

In chapter three, | went on to manipulate the formation-deformation process of
a model lipid raft in the presence of sugar. Lipid rafts are a key structure on cell
membranes that determine cell behavior. The results showed that plasma-
membrane targeted gold nanorods (pm-AuNRs) accumulated during the Lo

phase domain spontaneously, and it induced the deformation of the domain
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structure. Furthermore, cholesterol-enriched pm-AuNRs (pm-AuNR-chols)
supplied cholesterol, and it generated a model lipid raft on non-raft GUV in a near-
infrared laser-induced manner. This is the first example of model lipid raft
manipulation for multiple domains at the same time. The size of the lipid raft was
almost on the same scale as pm-AuNRs, which is stable and demonstrates a high
membrane affinity. This makes pm-AuNRs a prominent candidate for the raft
manipulation of cell membranes.

In chapter four, | developed high-density lipoprotein (HDL) mutants that can
selectively fuse with the lipid membrane and selectively provide HDL side lipids
under mildly acidic conditions by modifying the lipid composition and protein
structure of HDL. This process can be used to adapt HDL to non-raft
nanostructures (e.g., lipid cluster) on the membrane. This process could
potentially be beneficial for use in human cancer tissues, for example, since they
are found in mildly acidic conditions.

To increase membrane affinity, cell-penetrating peptides (CPPs) were attached
to HDL. A highly fluidic phospholipid (DOPC), a highly fluidic phospholipid
containing a primary amine (DOPE), and a Chol derivative (CHEMS) were utilized
as lipids. Various kinds of HDL derivatives were prepared systematically, and their
fusogenic activities were measured. The HDL derivatives containing DOPC:
DOPE: CHEMS=1:2:1 in molar ratio and the TAT peptide as CPP showed the
highest membrane-fusion activity, and they fused with the plasma membrane of
living cells. The co-existence of DOPE and CHEMS were essential to these
results, and the amount of arginine in the CPP peptide sequence was required to
produce the high amount of membrane-fusion activity.

The high fusogenic ability of this HDL derivative exhibits three main reasons.
First, the arginine found in CPP is able to form hydrogen bonds with the lipid
membrane, thus bonding HDL with its target membrane. Second, the protonated
primary amines of DOPE molecules are able to then form additional hydrogen
bonds between HDL and its target membrane, which further promotes adhesion.
Third, the succinyl groups of CHEMS molecules, which are selectively protonated
under mildly acidic conditions and increased lipophilicity, are inserted into the lipid
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membrane. | hypothesize that the space between the lipid and HDL membranes
becomes extremely hydrophobic during the above process, causing the two
membranes to fuse together similar to other membrane-fusogenic carriers and
the membrane-fusion process of viral infections. | believe that fusogenic HDL
could be used to supply lipids to be incorporated into the lipid bilayer of target
lipid membranes, in order to aid in the formation of non-raft nanostructures.

The nanostructures described above are a part of the sequential chemical
reaction field that is related to cell behavior. Recently, cellular biology moved from
a central-dogma based understanding of cell behavior to a system-based
understanding. In the traditional model, nuclear and organelle genomes encode
all information that a cell needs. Thus, cells use the information found in DNA to
express proteins and produce the materials that are needed to survive. Scientists
from the fields of biology, biophysics, informatics, and chemistry now consider
this traditional attitude to not be enough to understand complicated cellular
behavior.?® The key part of this critical attitude toward the central dogma is the
fact that the model itself does not consider the creation and extinction of dynamic
reaction fields.

The compartmentalization of cells allows complicated sequential reactions in the
overcrowded cytoplasm to be performed selectively in a manner that saves time
and space. Nanostructures, including lipid nanostructures of cell organelles, lipid
rafts, and other lipids or lipid/protein nanostructures, are created by cells to further
increase the impact of this compartmentalization. As mentioned in the first
chapter, nanostructures on plasma membranes provide the fundamental reaction
site that is commonly needed for various kinds of cell behavior.

Cell nanostructures can be classified into three representative types: two-
dimensional membrane nanostructures distinguished by their physical phases
(lipid-based nanostructures) 2, three-dimensional nanostructures that exhibit lipid
bilayer boundaries (organelles), and three-dimensional nanostructures that
exhibit no membrane boundaries but are distinguished by their physical phases.*
The third category includes three-dimensional droplets that are caused by the
typical phase, which includes specific partners of proteins or proteins and
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bioactive macromolecules, such as DNA or RNA. This droplet formation is called
the liquid-liquid phase separation of protein.

The compartmentalization of cells forms the basis for why specific reactions
occur in a specific sequence, why signals and information are transacted very
accurately, and why cells can recruit components to function as the worked as
cell intends. The latter two functions of compartmentalization do not explain
timing very well, however. Although previous studies described various
interlocking protein combinations and revealed many triggers for the latter two
functions, no clear answer exists to the question of when and where the reaction
field occurs within cells.

Cell membrane properties change dynamically in a physics-based manner.
During my thesis research, | began to consider that membrane properties of the
lipid bilayer in/on a cell could determine the timing of the formation of these three-
dimensional structures. For organellar, the change of curvature caused by
domain formation led the endosome generation and other organellar
formation/deformation. The behavior of droplet—lipid membranes during cell
interactions are determined by their membrane properties, in the same way that
the interactions between nanomaterials and the lipid bilayer are determined by
the lipid membrane’s physical properties. | hypothesized that local changes in the
lipid membrane structure may determine the properties and dynamics of the
droplet-membrane in its vicinity, as the lipid membrane structure is spread
throughout the cell and changes its shape and properties rapidly. Given the
density of intracellular material, the likelihood exists that the droplets and lipid
membrane structures interact with each other in the cell, and indeed, some
interactions were confirmed in 2020.6 Manipulation of membrane properties could
contribute to the understanding of the formation-deformation of three-dimensional
structures, and it could help to further our comprehension of cell behavior in the
same was that gene expression manipulation contributed to the understanding of
the cell system.

As shown by this study, membrane properties are becoming a variable that can
be externally manipulated’. This study opens up a new field biology—synthetic
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biology-like concept based on lipid properties—in which the interaction between
three-dimensional and two-dimensional membrane-based nanostructures are
investigated, and in which the properties of the cell’s lipid membrane will be
controlled to create a reaction field within the cell to achieve desired properties.
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Figure.1 The understanding of cell system from traditional central-dogma based
picture (A) and from the emerged new network of reaction field-based picture. In
(B), living cell is defined as a characteristic topology of network of reaction field,
nanostructures, in advance. The definition requires the characteristic of reaction
fields (circles in (B)) which is described by the words of soft matter physics to meet
the definition. The requirements also determine the characteristic of components
(shown as shapes in circles in (B)) within each reaction fields. In real cells, real
materials, such as proteins, lipids, DNA, RNA and others, are assigned as
components to form necessary nanostructure. The molecular identity of the network
is still not described well, but lipid bilayer on and in a cell is a strong candidate
because of the freedom for network formation and nanoscale tunability of physical
properties, a candidate of scaffolds of reaction field formation, on plasma

membrane and organellar.! 2

Our understanding of cell behavior is shifting from component molecule-based
theories to the recognition that cell behavior is a complex of reaction fields and
the interaction networks of reaction fields (Fig.1A and B). In this new perspective,
proteins and other materials would be assigned on the multi-level construction to
meet theoretical requirements from soft matter physics, in the same way that

atoms are assigned on electron density map to meet a criterion for structural
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elucidation in the structure determination process of x-ray crystallography
(Fig.1B). Some unknown components, such as proteins or other molecules,
would be predicted as the necessary components to match the requirements from
multi-level network.

The manipulation of membrane properties is enthusiastically required to move
this field forward. This thesis provided a method of estimating the manipulator-
membrane interaction without disturbance and a method to monitor the Lo phase
domain formation/deformation. Also, this thesis discussed how typical membrane
domains can be targeted in an on-demand and pragmatic manner and how smart
lipid suppliers can target plasma membranes. All research was conducted using
biocompatible nanomaterials and was relatively easily transported to in vivo
system.

This thesis contributes design, preparation, and evaluation methods for
bioactive nanomaterials aimed at controlling the physical properties of plasma
membranes. | hope the results and perspectives provided here can lead to a new
cell-engineering technology that is focused on the fundamental parts of cell
behavior and confirm the new understanding of cell dynamics based on lipid

membrane properties.
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