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PREFACE 

This dissertation work was conducted under the supervision of Professor Hiroshi 

Umakoshi at Division of Chemical Engineering, Graduate School of Engineering Science, 

Osaka University from 2014 to 2019.  

 

The objective of this thesis is to clarify the mechanism of the molecular interaction that 

could be cooperatively induced at the lipid membrane. Especially, from the aspects of the 

cooperative molecular interactions at the membrane surface, the solvatochromic properties of 

the lipid membrane and the configurations of membrane-constituting molecules were studied 

by employing the nucleic acids as a model biomacromolecule. Furthermore, the specificity of 

the interaction created by the self-assembled structure were investigated. 

 

The author hopes that this research would contribute to the design of the lipid membrane 

for its application to the cooperative interaction of biomacromolecules. The insight obtained in 

this study is expected to contribute to the regulation of the adsorption phenomena at the 

hydrophobic-hydrophilic interface.  
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Abstract 
 

Functional biomacromolecules are known to form supramolecular assemblies via 
noncovalent bonds, implying the advantage of the designed surface of the local biointerfaces. 
Particularly, the surface hydration property plays an essential role to control their functions, 
while the characterization methodologies have not been established so much. Herein, the 
cooperative molecular interaction behaviors at the lipid membrane were studied. 

In Chapter 1, the functions of lipid membranes were introduced as the representative of the 
hydrophilic/hydrophobic interface. Studies relating on the hydration at the membrane surface 
were summarized to investigate key factors working on the intermolecular interaction, and also 
to find the tips for the design of the membrane platform for interaction on its surface.  

In Chapter 2, the local solvent environment at the membrane interface was evaluated using 
the solvent sensitive fluorescent probe, Laurdan. Based on the solvent model studied in the 
mixed solvent system, the emission spectra of Laurdan were classified into several components 
such as nonpolar, polar aprotic, and polar protic solvents. Multiple-components deconvolution 
analysis was proposed for the qualitative evaluation of local solvent environments. 

In Chapter 3, the effect of dynamic and static hydration behaviors around the membrane 
interface was investigated based on the time-resolved fluorescence spectra of Laurdan. 
According to the assumption that the dynamic interaction of solvent molecules would lead the 
fluorescence lifetime shorter, the fluorescence quenching model was established. The static 
water molecules were assigned to the corresponding relaxation states of the fluorophore. 
Considering both effects, the number of hydrating water molecules per a lipid molecule was 
calculated. Obtained results revealed the consistency with the membrane phase transition and 
phase segregation. 

In Chapter 4, the guanidinium-modified membrane was designed aiming for the 
enhancement of intermolecular interaction by the dehydration of membrane interface. 
Membranes modified with saturated guanidinium molecules (SG) revealed hydrophobic and 
ordered properties. On the other hand, lipid membrane modified with zwitterionic guanidinium 
molecules (MA) showed hydrophilic and disordered properties. SG modified membranes 
exhibited high affinity with tRNA, a model binding molecules, suggesting the effective design 
of the guanidinium modification. 

In Chapter 5, the adsorption behaviors of nucleic acids at the lipid membrane were 
systematically studied. Emission spectra of Laurdan showed a dehydration behavior upon a 
model system of “strong interaction”, while no dehydration behavior upon a model system of 
“weak interaction”. From the analysis of isothermal titration calorimetry, the “weak interaction” 
system showed a molecular selectivity toward poly dC. According to the enthalpy-entropy 
compensation, the entropy-driven process was indicated in the “strong interaction”, and the 
molecular selectivity was expected in the ideal contribution of enthalpy and entropy in the 
“weak interaction” system. 

In Chapter 6, the cooperative effects on the configuration of guanidinium-modified lipid 
membrane and tRNA were investigated. The high affinity of POPC/SG vesicles with tRNA was 
confirmed by the analysis of apparent surface pKa, indicating that the inter-lipid interactions of 
guanidinium support the orientation of lipid head groups, resulting in the acquisition of cationic 
membrane surface which is necessary for the interaction. The guanidinium modification lead 
the membrane in dehydrated and ordered states, and the membrane affected nucleobase-specific 
melting behaviors of tRNA during the membrane phase transition.  

In Chapter 7, as a general conclusion of this work, the interaction behaviors induced by self-
assembly system were discussed based on the interfacial membrane properties and the hydration, 
indicating the significance of the sophisticated membrane platform to perform its cooperativity.
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Chapter 1     

General Introduction 

Structures and functions of biomolecules are fascinating but complex. Fundamental 

comprehension of biological function and its structure are essential for the industrial 

application of the biomaterials. In this chapter, some reported works, relating to the 

general concepts of assembly structure, lipid membrane, and intermolecular interaction 

were introduced to shed the light on the key concepts in this study. 

 

Figure 1-1 Key concepts in this study. 

 

1. Concept of self-assembly system 

Self-assembly is the process in which the components in the system spontaneously 

form the organized structure. There are various types of individual components; for 

example, the small molecules such as water molecules, the large molecules such as 

proteins, the visible substances etc. These self-assembly processes abundantly exist in the 

biological system, the biomolecules are interacting in the complex manners to maintain 

the system with highly functionalized and sophisticated order. Molecular interactions 

relating to the various bioprocesses can be explained with an important concept known 

as “molecular recognition”. For example, if the enzymes cannot recognize and bind to the 
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specific receptor, their functions will not work properly. Thus, it is difficult to maintain 

the functional physiological systems without the molecular recognition. The assemblies 

formed by molecular recognitions are called as supramolecular assemblies (Lehn, 1990). 

Basically, the molecules form a self-assembly structure via non-covalent interactions such 

as the electrostatic interactions, hydrophobic interactions, hydrogen bonding interactions, 

and van der Waals interactions, which are derived from the deference of the electric 

charge density even though its degree could differ depending on the interaction pairs. 

 

Table 1-1 Examples of supramolecular assemblies 

 

 

In particular, the most abundant molecules in the physiological condition are the 

water molecules. Therefore, the electrostatic-driven interactions should be unfavorable in 

the polar solvent in which the all charge deviations can be cancelled out by the solvation 

from the solvent molecules. Questions have been raised how and why such sophisticated 

biosystems can be established and maintained in spite of the unfavorable polar 

environments for the molecular recognitions. Herein, the “interface” is an important 

concept to clue the questions. In the biological systems, the hydrophobic/hydrophilic 
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interfaces abundantly exist in the biomolecules, for example, the cell membranes, the base 

pair in nucleic acids, and proteins and so on. These interfaces are essential for maintaining 

the structure of biomolecules and for the molecular recognition. The strength of 

noncovalent interactions can be easily altered by the interfacial environments, not only 

by the charge distribution of the pair molecules. The research group of Kunitake estimated 

the binding constants of molecular recognition pair at the air/water interface (Ikeura et 

al., 1991). They suggested that the hydrogen bonding formed in biomolecular pairs, such 

as amino acids, nucleic acids, nucleotides and sugars, can be enhanced at the 

hydrophobic/hydrophilic interface, which indicates that the “molecular recognition” 

could be promoted at the interface (Kurihara et al., 1991a, 1991b; Sasaki et al., 1992). 

Furthermore, they also suggested that the molecular interaction affinity would increase in 

the side of nonpolar environment at the interface (Ariga et al., 1998). Taken the example 

of the guanidinium and phosphate as the interaction pair, the binding constant between 

these two moieties would dramatically increase at the lipid/water interface (Onda et al., 

1996). From the estimation of the distance dependency to the interaction binding 

constants, it is revealed that the dielectric constants have significant impact on the binding 

affinity. If the hydrogen bonding parts were existing in the environment with lower 

dielectric constants, the binding energy would be high, and vice versa (Sakurai et al., 

1997). As shown in these examples, the interactions performed at the interface play 

important role to establish the self-assembled systems (Kunitake, 1992). Besides, each 

interactions would impact each other by ordering or orientating, and these cooperativity 

would finally result in the performance of their function (Marcelja et al., 1976). 
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Figure 1-2 The interaction at the lipid/water interface (Sakurai et al., 1997). 

 

2. Biological function of the lipid membrane 

Plasma membrane bilayers play a fundamental role of regulating cellular function 

by delineating a membrane wall which divides the intracellular and the extracellular 

spaces. In addition, each role of the membrane, such as encapsulation, localization of 

proteins, and molecular permeation across the membrane, can depend on the 

compositions of their membrane proteins and lipid species (Luckey, 2012) (Table 1-2).  

Integration of external (or internal) biomolecules into the membrane surface is 

promoted by several factors: the electrostatic and hydrophobic interactions between those 

molecules and the membranes are usually dominant (Alberts et al., 2014; Jin et al., 2008; 

Villar et al., 2016). Furthermore, the water molecules at the interface of lipid membrane 

can control the activities of biomolecules by modulating the membrane properties, e.g., 

surface pressure, coordination of hydrogen bonding, and surface charge state (Alarcón et 

al., 2016; Costard et al., 2014; Damodaran, 1998; Saito et al., 2011; Sparr et al., 2001). 

In regards to the lipid membrane as the hydrophobic/hydrophilic interface, the 

interactions working on the membrane is not simple. For the typical colloidal system of 
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rigid particles in water, it is a rare case that more than two forces working between 

surfaces in liquids out of four main forces: van der Waals, electrostatic, solvation and 

steric hindrance. In contrast, the forces between the highly mobile amphiphilic surfaces 

of the fluid lipid membrane and flexible biomolecules could have all types of forces 

simultaneously. Figure 1-3 shows the possible forces working on the lipid membranes 

(Israelachvili, 1985).  

 

 

Figure 1-3 General over view of the interaction forces working on the bio 

interfaces (Israelachvili, 1985). 
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Table 1-2 Interactions between the lipid membranes and biomolecules 
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In addition, the high fluidity of the lipid membrane could induce the rearrangement 

of the molecular alignment. Lateral dispersion of the lipid molecules adjust the alignment 

of molecules or membrane surface in response to external stimuli. For example, the 

addition of the cationic ions into the lipid membrane solution composed of negatively 

charged and amphiphilic lipids promotes the segregation of negatively charged lipids, 

which finally induces the adhesion and fusion of bilayer membrane (Leckband et al., 

1993). Lateral dispersion of lipid molecules could also act as a trigger for the molecular 

interaction. Raft domain, the ordered lipid cluster enriched with sphingomyelins and 

cholesterols, have been studied for their function to facilitate interactions with proteins 

and nucleic acids due to its highly ordered and hydrophobic properties (Simons et al., 

2010; Simons et al., 1997). As suggested from the examples, the comprehension of the 

fundamental properties of the lipid membrane surface still needs to be investigated. 

 

3. Recent application of the lipid membrane system 

Application of lipid self-assembly systems has been encouraged in various fields 

(Table 1-3). For example, in the medical filed, their potential as the carrier for the drug 

delivery systems (DDSs) has been extensively studied. Drug molecules or nucleic acid 

medicines encapsulated in lipid self-assemblies could be released into the target cells, 

followed by the fusion with cell membranes. Other examples using lipid membranes are 

the developments of the biosensors. Lipid membranes could maintain the membrane 

proteins, enzymes, antibodies, and receptors in the preserved physiological condition; in 

other words, it is possible to mimic the cell condition and its sensitivity in the laboratory-

scale experiments. Electrochemical properties of an artificial lipid membrane can be 

readily recorded with the high sensitivity, and the detector has great variety for the choices 

of the system by incorporating various bioelements respective to the objectives. Many 

applications based on lipid membrane-based biosensors have been reported for 

environmental monitoring and clinical diagnosis (Siontorou et al., 2017). 

For the design of this assemblies system, the unclear factors remain because of the 

flexible structure of the lipid membrane. In the use of the biosensors, the lipid membrane 

could provide inherent signal amplification. The interaction between the biological 

elements and analytes affects the membrane dynamics such as the dipole potential of the 

membrane, the surface charge, the molecular packing and fluidity etc. In the drug 
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discovery or drug delivery, the evaluation of the interactions with the lipid membrane 

have been the great issue that should be clarified. Since drugs (or delivered assemblies) 

are designed to target the reaction (active) sites existing in the cell, the interactions with 

cell membrane must significantly affect drug pharmacokinetics (distribution, 

accumulation, transport) and drug efficacy (Peetla et al., 2009). Therefore, substantial 

requires exist for the fundamental comprehension regarding to their interactions on the 

lipid membranes.  

 

Table 1-3 Applications of the lipid membrane 

 

 

4. Examples of interaction between lipid membrane and nucleic acid 

One of the molecular interactions collecting a number of attention is the interaction 

between lipid membranes and nucleic acids (Table 1-4). As briefly mentioned above, the 

nucleic acids have been extensively studied as a new drug for the gene therapy, and the 

design of the drug carrier using lipid-assembly system is the big challenge for the effective 

delivery. Lipoplexes, the complexes of cationic lipids with nucleic acids, have been 

successfully used as transfection agents for gene delivery applications, while, the detailed 

mechanisms of lipid–nucleic acid complexation is unravelling (Aissaoui et al., 2002; Patil 

et al., 2005; Wagner, 2004). In another research field, the lipid-nucleic acid interaction 

has been discussed as a major question in the protocells; how the lipid membrane interact 

and promote reactions with RNA without any other catalytic molecules (Meierhenrich et 
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al., 2010). Therefore, understanding of the morphology of the molecular organization 

between lipid membranes and nucleic acids is essential both for optimizing gene delivery 

efficacy and for the clarification of biological mechanisms. 

Various parameters influence on the interaction at the membrane surface; such as 

the membrane fluidities, phase states, hydrations, and surface potentials. Besides, some 

molecular factors relating to the nucleic acids also affect the interaction at the membrane; 

i.e., the hydrophobicity, surface net charge, and folding structures (single- or double- 

stranded, or folded). In many systems, cationic modifications of the membrane surfaces 

can be found to induce the strong adsorption targeting the negatively charged nucleic acid 

molecules (Chesnoy et al., 2000). The adsorption can be controlled with some factors 

such as the lipid phase state and the ionic strength of solution. High incorporation of the 

nucleic acids after heating-cooling cycles observed in the lipid membrane which occurs 

a phase transition during the heating-cooling cycle, suggesting the cooperativity of the 

hydrophobic interaction between exposed hydrophobic region of the membrane and the 

nucleic acids, together with the electrostatic interactions (Barreleiro et al., 2000; 

Subramanian et al., 2000). Divalent cationic ions (Ca2+, Mg2+, Zn2+, etc.) are known to 

induce the adsorption of nucleic acids. Although the precise mechanism is still unclear, 

the result that the addition of Zn2+ decreased 50% of the hydration shell on the lipid 

membrane suggests the formation of the cross-bridge among lipid-ion-nucleic acid 

following the dehydration at the membrane surface (Binder, 2003). Seemingly, the surface 

charge density is the important factor, but some other studies suggested the cationic 

modification is not necessarily required. Janas et al. observed specific bindings between 

hair-pin structure ribonucleic acids (RNAs) and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC)/cholesterol (4/1) membranes. From their findings, the unstable 

structures of RNAs, such as the single loop or the exposed hydrophobic part, are also 

considered to be essential factor for the interaction (Janas et al., 2006). Besides, the fatty 

acid vesicles facilitated the affinity and stabilized the RNA conformation, the self-

assembled structure could be rather important for the interaction than the surface charge 

or ionic conditions (Saha et al., 2018). Therefore, the interaction properties should be 

discussed with the interfacial properties which dominates the interaction field. 
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Table 1-4 Types of the interactions between lipid membrane and nucleic acids 

System Lipid Nucleic acid Interaction behavior References 

Cationic lipid 

modification 

Cationic lipid 

CTAB 

λ-DNA(48.5 kbp),  

E-Coli DNA(200 bp ) 
K

a
 10

3
~10

4
 M Spink et al., 

1997 

Cationic lipid (DDAB, 

DOTAP) in 50% ethanol 

aqueous solution 

tRNA (< 100 nt) K
a
 10

4
~10

5
 M Marty et 

al.,2009 

Addition of the divalent 

cation (Ca
2+

, Mg
2+

, Zn
2+

) 

DPPC Salmon sperm fragmented 

DNA (0.5–1 kbp)  

Increase of Tm at low Zn2+ 

concentration 

Suleymanoglu 

et al.,2004 

 
DPPC Calf-thymus DNA Decrease of lamellar repeat 

distance in SAXS 

McManus et 

al., 2003 

At the liquid-crystalline 

phase 

Zwitterionic lipid DMPE tRNA 

(< 100 nt) 

Decrease of transition peak 

temperature width at half ∆C
p
 

maximum (1.6 ⇒ 1.3 ℃) 

Koiv et al., 

1994 

Heterogenic phase Zwitterionic lipid DMPC/ 

Cationic sphingosine 

Calf-thymus DNA Increase of T
m
 of cationic lipid 

phase 

Koiv et al., 

1994 

 
Zwitterionic lipid 

DOPC/Cholesterol 

Hairpin structure RNAs 

(< 120 nt) K
a
 <10

2
 M 

Janas et al., 

2006 
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5. Important role of the hydration water at lipid membrane 

Hydration is the most fundamental and essential factor to evaluate the capability of 

interactions at hydrophobic/hydrophilic interface. Dehydration processes could be one of 

possible triggers for the molecular aggregation, and the dielectric constants could be the 

important index of the solvent system to determine the affinity (Laage et al., 2017). 

Specifically, at the lipid membrane surface, the amphiphilic molecular properties of lipid 

molecules could involve with the behavior of water molecules which act both as steric 

molecules and as the solvent determinants. Generally, the word “membrane surface” 

indicates the hydrophilic region of the lipid bilayer, which behaves as the interface of 

interaction with the surrounding solvent water. The “membrane interface” indicates the 

border region between the hydrophilic and the hydrophobic regions of the membrane, that 

is, the region around the carbonyl group of the lipid molecules. The “membrane 

interphase” could be the region between the membrane surface and the membrane 

interface as shown in Figure 1-4 (Disalvo et al., 2014). 

The hydration state of the lipid membrane cannot be simply defined owing to the 

various contributing factors, for example, the chemical structure of the lipid head group, 

packing states of acyl chains, lateral interactions between lipids, etc. A typical  

 

Figure 1-4 Definition of the hydration environments of the lipid bilayer 

(Disalvo et al., 2008). 
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zwitterionic phospholipid, e.g., diacylglycerophosphocholine (PC) known as lecithin, 

possesses both negatively charged phosphate group and positively charged choline group. 

The zwitterionic head groups are strongly hydrated via hydrogen bonds with solvent water. 

In a phosphate group, the bound water molecules are retained in a tetrahedral structure 

around the oxygen atoms (Damodaran, 1998; Lopez et al., 2004; Mondal et al., 2012). 

The water molecules associated with the positively charged choline group are weakly 

connected to each other in a clathrate hydration state (Damodaran, 1998; Mondal et al., 

2012). The hydration property of the membrane can be varied depending on the lipid head 

group. In consideration of other factors that could influence the hydration behaviors, the 

simulation study on the associated dynamics has been achieved based on the fact that the 

hydrogen bonds between the water molecules are strengthened on the lipid membrane 

that is composed of phosphoethanolamine (PE) lipids (Damodaran, 1998). The PE has a 

small head group which preferentially provide a flat membrane surface (almost no 

curvature), thus resulting in the enclosure of lipid molecules. From this point of view, it 

is considered that the uniformity of the charge characteristics of the surface layer also 

contribute to the stability of the bonds between the water molecules (Lairion et al., 2009). 

In general, the hydration layer could be formed on the surface of the lipid membrane and 

prevent the access of water-soluble molecules, despite the existence of the thin hydration 

layer which has a thickness of approximately 1 nm (Zwang et al., 2010). It is still unclear 

how such a hydration layer can inhibit the access to external molecules.  

The water exchange could be the important concept to consider the activity of 

hydrated water. Especially, for the analysis of the interaction with peptides in the 

monolayer system, the “cut off” surface pressure is used in which the surface pressure 

becomes insensitive to the peptide penetration (Disalvo et al., 2008; Martini et al., 2007). 

The “cut off” surface pressures for PCs and for PEs are approximately 40 mN/m and 30.6 

mN/m, respectively. Considering the surface pressure of the saturated PC monolayer 

(approximately in the range of 46.6–48.0 mN/m), the surface pressure value of the PC 

monolayer is relatively lower. From these results, it is suggested that the protein does not 

penetrate at pressures that are much lower than the pressures at which the head group is 

filled. This indicates that an extra free energy is required to adsorb the protein, thus 

suggesting that the thermodynamically active water exceeds that within the hydrated shell. 

The significantly lower “cut off” surface pressure of the PE monolayer indicates the 
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existence of a smaller amount of thermodynamically active water. 

As shown in these examples, the hydration state in the lipid membrane is 

complicated, and mechanisms of stabilization of each hydration can be varied depending 

on lipid spiecies. However, it is an interesting task to ascertain whether the membrane 

properties determine the hydration characteristics, or whether the hydration 

characteristics determine the membrane properties, and how this works for the interaction 

with biomolecules. The evaluation of the hydration water behaviors can be dependent on 

the measurement method in accordance with the characteristics of the target water, 

therefore, it is important to select the appropriate experimental method for the objective 

(Figure 1-5). 

Considering the above discussions, it is important to clarify the mechanism of the 

interaction occurring at the membrane surface (or interface) based on the aspects of (1) 

the configurations in the molecular level and (2) the solvatochromic aspects. Regarding 

(1) about configurational aspect, characterization of the active surface of the lipid 

 

 

Figure 1-5 Experimental approach for the investigation of water dynamics. The molecular 

properties of waters were summarized according to the review by Laage et al (Laage et al., 

2017). 
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membrane would be useful for the development of the highly sensitive biosensors and for 

the design of the drug carrier. One aspect relating to the clarification of the configurational 

factors could lead to the suggestion of the specificity of the self-assembly system, in other 

words, there is the possibility of the self-assembly system to prepare certain structure to 

accept corresponding molecules by modulating its organization. Though the structure of 

the assembly system could be explained as the “membrane fluctuation”, the selectivity 

generated by the assembled structure could be the interaction which is energetically 

favorable and/or which is intrinsically accomplished on the membrane surface. This 

hypothesis may also contribute to the concept of the protocells in biology. In relation to 

another important aspect (2), the comprehension of the solvatochromic property of the 

membrane interface is necessary to assess the ability of the interaction. In particular, the 

biological interface can be explained with the gradient of the water population. The gap 

between the polar environment side and the nonpolar environment side at the interface 

could act as the “active” gradient, and may provide the interaction force, which cannot be 

explained only with the concept of the hydrophobic force. The existence of the “active” 

forces working on the gradient of the dielectric constants could give new insight in the 

interfacial chemistry.  

 

6. Overview of this study 

The final purpose of this study is to clarify the mechanism of the molecular 

interaction that could be cooperatively induced at the lipid membrane and to design the 

functional interactions based on the interfacial property of lipid membrane. Especially, 

from the aspects of the cooperative molecular interaction at the membrane surface, 

solvatochromic properties of the membrane and configurations of membrane-constituting 

molecules were studied, taking the nucleic acids as the model biomacromolecules. 

Furthermore, the specificity of the interaction created by the self-assembled structure 

were investigated. The flame work and the flow chart of the present study are shown in 

Figures 1-6 and 1-7, respectively. 

In Chapters 2 and 3, the investigation for the hydration characteristic at the 

membrane interface were performed. Especially, in Chapter 2, the approach based on the 

solvatochromism was aimed using a solvent sensitive fluorescence molecule, Laurdan. 
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The local environment in the vicinity of the lipid molecules can be detected due to the 

localization of Laurdan into the lipid membrane. The four component-deconvolution 

method of the steady-state emission of Laurdan was developed to monitor the 

contributions of multiple types of solvent environments; nonpolar, polar aprotic, and polar 

protic with low and high dielectric constants. In Chapter 3, the approach based on the 

kinetics of the hydration behavior was investigated using the time-resolved fluorescence 

emission spectrum of Laurdan. This method gives the fluorescence lifetimes in a 

nanosecond scale. Time-based and emission-based information were assigned as the 

contribution from water groups with the collisional and relaxing properties, respectively. 

This assumption enabled us to estimate the number of the water molecules hydrating per 

lipid molecule, which could give the novel knowledge about the physicochemical impact 

of water molecules to the membrane properties. Based on these results, the regulation of 

dynamic active water molecules at the membrane interface was assumed to affect 

interaction, a strategy to modify the membrane interface was proposed focusing on the 

“hydration” in the following chapters. 

In Chapter 4, the guanidinium modified vesicle membranes were designed aiming 

for the hydrophobic effect on the intermolecular interaction at the lipid membrane. 

Guanidinum is the moiety that exhibits chaotropic property, hence, the hydrogen bonding 

formed between water molecules can be disrupted by this molecules. From the analysis 

of infrared spectroscopy, Raman spectroscopy, and fluorescence of probes, the membrane 

properties such as the lateral packing, hydrophobicity and intermolecular interactions 

were higher in the membrane having the guanidinium molecules, stearyl guanidinium 

(SG), which have a longer acyl chain and a small head group. High affinities with tRNAs 

were observed in the SG modified membranes.  

In Chapter 5, the interaction mechanism on the lipid membrane was investigated. 

According to the analysis of the Laurdan fluorescence, the differences of the spectra 

between in the absence and presence of the interaction were observed. This indicates that 

the dehydration process occurs during the interaction, and the thermodynamics of the 

interaction can be estimated from the contribution of the dehydration and the binding 

affinity. Furthermore, the nucleobase selectivity in the adsorption on the lipid membrane 

was observed, suggesting that the membrane arrangement specific to the certain 

molecules can be generated in the self-assembly system. This assumption should provide 
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the significant insight on the comprehension of adsorption behavior. 

In Chapter 6, the cooperative effects of guanidinium modification on lipid 

membrane and the tRNA conformation were investigated. The modification of the 

cationic guanidinium dramatically increased the binding affinity with tRNA. From the 

pH response of the fluorescence probe, the large pKa values were observed in guanidinium 

modified membrane, suggesting the surface charge density or hydration property can be 

provided by the intermolecular lipid interactions, and the obtained surface properties have 

significant impact on the adsorption of tRNA. From the circular dichroic spectroscopy 

during the phase transition, the specific interaction with tRNA was observed, suggesting 

the nucleobase selectivity of tRNA by the self-assembled lipid structure.  

In Chapter 7, the results obtained in this work are summarized in General 

Conclusions, and Suggestions for Future Works are described as extension of this thesis. 

 

Figure 1-6 Concept of this study. 
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Figure 1-7 Framework of the present study
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Chapter 2 

Evaluation of Multiple Hydration States  

at the Lipid Membrane 

1. Introduction 

The integration of external (or internal) biomolecules into the lipid membrane 

surface is dominantly promoted by: the electrostatic and hydrophobic interactions 

between those molecules and the membranes (Alberts et al., 2014; Jin et al., 2008; Villar 

et al., 2016). Furthermore, the water molecules at the interface of the lipid membrane can 

control the activities of biomolecules by modulating the surface pressure, coordination of 

hydrogen bonding, and surface charge state (Alarcón et al., 2016; Costard et al., 2014; 

Damodaran, 1998; Saito et al., 2011; Sparr et al., 2001). Lipid rafts, usually composed of 

sphingolipids and cholesterol, have been attracting research attention for many years 

because of their specific interaction with biomolecules (Barenholz, 2004; Casem, 2016; 

Lajoie et al., 2010; Simons et al., 1997; Slotte, 2016). In the lipid raft, the membrane 

interface could be maintained in a less hydrated state because of the rigid and ordered 

alignments of lipid molecules, which results in the tight lipid packing and then excludes 

the water molecules out from the membrane. Therefore, the membrane polarity in the 

lipid raft is thought to play an important role in the integration of molecules and in the 

control of their activity. However, little is known regarding the interfacial hydration state 

of local raft regions compared to other regions within the same membrane because the 

observation of heterogenic hydration properties has not been well established. 

Sphingolipids are the major lipid species known to be associated with raft domain 

stability (Ramstedt et al., 1999). They form a strong intermolecular hydrogen bond that 

facilitates the segregation with high affinity to cholesterol through the hydrogen bonding 

acceptor (C=O, P=O, 3OH, or 2NH) and donor moieties (3OH or 2NH) (Slotte, 2016; 

Venable et al., 2014). Most of sphingolipids have long, saturated acyl chains, which 

allows them to be packed tightly (Ramstedt et al., 1999). Even with a subtle 
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configurational difference of saturated or unsaturated, the physicochemical properties of 

sphingolipids in bilayers, such as the phase transition temperature (Tm), can vary 

depending on the acyl chain structure. For example, D-erythro-N-palmitoyl-sphingosyl 

phosphorylcholine (PSM), having a saturated acyl chain and an unsaturated long-chain 

base, shows a Tm of 41.2 ℃ in the pure bilayer form (Kuikka et al., 2001). D-erythro-N-

palmitoyl-dihydrosphingomyelin (DHPSM), having a saturated long-chain base, shows a 

Tm of 47.7 ℃ in its bilayer form (Epand, 2003; Nyholm et al., 2003a, 2003b). Recent 

studies have reported differences in their hydrogen-bonding properties (Epand, 2003; 

Yasuda et al., 2016). Dihydro-SM is assumed to have higher affinity for cholesterol than 

unsaturated SM. It is clear that the molecular environments arranged via hydrogen bonds 

are specific in sphingomyelin bilayers; therefore, microscopic properties, such as 

membrane polarity or viscosity between the lipid molecules, should be properly verified. 

The fluorescence probe 6-lauroyl-2-dimethylamino naphthalene (Laurdan) has 

been widely used to evaluate membrane hydration states (Bagatolli et al., 1999; De Vequi-

Suplicy et al., 2006; Parasassi et al., 1991). The fluorescence emission of Laurdan is 

sensitive to the surrounding solvent environment. In the lipid bilayer, the amphipathic 

structure of Laurdan localizes it at the hydrophobic–hydrophilic interface region. Thus, 

the obtained information is relevant to the microscopic interfacial properties of the lipid 

bilayer (Bagatolli et al., 1999; Parasassi et al., 1998). Through excitation, the fluorophore 

moiety has a large dipole moment (Parasassi et al., 1998; De Vequi-Suplicy et al., 2014) 

and exhibits various emission characteristics relaxed by the surrounding solvent 

molecules (Bagatolli et al., 1999; Parasassi et al., 1990, 1997). An analytical method for 

measuring the microscopic polarity of the membrane has been developed by utilizing the 

emission properties of Laurdan in the lipid bilayer (Bacalum et al., 2013; Harris et al., 

2002; Malacrida et al., 2016; Parasassi et al., 1998); for the two-state assumption of 

membrane phase state (gel phase or liquid phase), the generalized polarization (GP) value 

is widely used (Jay et al., 2017; Parasassi et al., 1991, 1997). Despite this versatility, 

further investigation is required to evaluate the detailed hydration states at the lipid bilayer 

interface, as there are many factors that affect the relaxation states of Laurdan (e.g., 

hydrogen bonding, lateral lipid density, and lateral heterogeneity) (Jay et al., 2017). As 

example, the broad emission spectra of the Laurdan are obtained in the sphingolipid 
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bilayer (Bagatolli et al., 1999; Massey, 2001; Nyholm et al., 2003a); however, from where 

it originates is unclear, aside from the possibility of intermolecular hydrogen bonds 

among SM lipids.  

In this chapter, the interfacial hydration properties of bilayers prepared from 

different lipid species were evaluated to determine whether the different configurations, 

including backbone structure or degree of saturation, would affect the interfacial 

hydration properties of the bilayers (Figure 2-1), especially focusing on how the 

hydrogen bonding properties of PSM and DHPSM affected the interfacial polarity. The 

steady-state measurements of the excitation spectra, emission spectra, and the anisotropy 

of Laurdan were carefully investigated along with the time-resolved emission analysis. 

Deconvolution of obtained Laurdan fluorescence emission spectra into four components 

was herewith proposed based on the emission properties of the solvent system. The 

differences in the microscopic polar environments arranged in each lipid bilayer were 

discussed in this study based on the “solvatochromic model” of Laurdan, where its local 

surroundings are assigned as a solvent system. 

 

Figure 2-1 Concept in this chapter. Lipid molecules used in this study are 1, 2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), PSM, 

and DHPSM. Laurdan is the fluorescence molecule for the assessment of membrane polarity. 
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2. Materials and Methods 

2.1. Materials 

All phospholipids (DPPC, and DOPC) and egg yolk SM were purchased from 

Avanti Polar Lipids (Alabaster, AL, USA). PSM was purified from egg yolk SM, as 

described previously (Nyholm et al., 2003a). PSM was hydrogenated to yield DHPSM, 

as previously reported (Ramstedt et al., 1999). The purity of the sphingomyelins was 

confirmed by mass spectrometry. Laurdan was purchased from Sigma Aldrich (St. Louis, 

MO, USA). Other chemicals were obtained from FUJIFILM Wako Pure Chemical 

Corporation (Osaka, Japan) and used without further purification. 

 

2.2. Preparation of the lipid bilayer vesicles 

Lipids and fluorescence probes were dissolved in methanol. Appropriate amounts 

were dispensed into glass tubes, and the solvent was evaporated under a stream of 

nitrogen gas. The dry lipid films were hydrated in pure water at 65 ℃ (60 min) and 

sonicated in a sonicator bath (Bransonic 2510; Branson Ultrasonics, CT, USA), for 5 min 

at 65 ℃. Large unilamellar vesicles (LUVs, 100 nm in diameter) were prepared by 

extrusion at 65 ℃ (Hope et al., 1985). The lipid concentration was measured using the 

method reported by Rouser et al (Rouser et al., 1970). 

 

2.3. Fluorescence measurements of Laurdan in steady state 

All samples were prepared to adjust the final lipid and Laurdan concentrations to 

100 µM and 1 µM, respectively. The concentration of Laurdan was estimated from its 

absorbance, using the molecular extinction coefficient of 2000 cm-1 (Haugland, 1996). 

Steady-state fluorescence measurements were performed with a QuantaMasterTM (Photon 

Technologies International, Lawrenceville, NJ, USA). The temperature of the sample cell 

was monitored and regulated by a Peltier system, and data acquisition was controlled 

using Felix 32 software. Emission measurements were performed using excitation light 

at 360 nm, and the emission spectra of Laurdan were collected from 400 to 540 nm.  

The generalized polarization value was measured according to a previous report 

(Parasassi et al., 1991) with the following equation:  

𝐺𝑃 =  (𝐼440  − 𝐼490)  ⁄ (𝐼440  +  𝐼490)   (Eq. 2-1) 
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where 𝐼440 is the emission intensity at 440 nm in the emission spectrum of Laurdan in 

the steady state, and 𝐼490 is the emission intensity at 490 nm. 

The GP values decreased with an increase in temperature. Except for DOPC, the 

values shifted drastically based on the transition temperature. At room temperature, GP 

values become smaller in the order of DPPC > PSM > DHPSM > DOPC, which also 

corresponds to the order of degree of hydration. 

Fluorescence anisotropy, r, was calculated from vertically and horizontally 

polarized emission intensity with the following equation: 

𝑟 =  
(𝐼VV − 𝐺𝐼VH)

(𝐼VV + 2𝐺𝐼VH)
⁄      (Eq. 2-2) 

𝐺 =  𝐼HV/𝐼HH        (Eq. 2-3) 

where the orientation of the excitation and emission polarizers were represented as 

follows, for example, IHV for the intensity horizontally polarized excitation and vertically 

polarized emission, as defined in a previous report (Lakowicz, 1999). The changes of 

anisotropy as a function of temperature were continuously measured from 20 ℃ to 70 ℃, 

and the results were analyzed with the sigmoidal fitting curves, based on Boltzmann 

equation. The measurement was performed using excitation light at 360 nm, and the 

emission was measured at 490 nm. 

The deconvolution of obtained emission spectra was carried out using PeakFit 

software (Systat Software, Inc., San Jose, CA, USA). All fitting equations were utilized 

with the lognormal amplitude function following a previous report (Bacalum et al., 2013). 

The equation for the fitting is as follows:  

𝑦 =  𝑎0exp(−
1

2
(
ln
𝑥

𝑎1

𝑎2
)

2

)     (Eq. 2-4) 

where 𝑎0 is the amplitude, 𝑎1 is the center (≠ 0), and 𝑎2 is the width (> 0) of the 

fitting curve, respectively. From the fitting acquisition, the integrated area and its area 

ratio [%] were obtained; the integrated area was calculated from the integration of the 

obtained analytical curve.  
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2.4. Quenching experiment with 5-DOXYL and TEMPO 

Fluorescence quenching experiments were performed to reveal the multiplicity of 

Laurdan locations in the bilayers. The spin-labeled quenchers 2-(3-carboxypropyl)4,4-

dimethyl-2-tridecyl-3-oxazolidinyloxy (5-DOXYL) and 2,2,6,6-Tetramethylpiperidine 1-

oxyl free radical (TEMPO) were used as a site-specific quencher and bulk-distributed 

quencher, respectively. The location of 5-DOXYL is estimated to be 12.15 Å (Abrams 

and London, 1993; Chattopadhyay and London, 1987), and the fluorescence would be 

quenched if the Laurdan molecules were located close to the radical molecules. TEMPO 

is water-soluble and is partitioned favorably into the disordered lipid membrane phase. 

Therefore, the quenching would be promoted as the TEMPO penetration increase.  

 

2.5. Time-resolved fluorescence measurements 

Time-resolved fluorescence measurements were all performed using the FluoTime 

200 instrument (PicoQuant, Rudower Chaussee, Berlin, Germany). The sample 

temperature was controlled by a Peltier system, and data acquisition was performed with 

the PicoHarp system. The samples were excited with a 378-nm diode laser, and the 

emission was measured from 400 to 540 nm in 10-nm steps (14 acquisitions). The time 

resolution was 64 picoseconds. A decay curve was produced after 150 seconds of 

acquisition time. Data were analyzed using FluoFit Pro software. After integration of all 

decay curves, the TRES were extracted every 1.6 nanoseconds after excitation (from 

7.168 ns to 48.768 ns, in 28 spectra), and the center of spectral mass (𝜆c) was calculated 

according to a previous report as follows (Mohana-Borges et al., 1999):  

𝜆c = ∑𝜆𝑖𝐹𝑖 ∑𝐹𝑖⁄        (Eq. 2-5) 

where 𝐹𝑖 is the fluorescence emitted at the emission wavelength 𝜆𝑖.  
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3. Results and Discussion 

3.1. Emission spectra of Laurdan in the steady state 

The fluorescence emission spectra of Laurdan were measured in the bilayers 

composed of DPPC, DOPC, PSM, and DHPSM. As shown in Figure 2-2 (a), the Laurdan 

in the DPPC bilayer (Tm: 41.2 ℃) showed a sharp peak at around 440 nm, which was 

consistent with the reported Laurdan peak position in the gel phase bilayer (Parasassi et 

al., 1991). The Laurdan spectrum in the DOPC bilayer showed a broader and red-shifted 

peak at approximately 490 nm, which was derived from the Laurdan in the liquid-

crystalline phase. For the PSM and DHPSM bilayers, broader peaks were observed as 

compared with the spectrum in the DPPC bilayer. These findings are similar to previous 

results (Nyholm et al., 2003a), whereas narrower and blue-shifted peaks were observed 

in this study because of the lower experimental temperature (at 20 ℃). 

 

 

 

Figure 2-2 (a) Fluorescence emission spectra of Laurdan in DPPC (solid), DOPC (dash), PSM 

(dot), and DHPSM (dot 2-dash) bilayers at 20 ℃. The excitation wavelength was 360 nm. All 

spectra were normalized with the strongest peak intensity. (b) Transition of GP values in the 

DPPC, DOPC, PSM, and DHPSM bilayers as a function of temperature. Each lipid is depicted 

in the color described in the legends. The GP value is defined as described in Eq. 2-1. The 

average value was plotted from the GP values calculated from the three emission spectra 

shown in the graph (a). Error bars represent SEM. 
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The phase transition temperatures of PSM and DHPSM in the bilayers were 41.2 ℃ 

and 47.7 ℃, respectively (Kuikka et al., 2001). In the point that these lipid bilayers have 

a high Tm, it is expected that the membrane properties of PSM and DHPSM bilayers could 

be similar and resemble that of the DPPC bilayer. However, broader peaks at 440 nm in 

PSM and at 460 nm in DHPSM were observed. Furthermore, the spectrum in the DHPSM 

bilayer was more red-shifted than in the PSM bilayer and seemed to be considerably 

similar to that in the DOPC bilayer. These results suggest that the Laurdan in SM bilayers 

would be in multiple hydration states, and it may be highly hydrated in the DHPSM 

bilayer. Conventional GP analysis was also attempted (Figure 2-2 (b)). The GP values 

of the SM bilayers below the Tm were relatively low, in the order of DOPC < DHPSM < 

PSM < DPPC, which implies that the order of hydrophobicity does not correspond to the 

rigidity expected from the Tm.  

 

3.2. Anisotropy of Laurdan 

Rotational mobility of Laurdan was investigated from the steady-state anisotropy 

(Figure 2-3). The anisotropy values decrease during phase transition wherein the 

rotational mobility or molecular freedom increase. In the DPPC bilayer, a drastic shift in 

the anisotropy was observed at Tm (= 41 ℃). Since the DOPC bilayer is in a fluid and 

disordered state, there was only a slight decrease. The PSM and DHPSM bilayers showed 

modestly shifted anisotropy values compared to the shift observed in the DPPC bilayer 

systems. Further, at temperatures below Tm, the anisotropy values in SM bilayers were 

slightly lower than in the DPPC bilayer. These results indicate that there are some 

configurational factors in SM bilayers, for example, the high saturation of hydration or 

hydrogen bonding, and that restrict Laurdan to have modest transition of rotational 

motions as the temperature increases.  
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Figure 2-3 Anisotropy transitions of Laurdan in DPPC, DOPC, PSM, and DHPSM bilayers as 

a function of temperature. The excitation wavelength was 360 nm, and the emission 

wavelength was at 440 nm (dashed line), 465 nm (dotted line), and 490 nm (solid line). 

Anisotropy was calculated using the Eq. 2-2 and 2-3. The sigmoidal fitting curve was 

illustrated using the Boltzmann equation.  

 

The anisotropy transition was dependent on the emission wavelength, and at shorter 

emission wavelengths, a modest shift was observed in the results of the DPPC bilayer. 

Anisotropy dependencies on the emission wavelength can be explained by the existence 

of individual molecular species that have different emission properties. For the phase 

transition of DHPSM bilayers, the anisotropies with the longer emission wavelengths 

(465 and 490 nm) shifted at a lower temperature than that at a shorter emission 

wavelength (440 nm), suggesting that Laurdan molecules with longer wavelength 

emissions have high mobility or heat sensitivity. The results shown in Figures 2-4 

indicate the fluorescence quenching by the radical reagents (5-DOXYL stearic acid 

(lipophilic) and 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, water soluble)) located at 

the interfacial region. The significant quenching in the longer wavelength range was 

observed in SM bilayers, which implies that the Laurdan molecules with red emission are 

locating in the shallower region of the interface. This also supports the idea of various 

locations of Laurdan with corresponding polarities. 
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Figure 2-4 (a) Relative emission intensity of Laurdan in the presence of quencher, 5-DOXYL, 

shown as a spectrum. The solid lines represent the emission spectra of Laurdan as a control, 

and the dotted lines represent the relative intensities between the spectra obtained in the 

presence of 15 mol% of 5-DOXYL. (b) Relative emission intensity of Laurdan in the presence 

of quencher, TEMPO, shown as a spectrum. The solid lines represent the emission spectra of 

Laurdan as a control, and the dotted lines represent the relative intensities between the spectra 

obtained in the presence of TEMPO. All experiments were performed with a 100 µM lipid 

concentration and 3 mol% of Laurdan, respectively. The emission spectra were obtained with 

excitation at 360 nm at 20 ℃. All spectra acquisitions were repeated three times. 
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3.3. Center of mass of the time-resolved emission spectra  

The center of mass of the time-resolved emission spectrum of Laurdan was 

calculated for the DPPC, DOPC, PSM, and DHPSM bilayers (Figure 2-5). In general, 

slow dipolar relaxation around the excited state of the probe makes fluorophores emitting 

earlier with higher energy (shorter wavelength), while fast dipolar relaxation leads a loss 

of energy due to environmental relaxation (higher wavelength). For the DPPC bilayer 

below Tm, a small shift of the center of mass was observed with decay time, which 

confirms the gel phase as reported is consistent with previously (Harris et al., 2002; 

Parasassi et al., 1993). This transition can be explained as the representative fluorescence 

properties of Laurdan in the gel phase, as observed from the shorter emission wavelength 

and longer fluorescence lifetime. The center of mass in the DOPC bilayer shifted to a 

larger emission wavelength and returned to a shorter wavelength because the dynamic 

solvent relaxation in the liquid-crystalline phase resulted in a red-shifted emission and a 

short lifetime. With regard to the temperature effect found in the DOPC bilayer, a 

progressive red shift and shorter decay time were observed at high temperature, indicating 

that significant solvent relaxation from the surrounding hydrated waters lead the lifetime 

of Laurdan shorter. Similar tendencies were also observed in DPPC bilayers at 

temperatures above Tm.   

 

 

 

Figure 2-5 The center of mass of the 

time-resolved spectra of Laurdan for 

each bilayer at different temperature 

as shown in each legend. The 

excitation wavelength for the diode 

laser was 378 nm. The value of the 

center of mass was calculated using 

Eq. 2-5. Each data points were 

extracted every 7.168 ns. 
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A unique feature of sphingolipids was that the center of mass shifted to a large 

wavelength with a shorter decay time. This result is similar to the property observed in 

the liquid-crystalline phase, although the degree of red-shifting was modest compared to 

that in the DOPC bilayer. This suggests that there are specific molecular arrangements 

among SM lipids that enable Laurdan to be relaxed. Further, the transition of the center 

of mass in the DHPSM bilayer at a low temperature was more red-shifted compared with 

those in the PSM bilayers, indicating the highly hydrated property of the DHPSM bilayer. 

Considering the biphasic time distributions of center of mass values in DOPC and 

sphingomyelin bilayers, there could be at least two populations of fluorophores emitting 

at the shorter wavelengths: one with short lifetimes and one with long lifetimes. 

 

3.4. Excitation spectrum of Laurdan  

Figure 2-6 shows the excitation spectra of Laurdan in each lipid bilayer for the 

emission wavelengths 435 nm and 470 nm. According to a previous report, the specific 

intermolecular interactions between Laurdan and the surrounding molecules can be 

determined from excitation spectra (Bagatolli et al., 1999). The emission wavelength 

dependencies at 435 nm and 470 nm were significant for both SM bilayers. Greater blue-

edge excitation intensity was found in the DOPC bilayer and SM bilayers. The excitation 

peaks with shorter wavelength could indicate energetically unfavorable states of Laurdan 

species, for example one in the fluid membrane wherein the quantum yield of Laurdan is 

relatively low (Bagatolli et al., 1999; Viard et al., 1997). In addition, the Laurdan in 

nonpolar (low ε) and aprotic solvent emits rather weak fluorescence (Józefowicz et al., 

2005). Therefore, it seems that a portion of the Laurdan molecules in the DOPC and SM 

bilayers are energetically unfavorable because of high fluidity or low ε. The excitation 

spectra for the emission wavelength of 470 nm showed a decreased blue-edge intensity, 

revealing the different locations of Laurdan molecules depending on the emission 

wavelength. This increased red-band intensity in the excitation spectrum implies the 

presence of relaxation. The spectra in the DHPSM bilayer had relatively larger red-edge 

intensities than in the PSM bilayer, suggesting that the intermolecular interaction between 

Laurdan and the solvent molecules is greater in the DHPSM bilayer. 
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Figure 2-6 Laurdan excitation spectra of pure lipid bilayers at emission wavelength (λem = 435 

nm, 470 nm) in 20℃. The symbols indicate the type of lipid bilayer: DPPC (open triangle), 

DOPC (closed circle), PSM (open circle), and DHPSM (closed square). All spectra were 

normalized with the strongest peak intensity. The spectral differences are found in our 

experiments compared with previous report are considered to originate from the difference of 

purity of the lipids (between extracted sphingomyelin and purified sphingomyelin).  

 

The emission ratio spectra based on the different excitation wavelengths are shown 

in Figure 2-7. When the fluorescence molecules are excited with longer wavelengths, the 

intensity of the blue-edge emission decreases since the photo selection occurs for 

molecules that are already relaxed and energetically favorable (Bagatolli et al., 1999). 

The emission spectra obtained with red excitation for the DOPC and DHPSM bilayers 

showed lower intensities of blue-edge emission at 25 ℃, indicating that relaxation is 

taking place. In the DPPC, PSM, and DHPSM bilayers, spectra with blue excitation (Ex 

= 340 nm) showed greater intensity in the blue-edge emission above Tm (60 ℃), which 

implies there are still energetically un-relaxed molecules after the phase transition. These 

results indicate the unique heterogeneity of Laurdan in the DHPSM bilayer, which can 

sense both hydrophilic and hydrophobic environments. 
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Figure 2-7 Ratio spectra between steady-state Laurdan emission spectra excited at the various 

excitation wavelengths. (a) The results obtained at 25 ℃. (b) The results at 60 ℃, respectively. 

All spectra were calculated with the spectra excited at 360 nm as a control. The arbitrary 

excitation wavelengths are shown in the legend. The concentrations were 100 µM of lipids and 

1 mol % of Laurdan, respectively. All spectra acquisitions were repeated three times. 
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3.5. Proposal for the deconvolution analysis based on the solvent modelling 

Analysis of the Laurdan fluorescence is a useful tool for characterizing membrane 

interfaces. However, it is difficult to interpret its complex molecular environment. In this 

chapter, the fluorescence properties were observed according to the emission 

wavelengths; for example, a modest shift in the anisotropy at a shorter emission 

wavelength (Figure 2-3), a short lifetime at long emission wavelength (Figure 2-5), and 

a large red-edge intensity of the excitation spectra at a longer emission wavelength 

(Figure 2-6). In particular, the properties of Laurdan in SM bilayers revealed the 

complexities for the interpretation, as suggested by the broad and decomposable emission 

peak (Figure 2-2), the significant quenching in the red-edge emission (Figure 2-4), the 

unique red-shift of the center of mass (Figure 2-5), and the emission dependence on the 

excitation spectra (Figure 2-6). This complexity is caused by a variety of excited states 

and the diversity of the probe’s surroundings (microscopic viscosity, hydration degree, 

and so on) (Jay et al., 2017; Parasassi et al., 1997). Because of this complexity, common 

GP analysis often encounters discrepancies in terms of the selection of blue and red peaks 

(Jay et al., 2017). Moreover, deconvolution analysis with the double component cannot 

precisely account for the molecular situation (Bacalum et al., 2013).  

Here, the multiple deconvolution analysis based on the solvent system will be 

proposed to examine the local solvent environment at the membrane interface based on 

the correlation between the Laurdan emission peaks and the dielectric constants of the 

solvents. Since the local dielectric constant values of the bilayer membrane drastically 

shifted from ε = 10 to 70, the solvent property in the bilayer should be studied carefully 

(Cevc, 1990). The local solvent characteristic could be explained by separately 

considering molecular environments as featured solvent systems, such as nonpolar (ε < 

5), polar aprotic, polar protic (low ε), and polar protic (high ε) systems. The 

characterization of polar protic solvent can be divided into low and high ε in order to 

explain the protic effect of both the water molecules penetrating the hydrophobic region 

of the membrane and the abundance of water molecules in the polar region. Based upon 

this assumption, a series of solvent mixtures were selected to represent the molecular 

environments, such as the hexane–acetone system (ε: 1.89 ~ 20.7) for the effect of the 

C=O group, the hexane–ethanol (ε: 1.89 ~ 24.5) for the protic effect in the hydrophobic 
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region, and ethanol–water (ε: 24.5 ~ 80.1) for the water-abundant region.  

The deconvolution method will be explained in the next section. As the emission 

range of the Laurdan spectra in the lipid bilayer is broad enough to cover the entire range, 

it is possible to assign these four solvent systems to the multiple deconvolution curves as 

shown in the concept illustration (Figure 2-8).  

 

Figure 2-8 Concepts of deconvolution of Emission spectra of Laurdan. From the four 

deconvolution curves, peak positions of each curve and the integrated area ratios to the whole 

spectral area were calculated. The peak positions and the integrated area percentages obtained 

for each bilayer were pictured in the corresponding color with the deconvolution spectra. 

 

3.6. Deconvolution analysis and the solvent model 

Fitting parameters were carefully selected based on the considerations related to 

mixed solvent systems. First, a deconvolution analysis was performed as follows: 

 

1. The second-derivative approach was performed to get the candidate peaks. 

2. The deconvolution was performed using the asymmetric fitting equation 

following a previous report (Bacalum et al., 2013).  

3. Peaks with its relative peak areas less than 3 % were regarded as making no 

contributions to the entire spectrum and were eliminated. 

4. Some candidate peaks were selected from those with the highest R2 values. 

 

Consequently, the fitting parameters for the solvent systems were obtained 

empirically, such as the number of components in the solvent system, the peak positions, 
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and the full width at half maximum (FWHM). The dielectric constants of each solvent 

system were measured using a dielectric probe kit (Model 85070C and a PNA-L Network 

Analyzer Model N5230C from Agilent Technologies, Santa Clara, CA, USA). 

The deconvolution in the mixed system of hexane-acetone, hexane-ethanol, and 

ethanol–water were calculated with two fitting components. A comparison of the R2 

values of the single and second component deconvolutions are shown in Figure 2-9. 

According to the higher R2 values of deconvolutions with two components, the results 

obtained with two-component deconvolution fitting were discussed. The peak position 

and the FWHM of each component are summarized in Figure 2-10. Each point 

corresponds to the plot shown in Figure 2-11. 

 

 

Figure 2-9 Comparison of the R2 values in the (a) hexane-acetone system, (b) hexane-

ethanol system, and (c) ethanol–water system. The R2 values deconvoluted with two 

components and single components are represented as R2 (2) and R2 (1), as shown in the 

legend, respectively. 

 

 

Figure 2-10 Summary of the correlation 

between peak position and FWHM for 

each deconvoluted peak. Red: hexane–

acetone system; green: hexane–ethanol 

system; blue: ethanol–water system. The 

main deconvolution components are 

represented by filled circles, and the 

relaxed components were marked with 

crosses. Each point corresponds to the 

plot shown in Figure 2-11. 
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The correlation between the emission peak and the dielectric constants and 

emission peak positions were red-shifted in the following order: hexane–acetone system, 

hexane–ethanol system, and ethanol–water system (Figure 2-11). The shifts of peak 

position as a function of the dielectric constant indicated similar dependencies in any 

solvent system. The peak positions were stable with a wide range of dielectric constants. 

The two components found in a solvent system showed different FWHM values, and the 

one component with larger FWHM had a longer emission wavelength compared with 

another component (Figure 2-10). This broad and red-shifted component could be found 

even at a very low dielectric constant (ε < 5), indicating that this component was in a 

relaxed state not only because of the solvent but also due to undefined environmental 

factors, such as heat, collision, and reorientation. Laurdan and Prodan have two excitation 

states in a homogeneous solvent system, as suggested by the existence of two lifetimes 

(Lakowicz et al., 1982a, 1982b; Rowe et al., 2008). Hence, the deconvolution with two 

components in a solvent system is consistent with previous finding (De Vequi-Suplicy et 

al., 2015).  

The deconvolution of Laurdan spectra in the lipid bilayer was performed using the 

same procedure for solvent systems explained previously (Figure 2-13). In the ε region 

corresponding to the membrane interface, the correlations of the peak positions were 

observed; less than 440 nm for the nonpolar solvent, 440 ~ 460 nm for the polar aprotic, 

460 ~ 480 nm for the polar protic with low ε, and greater than 480 nm for the polar protic 

with high ε, respectively. The values of peak position and FWHM observed in the solvent 

system serve as reference boundaries for the peak positions (420 < λ < 540 nm) and 

FWHM (30 < FWHM < 90 nm), respectively (Scheme 2-1). FWHM values for the 

deconvolution results in lipid bilayers are shown in Figure 2-12. These results suggest 

that the deconvoluted components of Laurdan spectra in lipid bilayers can be assigned to 

those in solvent systems. 
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Figure 2-11 The correlation between the dielectric constants and the deconvoluted peak position. 

Red: hexane–acetone system; green: hexane–ethanol system; blue: ethanol–water system. The 

main deconvolution components are represented by filled circles, and the relaxed components are 

marked with crosses. The dielectric constants were measured using a dielectric probe kit. The 

interfacial region of the membrane was colored in the corresponding ε values (ε; 10 ~ 70), as 

reported previously (Cevc, 1990). The right figure represents the corresponding location of the 

dielectric constants for DOPC according to the schematic diagram for egg PC (Coster et al., 1996). 
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Figure 2-12 FWHM of deconvolution results in lipid bilayers: (a) DPPC, (b) DOPC, (c) PSM, 

and (d) DHPSM. Each peak corresponds to the components of the nonpolar (Peak 1, open square), 

the polar aprotic (Peak 2, cross), the polar protic with low ε (Peak 3, filled circle), and the polar 

protic with high ε (Peak 4, open circle), respectively. The R2 values are shown in each bottom 

panel. Solid diamonds represent R2 values analyzed with three deconvolution curves, and open 

diamonds represent those analyzed with four curves, respectively. Error bars represent SEM. 

 

 

The number of components was changed from four to three when the R2 value of 

the deconvolution with three components reached the value of the deconvolution with 

four components in the trial. Moreover, the amplitude of the first component located at 

the shorter wavelength was small to negligible. Most of the obtained spectra showed that 

the value of the asymmetry at half-maximum was approximately 1, which indicates that 

most of the deconvolution spectra were nearly symmetrical. Whole procedure for the 

deconvolution analysis is summarized in Scheme 2-1. 
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Scheme 2-1 Deconvolution analysis procedure. 
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3.6.1. Implication of deconvolution results in lipid bilayer 

Figure 2-13 shows the peak positions and the area ratios obtained from the four 

deconvolution curves. Based on the solvent models, they can be classified into four 

groups. In the DPPC, PSM, and DHPSM bilayers, the most blue-shifted peak at 

approximately 420 nm disappeared during the phase transition. This peak originates from 

Laurdan existing in the nonpolar region (i.e., a tightly packed alignment or hydrogen bond 

interactions could prevent the solvation into fluorophores). Interestingly, in the loosely 

packed bilayers (such as DOPC bilayers), Laurdan also had a peak at 420 nm throughout 

the whole temperature range. This result seems contradictory. However, the Laurdan in 

the DOPC bilayer had a short lifetime (~ 2 ns) at an emission of 420 nm, suggesting that 

the blue-shifted components in DOPC bilayers are observable but they are energetically 

unfavorable because of collisional effects. As shown in the result of center of mass 

(Figure 2-5), DOPC and SM bilayers indicated at least two populations of fluorophores 

emitting at the shorter wavelengths with short and long lifetimes. In dynamic solvent 

environment, the quantum yield of Laurdan is relatively low, which means some of 

excited Laurdan could be immediately brought back to the ground state through the non-

radiative pathway (Lakowicz, et al., 1999). Compared with other bilayers, lower 

anisotropy values at blue-shifted region (at 440 nm) in DOPC bilayers were shown, which 

also suggests different fluorescence nature with high molecular motility in DOPC bilayers 

(Figure 2-3). Low viscosity makes the fluorescence lifetime shorter (Viard, et al., 1997). 

Therefore, the blue-edge emission in DOPC bilayer are considered to be significant with 

short lifetime components in high mobility, on the other hand, the blue-edge mission in 

SM bilayers are expected to be significant with long lifetime component with high 

viscosity in nonpolar environment in the tightly-packed membrane state. The peak 

component with the largest emission peak (at around 500 nm) was corresponded to the 

polar protic solvent model with the highest ε value (Figure 2-11). In the solvent systems, 

the presence of more than 60% of water (over ε ~ 30) decreased the emission intensity 

while the blue-edge excitation increased. This means that Laurdan molecules experience 

unfavorable energy states in a high polar environment. Studies using theoretical 

calculation and an electrostatic force microscope reported dielectric constants around the 

polar region of ε ~ 30 (Coster et al., 1996; Gramse et al., 2013). Therefore, the local 
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environment with the highest ε value detected by Laurdan, was approximately 30, 

suggesting that Laurdan could be located in the shallower polar region of the membrane. 

Compared with the deconvolution peaks in the DPPC bilayer, those in the PSM and 

DHPSM bilayers resulted in more red-shifted peaks similar to the result in the DOPC 

bilayer. In the DPPC bilayer, a shift in the peak position during the phase transition was 

observed; however, in the SM bilayers, the red-shifts were minor. These results indicate 

that the Laurdan molecules in SM bilayers could be distributed heterogeneously; one 

could be positioned in a significantly hydrated polar protic region similar to that in a 

DOPC bilayer, and the other could be placed in a less hydrated nonpolar region than that 

in a DPPC bilayer. The existence of the nonpolar components in SM bilayers was also 

confirmed by the increase in the blue-edge intensity of the excitation spectra at an 

emission of 435 nm (Figure 2-6). 

 

 

Figure 2-13 (upper) The peak positions of each deconvolution curve as a function of temperature, 

in DPPC, DOPC, PSM, and DHPSM bilayers. (lower) The transition of area ratios of each 

deconvolution curve as a function of temperature, in DPPC, DOPC, PSM, and DHPSM bilayers.  
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3.6.2. Hydrogen bonding network and interfacial hydration states in SMs 

According to previous studies of PSM and DHPSM bilayers, DHPSM bilayers have 

stronger intermolecular hydrogen networks than PSM, which could be one of the possible 

reasons explaining the differences in their physicochemical properties in the bilayers, as 

mentioned previously (Tm, PSM; 41.2 ℃ < Tm, DHPSM; 47.7 ℃) (Ferguson-Yankey et al., 

2000; Talbott et al., 2000). The immiscibility of the dihydro-stearoyl-SM and DOPC 

bilayers was attributed to strong intermolecular hydrogen bonding in dihydro-SM 

(Kinoshita et al., 2014). Therefore, the structure of the DHPSM bilayer is assumed to be 

highly ordered and less hydrated than that of the PSM bilayer. However, our results 

revealed highly hydrated properties for the DHPSM bilayer (Figures 2-2, 2-5, 2-6, and 

2-7 as well as the predominant existence of nonpolar components in the PSM bilayer 

(Figures 2-2, 2-4, 2-6, and 2-13), which appears to be contradictory to the expectations 

according to the previous observations (Ferguson-Yankey et al., 2000; Kinoshita et al., 

2014; Talbott et al., 2000). 

Yasuda et al. have suggested that DHPSM has a more flexible head group compared 

to PSM based on the quantum chemistry approach (Yasuda et al., 2016). They found that 

the properties of the 3OH group of DHPSM was different than that of PSM because the 

trans double bond in PSM could restrict the rotational motion of the C–C bond when the 

3OH group is present. The intramolecular hydrogen bond between the 3OH group and 

phosphate oxygen is stronger in the PSM than in the DHPSM bilayer, as previously 

reported (Talbott et al., 2000). The restriction of the 3OH group in PSM influences strong 

intramolecular hydrogen bonds, and the flexible 3OH group in DHPSM has more 

opportunities to form hydrogen bonds with other functional groups. PSM has a kinked 

structure because of the strong intramolecular hydrogen bonds, which prevents PSM 

molecules from coming close to each other. Hence, the 2NH group of DHPSM exhibits 

stronger intermolecular interaction via the lipid–water–lipid link than in PSM (Talbott et 

al., 2000). As shown by the TEMPO-quenching experiments (Figure 2-5), DHPSM 

bilayers had more resistance to quenching compared with the PSM bilayer. This indicates 

that the strong intermolecular interaction in the DHPSM bilayer prevents the penetration 

of large molecules, such as the quencher molecules. 

Thus, it is assumed that DHPSM has enhanced possibilities to form hydrogen bonds, 
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which can stabilize the water molecules around the interfacial region of the lipid bilayer. 

Based on the previous findings, the water exposure of lipids increases in the following 

order: PSM < DPPC < DHPSM, as measured from the fluorescence lifetime values of 

dansyl-PE under the collisional quenching effect of D2O (Nyholm et al., 2003a). This also 

explains the highly dielectric environment at the interface of the DHPSM bilayer and the 

low accessibility of water into the PSM bilayer.   

 

3.6.3. Plausible model of hydration properties in PC and SM bilayers. 

A brief model of the membrane hydration and different populations of Laurdan 

below Tm is illustrated in Figure 2-14. Laurdan has different solvent properties depending 

on the emission wavelength. Based on our findings, it is expected that Laurdan with 

longer emission wavelengths is located in a shallower position in the bilayer membrane. 

The red-edge emission components in the SM bilayers indicate a polar protic environment. 

It seems that the specific properties of sphingolipids have hydrogen acceptor and donor 

impacts on hydration behavior. Highly hydrated states were observed especially in the 

DHPSM bilayer. The ability of the DHPSM bilayer to retain water molecules is due to 

the strong intermolecular hydrogen bonds via water bridges. The kinked structure of PSM 

makes it difficult for intermolecular hydrogen bonds to form with water molecules 

compared with DHPSM, which also explains the greater number of nonpolar components 

in the PSM bilayer. Generally, the dipole moment of the lipid head group derived from 

the zwitterionic part of the PC head group is aligned almost in parallel to the horizontal 

direction of the bilayer (Büldt et al., 1979; Gally et al., 1975; Griffin et al., 1978). It is 

therefore expected that the Laurdan in the DPPC bilayer will be located in a deeper place 

in the gel phase membrane. However, a blue-edge excitation spectrum at 435 nm was not 

found in DPPC (Figure 2-5), suggesting that it has a lesser nonpolar component 

compared to the SM bilayers. In the DOPC bilayers, the blue-edge emission component 

could be unfavorable with short lifetime due to surrounding high collisional effects. The 

long lifetime component at the blue-edge emission in DOPC bilayer is also existence, 

hence, both short and long lifetime species are illustrated. In sphingomyelin molecules, 

the contribution of long lifetime was significant compared with short lifetime at the blue-

edge emission, thus, the long lifetime species was illustrated as the nonpolar component. 
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Their hydrogen bond donor/acceptor groups could allow the Laurdan incorporated into 

much deeper place without solvent waters, resulted in the deconvolution peak 

components of 420 nm (nonpolar environment). Such a hydrophobic environment in 

sphingolipids may attribute to a high affinity for hydrophobic cholesterol molecules. 

Though these are plausible models, the unique approach in this study provides novel 

insights into the multiple membrane polarity of SM bilayers, which leads us to a deeper 

understanding of intermolecular lipid interactions and membrane surface hydration.  

 

 

Figure 2-14 Hydration and the molecular model relation between lipid and Laurdan in DPPC, 

DOPC, PSM, and DHPSM bilayers. Lipids are illustrated in the color of gray. The colors of the 

Laurdan are illustrated with the corresponding color in Figure 2-13; orange for the nonpolar, 

yellow for the polar aprotic, green for the polar protic with low ε, blue for the polar protic with 

high ε. 
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4. Summary 

The emission properties of a solvent-sensitive fluorescence probe, Laurdan, were 

evaluated in lipid bilayer systems composed of the sphingolipids (PSM and DHPSM) and 

the glycerophospholipids (DPPC and DOPC). The fluorescence properties of Laurdan in 

sphingolipids indicated multiple excited states according to the results obtained from the 

emission spectra, fluorescence anisotropy, and the center-of-mass spectra during the 

decay time. Deconvolution of the Laurdan emission spectra into four components based 

on the solvent model enabled us to identify the varieties of hydration and the 

configurational states derived from intermolecular hydrogen bonding in sphingolipids. 

Sphingolipids showed specific, interfacial hydration properties stemming from their intra- 

and intermolecular hydrogen bonds. Particularly, the Laurdan in DHPSM revealed more 

hydrated properties compared to PSM, even though DHPSM has a higher Tm than PSM. 

Since DHPSM forms hydrogen bonds with water molecules (in 2NH configurational 

functional groups), the interfacial region of the DHPSM bilayer was expected to be in a 

highly polar environment. The careful analysis of Laurdan through the deconvolution of 

emission spectra into four components in this study provides important insights for 

understanding the multiple polarity at the membrane interface. 
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Chapter 3 

Lipid-Surrounding Water Molecules  

Probed by Time-Resolved Emission Spectra of Laurdan    

1. Introduction 

Previous reports have proposed the classification of water molecules that hydrate 

the lipid bilayer with the group of water molecules directly bound to the lipid molecules 

known as the first hydration shell (Alarcón et al., 2016; Israelachvili, 1985; Laage et al., 

2017). According to studies using nuclear magnetic resonance and neutron scattering, 

additional water molecules surround the polar head group. The water population, which 

could be affected relatively easily by surface pressure in the presence of amino acids and 

proteins, is called the second shell. Water molecules hydrating the lipid molecules can 

form additional hydrogen bonds with other water molecules (Disalvo et al., 2013; Morita 

et al., 2003). The water molecules in the second shell can be easily excluded by 

interactions with other biomolecules, and this mobility (degree of freedom) might affect 

the enzymatic function and penetration of various chemical compounds. As described in 

these reports, it is important to consider the contribution of water activity at the membrane 

surface in a molecular-level.  

Laurdan, a solvent-sensitive fluorescence molecule studied in Chapter 2, is 

commonly used to evaluate the hydration state of lipid bilayers. The generalized 

polarization (GP) value is widely used to assess membrane polarity as follows: 

𝐺𝑃 =   (𝐼B − 𝐼R)/(𝐼B + 𝐼R )     (Eq. 3-1) 

where 𝐼B is the intensity of the representative blue-shifted emission band and 𝐼R is the 

intensity of the red-shifted band. In the previous chapter, it is investigated that Laurdan 

can adopt multiple excited states, and the assignment of the two components is only 

tentative when described by only the position of the peak. If multiple components are 

present, GP analysis could lead to the loss of information derived from other components, 

as the GP values consider only two components. To overcome this disadvantage, the 
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deconvolution of emission spectra (in Gaussian and lognormal) and spectral phasor 

analysis have been performed (Bacalum et al., 2013; Malacrida et al., 2016; De Vequi-

Suplicy et al., 2015). However, the obtained information was averaged data and further 

investigation was required for the comprehension of dynamic hydration states at the lipid 

membrane. 

Fluorescence lifetime analysis can be used to understand the subtle changes in the 

fluorescence properties (Lakowicz, 1999). Fluorophores excited with a pulse laser on the 

femtosecond timescale emit fluorescence derived from corresponding excitation states on 

the nanoseconds lifetime scale (Lakowicz, 1999). Because of the rapid relaxation of water 

molecules (picoseconds), each component with different lifetimes assigned from 

corresponding excitation states was already relaxed due to the surrounding environment 

before the fluorescence emission. Laurdan exhibits two major lifetimes expected from the 

relaxed and nonrelaxed states (De Vequi-Suplicy et al., 2006; Lúcio et al., 2010; Parasassi 

et al., 1986). The fluorophore relaxed due to surrounding solvents has a long lifetime 

because of its low quantum yield (Lakowicz, 1999). Components identified from these 

lifetimes are indicative of the different molecular environments in the system. Thus, the 

decomposition with fluorescence lifetimes is useful for evaluating the heterogenic 

properties of membrane systems. However, the assignment of the lifetimes and relaxation 

states is difficult. In 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) vesicles, the 

fluorescence lifetime of Laurdan becomes shorter as a function of temperature because 

collisional molecular movements promote the nonradiative emission path, although the 

long lifetime components were assigned to relaxed molecules (De Vequi-Suplicy et al., 

2013). As observed in the time-resolved emission spectra (TRES) of Patman, another 

Laurdan derivative, DOPC exhibits a shorter lifetime than that of DPPC because the water 

relaxation is more rapid (Lakowicz et al., 1984). In some membrane systems, longer 

lifetimes can be assigned as a relaxation state, and in other situations, shorter lifetimes 

are also regarded as indicative of the relaxed states due to collisional quenching effects. 

These conclusions were derived from the competitive properties between the relaxation 

time and fluorescence decay (Lakowicz, 1999; Lakowicz et al., 1984). In a system with 

rapid collisional quenching effects, the fluorophore will exhibit emissions with negligible 

solvent relaxation effects (Lakowicz, 1999; Valeur, 2001). Therefore, it is not always 
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possible to assign relaxed or nonrelaxed molecular states from the two-lifetime 

components (Figure 3-1). 

In this chapter, the temporal and spatial hydration behaviors at the lipid bilayer 

interface were evaluated based on dynamic motion in a molecular level. A novel 

fluorescence analysis technique was used, that is the decomposition of the time-resolved 

emission spectra (TRES) of Laurdan. Each lifetime component was extracted from the 

TRES, and the deconvolution was performed following a method described in a previous 

chapter. Information obtained from lifetime-based and emission peak-based fluorescence 

properties were summarized based on the lifetime (τ) and peak position (λ) (τ vs λ plot). 

This τ vs λ plot simplifies the analysis of Laurdan fluorescence by simultaneously 

evaluating the effects of the hydration and collisional quenching behavior of the water 

molecules in the lipid bilayer. Based on the hypothetical calculations of the water 

population per lipid molecule, the specific hydration behavior at the lipid bilayer interface 

in binary systems is also discussed.  

 
Figure 3-1 Jablonski diagram of fluorescence emission pathways of Laurdan. 𝜏  is the 

lifetime of fluorophore; 𝑘r  is the nonradiative constant, which loses the energy in 

nonradiative pathway. 𝑄 is a quantum yield; 𝛤 is the emission rate constant, which can be 

converted into the emission pathway; 𝜐F  is the frequency at which the fluorescence 

emission occurs. The definition of lifetime and quantum yield are described in the figure.  
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2. Materials and Methods 

2.1. Materials 

All phospholipids (1-palmitoyl-2-palmitoyl-sn-glycero-3-phosphocholine 

(DPPC), and 1-oleoyl-2-oleoyl-sn-glycero-3-phosphocholine (DOPC)) and egg yolk SM 

were purchased from Avanti Polar Lipids (Alabaster, AL, USA). PSM was purified from 

egg yolk SM, as described previously (Nyholm et al., 2003a). PSM was hydrogenated to 

yield DHPSM, as previously reported (Ramstedt et al., 1999). The purity of the 

sphingomyelins was confirmed by mass spectrometry. Laurdan was purchased from 

Sigma Aldrich (St. Louis, MO, USA). Other chemicals were obtained from FUJIFILM 

Wako Pure Chemical Corporation (Osaka, Japan) and used without further purification. 

 

2.2. Preparations of the Lipid Vesicles 

All lipids were dissolved in methanol with Laurdan in a glass tube, and methanol 

was completely evaporated under a nitrogen flow at 40 ℃. The dried lipid film was 

hydrated with pure water and incubated for 50 mins at 65 ℃. After the incubation, 

samples were sonicated by Brasonic 2510 (Branson Ultrasonics, CT, USA) for 5 mins at 

65 ℃. Large unilamellar vesicles were prepared with a lipid extrusion device using 100 

nm pore-size film (Liposofast; Avestin Inc., Ottawa, ON, Canada). Samples were cooled 

to room temperature before measuring. 

  

2.3. Time-Resolved Emission Spectrum (TRES) measurements  

The TRES of Laurdan was measured using the FluoTime 200 from PicoQuant 

(Rudower Chaussee, Berlin, Germany). In all measurements, the total concentrations of 

lipids and Laurdan were 100 µM and 1 µM, respectively. For the excitation of the samples, 

a diode laser with a light source of 378 nm was used. Emission decays were obtained 

from 400 to 540 nm in 10 nm steps with a 64-picosecond resolution. The acquisition time 

was 150 seconds for each emission wavelength. The cuvette temperature was controlled 

by a Peltier system, and the instrumental response function was taken with pure water in 

the Quartz cell. Obtained data were analyzed using the FluoFit Pro software also from 

PicoQuant (Rudower Chaussee, Berlin, Germany). Global reconvolution fitting was 
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performed for all ranges of collected emission wavelengths and were well fitted with the 

double exponential fitting equation as follows (Lakowicz, 1999): 

𝐼(𝑡) = ∫ IRF(𝑡′) ∑ 𝐴𝑖e
−
𝑡−𝑡′

𝜏𝑖
𝑛
𝑖=1 d𝑡′

𝑡

−∞
   (Eq. 3-2) 

where 𝐼(𝑡) is the intensity at decay time 𝑡, 𝑛 is the number of components (herein, 𝑛 

= 2), and Ai is the amplitude in counts at time zero. Following the fitting and the 

determination of the lifetimes, the global TRES was extracted for each lifetime 

component, wherein the amplitude of each lifetime component in the experimental 

wavelength range was plotted as a function of wavelength as TRES (Figure 3-2). 

 

 

Figure 3-2 In the experimental procedure, the fluorescence decay curve (a) was decomposed of 

a double exponential fitting curves (b). The integration of the whole spectral range comprise the 

spectrum (c). The concept of the experimental data obtained from TRES is drawn in gray color, 

and short and long lifetime components are depicted in green and red colors, respectively. 

 

2.4. Deconvolution of Spectra 

Both the shorter and longer lifetime components, obtained from the TRES of 

Laurdan, were decomposed using the fitting software PeakFit (Systat Software, Inc., San 

Jose, CA, USA). According to the previous report (Bacalum et al., 2013), the 

deconvolution was performed with a lognormal amplitude function as follows:  

y =  𝑎0exp(−
1

2
(
ln
𝑥

𝑎1

𝑎2
)

2

)    (Eq. 3-3) 

where 𝑎0 is the amplitude and 𝑎1 and 𝑎2 are the center (≠ 0) and width (> 0) of the 

fitting curve, respectively. The number of fitting curves was varied from one to four, to 

satisfy the coefficient of determination value R2 ≥ 0.9. The integral area and peak position 

were collected from the obtained results.  
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3. Results and Discussion 

3.1. Comparison of the TRES of Laurdan in PC and PSM bilayer systems 

TRES obtained in this study was analyzed using the global fitting analysis mode 

in the FluoFit software. The fluorescence decay curve of Laurdan in the lipid bilayer could 

be described using a double exponential fitting equation (for details, see Figure 3-2), 

suggesting that the emission of Laurdan in bilayer systems can be derived from two 

lifetime components. TRES of Laurdan was composed of shorter (filled circles) and 

longer (open circles) lifetime components (Figure 3-3). The Laurdan in DPPC bilayers 

exhibited both lifetime components with peaks at approximately 440 nm at 20 ℃ (Figure 

3-3 (a)). In the DOPC bilayer, the TRES of Laurdan showed two major peaks: a less 

relaxed state (at 440 nm) for the short lifetime component and a highly relaxed state (490 

nm) for the long lifetime component (Figure 3-3 (b)). As shown in the Jablonski diagrams 

(Figure 3-4), for the DPPC bilayers, a single excited state is expected with different 

lifetimes. In the DOPC bilayers, Laurdan has two excitation energy states: less relaxed 

and highly relaxed states. This is of interest that DOPC bilayers could exhibit less relaxed 

states because the DOPC bilayers are well known as loosely-packed fluidic membranes 

(Tm, DOPC: -16.5 ℃) (Ulrich et al., 1994). The shift in the emission peak could be caused 

by solvent relaxation (Józefowicz et al., 2005), and the difference in the fluorescence 

lifetime could be due to molecular mobility (viscosity). The collision effect from 

surrounding water molecules shortens the fluorescence lifetime, while the hydration 

(solvation) by water molecules extends the fluorescence lifetime. Taking the short 

lifetime component of the DOPC bilayers as an example, it is difficult to isolate the 

contributions of relaxation and mobility (collision). Peak positions in TRES found in the 

DOPC and DPPC bilayers are also consistent with those found in steady-state emission 

spectra (Parasassi et al., 1990).   

In comparison with glycerolipid bilayers, the TRES of Laurdan in the PSM bilayers 

showed unique emission properties (Figure 3-3 (c)). The spectral shape of the short 

lifetime component contained multiple components, which could be furthermore 

decomposed into two peaks, approximately at 420 and 460 nm (Figure 3-4 (c)). The 

multiple peaks obtained in the PSM bilayers could be relevant to multiple excitation 

energy states, which will reflect the difference in the hydration state of Laurdan in PSM 
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bilayers. The longer lifetime component in the PSM bilayers (7.77 ns, λem = 440 nm) was 

similar to that in the DPPC bilayers (7.76 ns, λem = 440 nm). On the basis that the less 

collisional situation extends the lifetime, the 440-nm emission peaks with 7.76-7.77-ns 

lifetime could be evident to a typical Laurdan in gel phase bilayers. The blue-shifted 

emission component (420 nm) in the PSM bilayers could be caused by the strong 

intermolecular H-bonds of PSM that stabilizes the motion of Laurdan (Kinoshita et al., 

2014; Nyholm et al., 2003b; Slotte, 2016), resulting in a rapid transition from an exited 

state to a ground state. The red-shifted emission peak (460 nm) in PSM bilayers indicates 

that the PSM bilayers provide a unique hydrophobic environment, which is neither 

categorized as a gel phase nor a fluid phase. It is concluded that Global TRES analysis is 

a powerful tool to investigate the detailed environmental information around Laurdan in 

bilayer systems. This method can be applied to understand more precious information 

about the membrane hydration; however, the presence of water around Laurdan provides 

a competitive effect, such as collisional energy loss (mainly for lifetime (τ)) and a 

relaxation state (mainly for peak position (λ)), which makes the results complicated. 

 

 

Figure 3-3 TRES of Laurdan in (a) DPPC, (b) DOPC, and (c) PSM bilayers. Shorter and longer 

lifetime components are depicted with filled circles and open circles, respectively. The lifetimes 

were 4.32 and 7.76 ns for DPPC bilayers, 1.97 and 4.01 ns for DOPC bilayers, and 4.04 and 7.77 

ns for PSM.  
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Figure 3-4 Jablonski diagram of Laurdan in (a) DPPC, (b) DOPC, and (c) PSM bilayers. The spectra were the raw data obtained from the 

global fitting analysis in Fluofit pro software. 

  



 

53 

3.2. Distributions of τ and λ values in pure lipid bilayers 

The GP analysis is quite popular in the steady-state emission fluorescence of 

Laurdan in bilayers (Celli et al., 2010; Parasassi et al., 1991, 1997; Sanchez et al., 2012), 

wherein the emission peak intensities from 440 and 490 nm are generalized to identify 

the phase states and phase transition behaviors. The emission peak position of Laurdan 

strongly reflects the degree of water solvation. In recent works, the deconvolution of 

Laurdan emission spectrum and the area fraction analysis has helped researchers to 

successfully investigate the polar environment at the membranes composed of 

amphiphiles (Iwasaki et al., 2017; Suga et al., 2018). Thus, the hydration property of lipid 

bilayers could depend on the lifetime (τ) and peak position (λ). The λ-dependent 

deconvolution of Laurdan TRES was carried out using the PeakFit software. Figure 3-5 

(a) shows the deconvoluted TRES of Laurdan in DPPC bilayers at 20 ℃. The emission 

spectrum of Laurdan was well fitted using the lognormal function (Bacalum et al., 2013; 

Parasassi et al., 1997), resulting in the emission peak positions varying from 420 to 490 

nm. The longer lifetime component was decomposed into three individual components, 

wherein the components at 441 and 464 nm were dominant with the integrated area ratio 

of 42% and 22%, respectively (Table 3-1). For a shorter lifetime component, the 

deconvolution resulted in a peak at 435 nm and in a red-shifted one at 462 nm. The 

correlation of τ and λ is shown in Figure 3-5 (b), with each integrated area ratio described 

according to the size of the bubble. As shown in the bubble chart, the distribution of λ and 

τ values indicates the variations of local environments for Laurdan in each bilayer.  
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Figure 3-5 (a) Deconvolution analysis of the TRES of Laurdan in DPPC bilayers at 20 ℃ and 

(b) the distribution of deconvolution components in the τ vs λ plot. Raw data are depicted with a 

solid line with marks, filled and open circles for short and long lifetime components, respectively. 

The deconvolution curve is illustrated with a broken line. Deconvolution was performed using 

the lognormal function, as described in Eq. 3-3, and the area ratio was calculated from the ratio 

of the integrated fitting curve shown in (a). Detailed results obtained from the deconvolution 

fitting are shown in Table 3-1. 

 

Table 3-1 The results from the deconvolution of TRES 

Peak τ [ns] λ [nm] Area [%] 

① 4.32 ± 0.107 435 15.1 

② 4.32 ± 0.107 462 7.41 

③ 7.76 ± 0.026 441 42.1 

④ 7.76 ± 0.026 464 22.0 

⑤ 7.76 ± 0.026 486 13.4 

 

 

Particularly in the emission spectrum of Laurdan, the λ value is relevant to the 

phase state. To evaluate the phase transition, the τ vs λ plot, the deconvoluted TRES of 

Laurdan was analyzed in DPPC bilayers at different temperatures (Figure 3-6). At 

temperatures above the phase transition temperature (Tm, DPPC: 41 ℃), the shorter lifetime 

components with red-shifted peak positions were dominant. This reveals that the DPPC 

bilayer in the fluid phase is more hydrated, wherein the contribution of collision water 

become significant as compared to the gel phase.  

In the DOPC bilayers, the dominant lifetime and peak position were 2.7–4.0 ns 
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and 484–491 nm, respectively (Figure 3-7). The short lifetime component (filled circles) 

in the DOPC bilayers at lower temperatures showed a blue-shifted spectral feature. In the 

whole experimental temperature range, the DOPC bilayers are in fluid phases, which 

exhibit more hydrophilic membrane properties based on steady-state Laurdan analysis 

(Parasassi et al., 1990, 1991, 1993). Although blue-shifted (hydrophobic) components 

were observed, the lifetime values of the major components in the deconvoluted TRES in 

the DOPC bilayers were shorter than the lifetime values of the gel phase (DPPC, T < Tm). 

Based on these findings, this region with short lifetimes and longer wavelength peaks is 

indicative of the membrane in the fluid phase (liquid crystalline phase).  

In PSM (Tm: 41 ℃) bilayers, the dominant lifetime and peak position were 

observed in 3.7–4.0 ns and 437–450 nm, respectively, at temperatures below Tm (Figure 

3-8). The distributions of τ and λ values in the PSM bilayers were similar to those in the 

DPPC bilayers. The peak positions of the major component in the DPPC and PSM 

bilayers were similar, but the lifetime in PSM bilayers decreased compared with that in 

DPPC bilayers. This suggests the more hydrated property of the PSM bilayers, possibly 

due to the intermolecular hydrogen bond between PSM molecules. In the PSM bilayers, 

the distributions contained two distinct components: a blue-shifted peak at approximately 

420 nm and a red-shifted peak at approximately 490 nm. In the previous study reporting 

the steady-state fluorescence properties of Laurdan in SM bilayers, the emission spectra 

exhibited broader spectral features, suggesting that multiple excited states were affected 

by environmental factors, such as water population and hydrogen bonds (Nyholm et al., 

2003). Our results that SM bilayers could have multiple excited states are consistent with 

the previous observations, indicating that the significant influences of hydrogen bonding 

induced plural relaxed states by water molecules in PSM bilayer. 
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Figure 3-6 (a) TRES of Laurdan in DPPC bilayers. The lifetimes were represented in the figure. The solid line and dotted line represent the obtained TRES 

and deconvoluted peaks, respectively. Shorter and longer lifetime components were each depicted with filled and open circles, respectively. (b) The τ vs λ 

plot for the deconvoluted TRES of Laurdan in DPPC bilayers. The integrated area ratio of each component was reflected in the size of the bubbles. 
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Figure 3-7 (a) TRES of Laurdan in DOPC bilayers. The lifetimes were represented in the figure. The solid and dotted lines represent the obtained TRES and 

deconvoluted peaks, respectively. Shorter and longer lifetime components were each depicted with filled and open circles, respectively. (b) The τ vs λ plot for 

the deconvoluted TRES of Laurdan in DOPC bilayers. The integrated area ratio of each component was reflected in the size of the bubbles. 
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Figure 3-8 (a) TRES of Laurdan in PSM bilayers. The lifetimes were represented in the figure. The solid and dotted lines represent the obtained TRES and 

deconvoluted peaks, respectively. Shorter and longer lifetime components were each depicted with filled and open circles, respectively. (b) The τ vs λ plot for 

the deconvoluted TRES of Laurdan in PSM bilayers. The integrated area ratio of each component was reflected in the size of the bubbles.  
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3.3. Water mapping: Quantitative consideration for the number of 

hydration/collision water molecules associating with Laurdan 

The factors that influence the fluorescence of Laurdan can be explained as 

follows: the solvation of water (i.e., hydration) and molecular mobility (i.e., collisional 

quenching effects). With regards to hydration, the emission peak was significantly 

affected by the degree of solvent relaxation. According to Parasssasi et al., the water 

cavity around the Laurdan fluorophore can be calculated based on the Poisson distribution 

(Parasassi et al., 1997). Assuming the average number of hydration water molecules for 

Laurdan as n, the probability of the number of water molecules is 0.135 (n = 0), 0.270 (n 

= 1), 0.270 (n = 2), 0.203 (n = 3), 0.090 (n = 4), 0.031 (n = 5), and 0.020 (n ≥ 6) (Parasassi 

et al., 1997). The Laurdan emission peak was observed at 400 nm, without hydration (De 

Vequi-Suplicy et al., 2015): thus, no solvent relaxed emission peak (no hydration water, 

n = 0) can be confirmed as λ ~ 400 nm. In our experiments, the deconvoluted TRES 

resulted in 4–6 peak positions. Based on bubble charts (Figures 3-6, 3-7, and 3-8), the 

distributions of λ values are classified into four groups: ~420–440, 440–460, 460–480, 

and ˃480 nm. These peak distributions were also corresponding to the steady-state 

fluorescence spectra of Laurdan (in Chapter 2). Shifts in the Laurdan emission peak could 

be dependent on the number of associating water molecules. Thus, the distribution of n 

values could be assigned as four states: 1, 2, 3, and ≥ 4. The average number of hydration 

water molecules for Laurdan in each bilayer can be calculated by considering the peak 

position (λ) and probability (area%).  

The fluorescence lifetime can be defined using the fluorescence emission rate 

constant and the nonradiative constant (Lakowicz, 1999), revealing that the fluorescence 

lifetime can be shortened with the increasing collisional waters existing around 

chromophores. In addition, the mobility of Laurdan molecules can be resembled by the 

lipid acyl chain and molecular size. For example, the water molecules would contribute 

to the collisional effects due to their high diffusion constant compared to that of 

phospholipids (Dwater ~10-10 m2/s ˃ DPOPC ~10-12 m2/s) (Gaede et al., 2003; Volke et al., 

1994). In the dynamic quenching process caused by water, the relation of the emission 

intensity and the concentration of the quencher can be defined using the Stern–Volmer 

equation (Lakowicz, 1999):  
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𝐼0
𝐼⁄ = 1 + 𝐾SV[Q]     (Eq. 3-4) 

where 𝐼0 and 𝐼 represent the fluorescence intensity in the absence and presence of the 

quencher, respectively. 𝐾SV is the Stern–Volmer constant, and [Q] is the concentration 

of the quencher. The intensity ratio as a function of [Q] exhibits a linear relation. Thus, 

Eq. 3-4 is described by the lifetime, shown as follows (Lakowicz, 1999):  

𝐼0
𝐼⁄ =

𝜏0
𝜏⁄ = 1 + 𝑘q𝜏0[Q]    (Eq. 3-5) 

𝐾SV = 𝑘q𝜏0      (Eq. 3-6) 

where 𝑘q is the bimolecular quenching constant, 𝜏0 is the fluorescence lifetime without 

the quencher, and 𝜏 is the lifetime in the presence of the quencher. For static quenching, 

the fluorophore can adopt a non-emission pathway by forming a complex with a quencher 

(Lakowicz et al., 1984):  

𝐼0
𝐼⁄ =

[F]total
[F]⁄ =

([F] + [Q])
[F]⁄ = 1 + 𝑘a[Q]  (Eq. 3-7) 

F + Q → FQ,    𝑘a =
[FQ]

[F]+[Q]
    (Eq. 3-8) 

where  [F] is the concentration of fluorescence molecules and 𝑘a  is the quenching 

constant for the static quenching. The quantum yield of Laurdan would decrease in a 

highly hydrated state and can be quenched by forming a molecular complex with water 

molecules. When both dynamic and static quenching occurs in a same system, the 

quenching effect can be defined as follows:  

𝐼0
𝐼⁄ =

𝜏0
𝜏⁄ = (1 + 𝑘q𝜏0[Q])(1 + 𝑘a[Q])   (Eq. 3-9) 

This model is plotted in Figure 3-9 (a).  

 

Figure 3-9 (a) Correlation model between 

the lifetime and the water concentration 

estimated from Eq. 3-9. (b) Correlation 

between the measured lifetimes and the 

number of water molecules working toward 

quenching. As a representative of lifetime, 

2, 4, 6, and 8 ns were selected in the lifetime 

range observed in the experiments. 
2 3 4 5 6 7 8

20

40

2 3 4 5 6 7

100

200

C = τ0 /τ

[w
a

te
r]

 [
M

]

N
u

m
b

e
r 

o
f 

w
a

te
r 

m
o

le
c
u

le
s
 

  
  

  
  

  
 p

e
r 

lip
id

 [
−

]

Lifetime τ [ns]

(a) (b)



 

61 

Based on the model described in Eq. 3-9, the correlation between the lifetime and 

quencher concentration (i.e., the relation between the lifetime and concentration of water 

molecules used for quenching) could be estimated. Based on these, the quenching water 

molecules could be easily distinguished as free water molecules in the bulk region. Herein, 

DPPC is selected as model lipid, because its size, diffusion constant, and molecular 

viscosity are well characterized (Alarcón et al., 2016; Marsh, 2010; Parasassi et al., 1992; 

Rifici et al., 2014; Viard et al., 1997). Kinetic parameters (𝑘q, 𝜏0, and 𝑘a) are employed 

as reported. Considering the average volume per lipid head group (for DPPC in the gel 

phase, 0.397 nm3) (Marsh, 2010), the number of water molecules associating with a lipid 

molecule was calculated (Figure 3-9 (b)). Especially for the short lifetime region 

(approximately 2 ns), the quenching water population was remarkable at 45.5 molecules 

per lipid molecule.  

Accordingly, a model for a water map was finally established (Figure 3-10). The 

correlation between τ and the collisional water population is reflected in the x-axis 

(collision effect). The correlation between λ and the number of hydration water molecules 

is reflected in the y-axis (hydration effect). The assumptions used to generate the water 

map are briefly explained in Figure 3-11 (a). The number of water molecules per lipid 

was determined for each distributed component based on the correlation of the 

experimental τ vs λ plot with the model water map (Figure 3-11 (b)). The number of water 

molecules was estimated using the area% derived from the deconvolution fitting. 

 

 

 

Figure 3-10 Model of the water map. The number 

written in each table is the number of water 

molecules per lipid. For the details of the model, 

please see Figures 3-9 and 3-11. 
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Figure 3-11(a) Model of the water map. The number written in each table is the number of 

water molecules per lipid. The numbers provided for “Collisional effect” were estimated from 

the results shown in Figure 3-9 (b). The numbers for “Hydration effect” were assigned based 

on previous reports (Parasassi et al., 1997). (b) Concept for the water map. The number of 

water molecules per lipid is indicated with blue in the chart. A darker color represents a higher 

amount of water molecules. Hydrating water used for the relaxation of Laurdan would increase 

in proportion to the wavelength, and collisional water used for quenching decreases in 

proportion to the lifetime. The probability (PA, PB, and PC) of each distribution can be 

calculated from the area ratio at the given points (A, B, and C). 

 

 

3.4. Dynamic hydration behaviors during phase transitions and in phase separation  

According to the water map, the number of water molecules per lipid was 

investigated for each lipid bilayer system. As shown in Figure 3-12, the number of water 

molecules per lipid at the DPPC bilayers was approximately 10 in the gel phase (T < Tm 

= 41 ℃), and the value increased to approximately 25 at T > Tm.  
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Figure 3-12 Average number of water molecules per DPPC (filled circles), DOPC (filled 

squares), and PSM (diamonds) molecule as a function of temperature. The calculations were 

performed as described in the text. 

Table 3-2 Comparison of the number of water molecules per lipid molecule 

between in this study and in the reported results 

 

 

Alarcón et al. estimated the average number of water molecules per DPPC using 

molecular dynamics simulations (Alarcón et al., 2016). They showed that each molecule 

of DPPC was associated with approximately 10.0 water molecules in the gel phase and 

23.3 in the liquid crystalline phase, which also confirms other report (Gaede et al., 2003) 

(Table 3-2). Regarding the DOPC and PSM bilayers, our results also correspond to 

previous studies; 32.5 water molecules per DOPC molecule (at 30 ℃) obtained by X-ray 

diffraction (Chiu et al., 2003; Tristram-Nagle et al., 1998); 32 water molecules per 18:0 

sphingomyelin (at 50 ℃ (T > Tm = 41 ℃) calculated by molecular dynamics simulation 

(Chiu et al., 2003; Tristram-Nagle et al., 1998). In the DOPC bilayers, the number of 

water molecules per lipid gradually decreased due to the low quantum yield at high 

temperatures (Figure 3-12). The number of water molecules per PSM gradually increased 
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in proportion to temperature, which is similar to the tendency of GP values of Laurdan in 

the PSM bilayers in the steady state study in previous chapter. Therefore, our method, the 

deconvolution of TRES of Laurdan, strongly supports the insight into the number of 

hydration water molecules in the lipid bilayer system.  

 

3.5. Hydration behaviors of DOPC/PSM binary systems 

In DOPC/PSM binary mixture systems, the phase state can vary depending on the 

composition (Nyholm et al., 2011). Figure 3-13 shows the TRES and the distributions of 

τ and λ values measured at 20 ℃. As the PSM content increased, both of shorter and 

longer lifetime components spectra became broader, indicating that the number of 

excitation states increased to more than two. With an increase in the PSM content, the 

patterns of τ and λ distributions altered from the fluid phase (in DOPC-rich, upper left 

region) to the gel phase (in PSM-rich, bottom right region). In the PSM and DPPC 

bilayers below Tm, the lifetime values of the major TRES component were 7.8–8.0 ns, 

suggesting the evidence of the gel phase with long lifetime. The lifetime values in the 

DOPC/PSM bilayers at PSM ≥ 80% were 7.8–8.1 ns, revealing their phase state as the 

gel phase. The presence of the component with λ ≤ 420 nm also reveals the gel phase of 

PSM bilayers. λ values of less than 420 nm were observed in the DOPC/PSM bilayers at 

PSM ≥ 80%, suggesting the coexistence of gel and fluid phases at 50% ≤ PSM ≤ 80%. 

In general, Laurdan coexist both in fluid and gel phases (Bagatolli et al., 2000a, 

2000b; M’Baye et al., 2008). Thus the area% of each TRES component reflects the 

population of the local environments. The thermotropic states of DOPC/PSM binary 

systems have been reported using differential scanning calorimetry (Nyholm et al., 2011). 

At 20℃, the phase boundaries appear at PSM = 33mol% (fluid and fluid-gel coexistence) 

and at PSM = 92 mol% (fluid-gel coexistence and gel). Expected phase states are as 

follows: fluid phase, 0% ≤ PSM ≤ 30%; fluid-gel coexistence, 40% ≤ PSM ≤ 90%; gel 

phase, 90% ≤ PSM ≤ 100%. The values of the number of water molecules per lipid are 

calculated for the DOPC/PSM bilayers, and the results are plotted as a function of PSM 

content (Figure 3-14). In the regions with less than 30% of PSM, the hydration levels 

were almost constant (31-32 water molecules per lipid), revealing that both DOPC and 

PSM molecules were in disordered conformation. Excessed number of water molecules 
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were significantly observed in the phase boundary compositions (PSM 30% and 90%) 

compared with the number expected from the PSM composition (solid line in Figure 3-

14). In DOPC/brain sphingomyelin (bSM) systems, the DSC thermograms indicate that 

the phase transition temperatures of bSM can decrease in proportion to DOPC ratio, 

together with decreases of phase transition enthalpy (Petruzielo et al., 2013). This 

suggests that DOPC molecules disturb the packing of SM domain in binary mixtures. As 

a result, the SM molecules in disordered state can acquire the extra hydration waters. 

Despite the enthalpy energy loss due to the partial melting of PSM, the binary membrane 

could be stabilized by the entropy energy associated with water hydration. Yang et al. 

reported that line tension at the phase boundaries could be the driving force for HIV fusion 

peptide-mediated fusion (Yang et al., 2016). Given the accumulation of hydration water 

at the domain boundary, the boundary edge can be assumed as an active site for external 

molecules: their interaction would decrease the hydrating water molecules, which makes 

the hydration level of PSM bilayer ideal. This mechanism will reveal the spontaneous 

interaction with external molecules (Simons et al., 2010). In thermodynamic aspects, the 

entropic change in the process of the dehydration (release of counterions) is speculated 

as the driving force for binding with macromolecules (Lobo et al., 2001). Thus, it is 

necessary to evaluate the membrane-associating water molecules. The developed method 

could be useful for evaluating the thermodynamic property of membrane interfaces. 

 

Figure 3-14 Number of water molecules per lipid in DOPC/PSM bilayers calculated with the 

same calculation in the case of DPPC. The phase states for the gel phase (so), the liquid-crystalline 

phase (ld), and the two-phase coexistence regions (so + ld) were colored with white, dark grey, 

and light grey, respectively. The dashed lines represent the phase boundaries as previously 

determined (Nyholm et al., 2011). The solid line represents the ideal transition to the PSM content. 
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Figure 3-13 (a) TRES of Laurdan in DOPC/PSM bilayers. The lifetimes were represented in the figure. The solid and dotted lines represent the obtained 

TRES and deconvoluted peaks, respectively. Shorter and longer lifetime components were each depicted with filled and open circles, respectively. (b) The τ 

vs λ plot for the deconvoluted TRES of Laurdan in DOPC/PSM bilayers. The integrated area ratio of each component was reflected in the size of the bubbles.
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4. Summary 

TRES of Laurdan was analyzed as a function of the individual lifetime components. 

Depending on the relaxation states induced by the hydrated water molecules and 

molecular collisional quenching effects, the fluorescence components were extracted and 

analyzed using lifetime (τ) vs peak position (λ) plots. Based on the assumptions regarding 

the molecular collisional quenching of the water molecules, a model water map was 

established. The number of water molecules associated with lipid was estimated using the 

water map. In terms of bound water, the polar head group of the lipids may include a 

clustered state of the water molecules (Damodaran, 1998; Pasenkiewicz-Gierula et al., 

2016; Tieleman et al., 1997). Laurdan is present in the hydrophobic/hydrophilic 

interfacial region near the carbonyl group of the phospholipid (Jurkiewicz et al., 2006). 

In addition, depending on the specific membrane properties, the vertical position of the 

Laurdan (i.e., how deep the molecules are intercalated) could change (M’Baye et al., 

2008). However, the fact of different hydration conditions (static and dynamic) among 

various lipid species observed in this work is a key for understanding the membrane 

associating water molecules.  

According to the investigations in Chapters 2 and 3, the information relating to the 

membrane hydration properties as the environment or as the molecular level was 

suggested. In Chapter 2, the different types of local solvent environments were classified 

mainly based on their dielectric constants, which was equilibrated as the spatial-property 

as a result of the long measurement time in the steady-state fluorescence method. In this 

chapter, kinetic difference of hydrating water molecules were revealed together with their 

concentration dependence (Figure 3-15 (a)). Based on both methodologies, the numbers 

of water molecules per lipid molecule depending on the solvent environments were 

calculated (Figure 3-15 (b)). As shown in the figure, the distributions of the number of 

water molecules in each solvent system were observed. Especially, the number of water 

molecules in the polar protic region increased as the temperature increase.  

The gradient of the concentration of the water molecules is illustrated with the 

function of the dielectric constants (Figure 3-16). It is notable that the contribution of the 

collisional water molecules was dominant especially after the phase transition, suggesting 

the gradient of water concentration ([water]) would increase in T > Tm. The gap of the 

concentration of water molecules intrinsically indicates the capacitance of the membrane 
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for the active water molecules, as “membrane-fluctuation”. Control of the active water 

may lead to the regulation of membrane-relating phenomenon such as molecular 

interactions, therefore, the design for the regulation of diffusive active water molecules 

will be proposed in the following chapters. 

 

Figure 3-15 (a) Summary of the concepts of the observation results in Chapters 2 and 3.  

(b) The number of water molecules per lipid  

 

 

Figure 3-16 Schematic illustration of the membrane water gradient with the function of dielectric 

constants. Dielectric constants may describe the resistant of the system as environmental factor, 

for the regulation of active water.  
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Chapter 4 

Design of Hydrophobic Membrane Interface  

based on the Guanidinium Modification 

1. Introduction 

Membrane modification is one of the strategies to acquire high affinity between the 

designed biomaterial and target molecule, which is already applied for biosensor or drug 

carrier. The cationic lipids have been attracted significant interest because of their 

promising efficiencies in gene delivery as nonviral carriers (Felgner et al., 1987; Gao et 

al., 1991; Leventis et al., 1990). The most common approach is to modify the cationic 

lipids or cationic surfactants into the lipid membrane, aiming for the strong electrostatic 

interactions between positively charged lipid membrane and negatively charged nucleic 

acids. The challenging issue is to control the assembled structure of lipid-based drug 

carrier. The strong ionization enhances the formation of multiple layers composed of 

counterions, in which the neutralized surface net charge of the membrane leads to the 

weak interaction with opposite charged molecules. In contrast, the enhanced charge state 

makes it difficult to target the lipoplex to the desired site, because the electrostatic 

interaction nonselectively works to the charged species. In addition, the strong 

electrostatic interaction leads the denaturation of associating molecules, resulting in 

unfavorable gene conformation (less or no activity after transfection). Therefore, the 

modification of the membrane surface should be important to improve the delivery 

systems of “active” molecules. Given the case of coupling of enzyme-substrate as a model 

of intermolecular interaction which works in a well-organized manner, the dissociation 

of the hydrophilic part on the molecular surface and the association of the hydrophobic 

parts should be performed sequentially. Applying this concept into the membrane systems, 

it is necessary to expel the water molecules that are existing at the hydrophilic region of 

the lipid membrane, to achieve further enhancement of the association of biomolecules. 

Herein, the effective interaction mechanism is considered referring to the behavior of the 
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guanidinium moieties as the representative of the active binding site.  

The guanidinium moiety, which is seen in the side chain of arginine (Arg), shows 

a strong affinity toward negatively charged moieties, especially phosphate groups. The 

guanidinium-phosphate interaction is observed in nucleic acid−protein interactions 

(Pantos et al., 2008). Arg plays key roles in the formation of the supramolecular 

complexes; for example, the Arg binding site for free amino acids regulates the 

Tetrahymena self-splicing rRNA introns (Yarus, 1988). Additionally, the Arg moiety in 

human immunodeficiency virus-type 1 nucleocapsid protein binds to the major groove of 

the RNA stem, interfering with genome encapsidation (Guzman et al., 1998). These 

activities are derived from the cationic nature of guanidinium, and also from the 

“chaotoropic property” which enables to cut the surrounding hydrogen bonds due to its 

hydrophobic planar structure (Mason et al., 2004). However, the guanidinium interaction 

toward target moieties is weak in bulk water solution, in which surrounding water 

molecules disturb the formation of hydrogen bonding between guanidinium and 

phosphate (Onda et al., 1996). At the self-assembly interface, the guanidinium−phosphate 

interaction can be strengthened: for example a bilayer form in a bulk water and a 

monolayer form at the air−water interface, resulting in strong affinity (Onda et al., 1996). 

This suggests that the “dehydrated ” platform is important for strengthening the molecular 

recognition of phosphate groups by guanidinium groups (Ariga et al., 2006; Ma et al., 

2015; Onda et al., 1996). Given the model of cyclodextrin, which has ability to include 

molecules in its hydrophobic cavity, the well-designed interfacial environment and 

hydrophobic interaction are essential for enhancing intermolecular binding (Sakurai et al., 

1989).  

As described in above, the membrane interfaces are estimated as intermediate 

hydrophobicity with the value of ε ~ 30 (Chapter 2), in which the approximately 10 - 30 

water molecules associate to a lipid molecule (Chapter 3). Because the bilayer membrane 

interfaces, can be considered neither as high polar solvent (like water) nor as nonpolar 

solvent (like hexane), which could provide a proper environment to perform the 

chaotoropic specificity of guanidinium. Hence, it is expected that the water molecules 

existing in the hydrophilic region of the lipid membrane can be expelled out by the 

modification of guanidinium at the membrane interface. This approach could provoke the 
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upper-shift of hydrophilic/hydrophobic membrane interface and could reduce the 

hydration layer that presents the molecular interaction, inducing the strong interaction 

with external molecules existing in the bulk region.  

The aim of this chapter is to design the guanidinium derivative-modified vesicles 

with altered membrane properties. Two types of guanidinium derivatives were 

synthesized: stearyl guanidinium (SG), which has a saturated acyl chain with guanidinium, 

and myristoyl arginine (MA), which has the carbonyl group to neutralize the cationic 

guanidinium (Figure 4-1). Both guanidinium derivatives were incorporated into the 

bilayer membranes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC). The properties of modified membranes were characterized using Fourier 

transform-infrared (FT-IR) and Raman spectroscopy. Comparison to pure POPC vesicles 

revealed differences in the characteristics of the guanidinium-modified vesicles using 

fluorescent probe analyses. In addition, the interactions between vesicles and tRNA were 

studied to investigate the binding affinities. Based on the results, the effects of the 

guanidinium derivatives on the POPC membrane are discussed. 

 

 

Figure 4-1 Structure of guanidinium derivatives, stearyl guanidinium (SG) and myristoyl 

arginine (MA), and schematic illustration of the guanidinium modification. 
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2. Materials and Methods 

2.1. Materials 

POPC was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). 

Stearylamine and p-toluenesulfonic acid monohydrate were purchased from Tokyo 

Chemical Industry Co., Ltd. (Tokyo, Japan). Dimethyl sulfoxide was purchased from 

Kanto Chemical Co., Inc. (Tokyo, Japan). tRNA originating from Escherichia coli, S-

methylisothiourea sulfate, and myristoyl chloride were purchased from Sigma Aldrich (St. 

Louis, MO). 1,6-Diphenyl-1,3,5-hexatriene (DPH) and 6-lauroyl-2-dimethylamino 

naphthalene (Laurdan) were also purchased from Sigma Aldrich. Other chemicals were 

purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). All 

chemicals were used as received.  

 

2.2. Synthesis 

SG was synthesized based on a previously described method (Onda et al., 1996). 

The reaction scheme is shown in Figure 4-2. The weight of SG was 1.95 g (33.9% yield). 

The synthesis of SG was ascertained by mass spectrometry and nuclear magnetic 

resonance (NMR) spectroscopy (Figure 4-3). MA was synthesized as described 

previously (Singare and Mhatre, 2012). The reaction scheme is shown in Figure 4-4. The 

weight of MA was 7.94 g (52.4% yield). Mass and NMR spectra are shown in Figure 4-

5. After the synthesis, the white solid crystals of SG and MA were collected. Critical 

micelle concentration (CMC) values for SG and MA were 0.26 and 0.29 mM, respectively 

(see Figure 4-6). 
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Figure 4-2 Synthesis of stearyl guanidinium (SG). 
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Figure 4-3 (a) Mass spectrum of synthesized stearyl guanidinium. Peak assignments of MS (Fab) are 

as follows: 270.4, C18H39N1, (Mw, 269.5: stearylamine); 312.4, C19H42N3 (Mw, 312.6, stearyl 

guanidinium). (b) 1H NMR spectrum of stearyl guanidinium in DMSO-d6. Peak assignments are as 

follows: δ 0.89 (m, 3H, J = 0.2 Hz,CH3), 1.24 (m, 30H, 15 CH2), 1.51 (m, 2H, NHCH2CH2), 2.29 (s, 

3H, ArCH3), 3.12 (m, 2H, NHCH2), 7.11 (d, 2H,J = 8.2 Hz, Ar), 7.49 (d, J = 8.2 Hz, Ar) and 7.38 (m, 

5H, guanidinium). These peak assignments were well-confirmed to previous study (Onda et al., 1996). 

 

Figure 4-4 Synthesis of myristoyl arginine (MA). 
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Figure 4-5 (a) Mass spectrum of synthesized myristoyl arginine. Peak assignments of MS (Fab) are 

as follows: 385.3, C18H39N1, (Mw, 384.6: myristoyl arginine); 412.6, C22H44N4 (Mw, 412.6, myristoyl 

arginine ester). (b) 1H NMR spectrum of myristoyl arginine in d-Chloroform. Peak assignments are as 

follows: δ 0.881 (t, 3H, CH3), 1.257 (t, 28H, CH2), 1.576 (m, 2H, NHCH2CH2), 2.343 (t, 2H, CH2CO), 

3.492 (m, 2H, OCH2CH3), 4.132 (d, 1H,NHCHCOO), 6.997 (m, 3H, C(=NH)NH2) and 7.519 (m, 1H, 

NHCHCOO). These peak assignments were well-confirmed to previous report (Singare et al., 2012).  
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Figure 4-6 Plots of pyrene 1:3 ratio (∎ ) and Boltzmann fitting (□) versus guanidinium 

concentration; SG (a) and MA (b), respectively. Pyrene 1:3 ratio was measured according to the 

literature (Aguiar et al., 2003). Based on the sigmoidal fitting with Boltzmann equation, the 

critical micelle concentration (CMC) values for SG and MA were calculated as 0.26 and 0.29 

mM, respectively. 

 

2.3. Preparation of guanidinium-modified vesicles  

POPC and SG or MA with different ratios were dissolved in chloroform in a round-

bottom flask. The solvent was removed by rotary evaporation. The obtained thin layer 

was kept under a high vacuum for more than 3 h. After the addition of 1000 μL Tris-HCl 

buffer (100 mM, pH 8.0) to disperse the lipids, five cycles of freezing and thawing 

(−80 ℃/50 ℃) were carried out to obtain the aqueous suspension of guanidinium 

modified vesicles. Extrusion treatment, in which the vesicle suspension was passed 

through a polycarbonate filter membrane with a pore diameter of 100 nm, was repeated 

11 times using a Liposofast extrusion device (Avestin Inc., Ottawa, ON, Canada). Milky-

white suspensions were observed for both POPC/SG and POPC/MA vesicles, indicating 

the formation of bilayer vesicles, because this turbidity cannot be detected with a micelle 

suspension. After the extrusion, vesicle suspensions were kept in 4 ℃ until used. 

 

2.4. Characterization of lipid interactions using FT-IR spectroscopy   

A 20 µl sample was applied in a 50-µm-thick cell with a CaF2 window. Infrared 

spectra were measured using a FT-IR 4100 spectrometer (JASCO, Tokyo, Japan) 
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equipped with an Hg-Cd-Te detector. The resolution was set at 2 cm-1 and frequency data 

ranging from 600 to 4000 cm-1 were collected for each sample. The infrared spectrum of 

water was subtracted from those of the samples. The accuracy of the frequency reading 

was better than ±0.1 cm-1. One hundred scans excluding buffer and liposome background 

signals were accumulated. The spectra were smoothed with the Savitzky-Golay procedure. 

The total concentration of lipid was adjusted to 20 mM.  

 

2.5. Lipid packing density estimation by Raman spectroscopy  

Packing densities of guanidinium-modified vesicle were measured using a 

LabRAM HR-800 confocal Raman microscope (Horiba, Ltd., Kyoto, Japan). A 100 mW 

YAG laser operated with an excitation wavelength of 532 nm and an x 20 objective lens 

focused the laser beam. All the spectra were measured three times with a 30-s exposure 

time. After the background signals were subtracted, the baseline was corrected. Based on 

the reported methods (Batenjany et al., 1994; Fox et al., 2007; Levin et al., 1985), the 

packing density (R) of lipid membranes was evaluated as follows: 

R = I2850 ⁄ I2930       (Eq. 4-1) 

where I2850 and I2930 represent the peak intensities at 2850 and 2930 cm-1, respectively. 

 

2.6. Characterization of membrane polarities using Laurdan  

From the fluorescence analysis of Laurdan, the generalized polarization (GP340) for 

vesicles was calculated. For a 1 mL volume of sample, the concentrations of lipid and 

Laurdan were 100 μM and 1 μM, respectively. After incubation for 30 min in the dark 

(30 ℃), the emission spectrum of Laurdan (Ex. 340 nm) was measured using a FP-6500 

spectrofluorometer (JASCO). GP340 values were defined (Parasassi et al., 1990): 

𝐺𝑃340  =  (𝐼440  −  𝐼490)  ⁄ (𝐼440  +  𝐼490)   (Eq. 4-2) 

where I440 and I490 represent the intensity emission at around 440 and 490 nm, respectively.  

 

2.7. Characterization of membrane fluidities using DPH  

Membrane fluidity was evaluated from the fluorescence polarization P of the 

fluorescence probe, DPH, at the steady state. The dispersions including 100 µM lipids 
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and 0.4 µ M DPH were incubated for 30 min at 30 ℃ in the dark. The single emission 

intensity at 430 nm of DPH (excitation wavelength 360 nm) was measured using the 

aforementioned spectrofluorometer. Polarization (𝑃) was defined as:   

𝑃 =  (𝐼∥ −  𝐺𝐼⊥)  ⁄  (𝐼∥ + 𝐺𝐼⊥)     (Eq. 4-3) 

𝐺 =   𝑖⊥ ⁄ 𝑖∥         (Eq. 4-4) 

where 𝐼⊥  and 𝐼∥  represent the emission intensities perpendicular and parallel, 

respectively, to the excitation light, 𝑖⊥ and 𝑖∥ are the emission intensities perpendicular 

and parallel, respectively, to the horizontally polarized light, and 𝐺  is the correction 

factor. Membrane fluidity was evaluated based on the reciprocal of polarization, 1/𝑃.  

 

2.8. Measurement of zeta potential  

The zeta potential of each vesicle and the particle size was measured in the room 

temperature using a Zetasizer nano (Malvern Instruments Limited, Tokyo, Japan) as 

shown in Table 4-1. The total concentration of lipid was adjusted to 2 mM. The sample 

solutions were filtered to remove large aggregates (> 10 μm in diameter). 

In the case of POPC/SG vesicles, large-size assemblies were observed, suggesting 

that POPC/SG vesicles could interact with each other. In the case of POPC/MA vesicles, 

the obtained PDI values were < 0.1, in most cases, suggesting that POPC/MA vesicles 

 

Table 4-1 Size distribution of vesicles at pH 7.8 

Vesicles Size [nm]a PDIa 

POPC 150.0 0.10 

POPC/SG=9/1 121.8 0.09 

POPC/SG=7/3 624.7 0.59 

POPC/SG=5/5 110.3 0.35 

POPC/SG=3/7 2021.0 1.00 

POPC/MA=9/1 118.7 0.08 

POPC/MA=7/3 133.4 0.10 

POPC/MA=5/5 174.3 0.37 

POPC/MA=3/7 140.8 0.10 

a measured using an Zetasizer nano (Malvern Instruments Limited, Japan) 
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were dispersed in solution. Such differences could be derived by the insertion of SG or 

MA. It is notable that smaller assemblies (< 10 nm in diameter) were not observed in both 

cases of POPC/SG and POPC/MA vesicles, suggesting that quite less amount of micelles 

(self-assembly of SG and MA) exist.   

 

2.9. Estimation of the binding constant: UV optical density assay 

Turbidities of the vesicle suspensions were evaluated in the presence or absence of 

tRNA, using UV micro plate reader (Ultramark, Bio-Rad Laboratories, Inc., Hercules, 

CA). The optical density at 400 nm (A400) was measured using a 96-well plate at 30 ℃. 

No absorbance at 400 nm was observed in the case of tRNA only (without vesicle). The 

total lipid concentration was 250 μM, with the varying concentrations of tRNA (0 to 10 

μM). The binding constant (Ka) between lipid and nucleotide was calculated based on the 

reports (Marty et al., 2009; Stephanos et al., 1996). The Ka values were defined as follows: 

tRNA + vesicle ⇌ tRNA − vesicle complex 

𝐾a =
[tRNA−vesicle 𝑐𝑜𝑚𝑝𝑙𝑒𝑥]

[tRNA][vesicle]
 [𝑀−1]   (Eq. 4-5) 

The binding constant was calculated on the basis of the following (Marty et al., 2009): 

1

𝐴−𝐴0
=

1

𝐴∞−𝐴0
+

1

𝐾a

1

(𝐴∞−𝐴0)
 

1

𝐶phosphate
   (Eq. 4-6) 

where A0 is the turbidity of vesicles at 400 nm (in the absence of tRNA), 𝐴∞ is the final 

turbidity of vesicles in the presence of tRNA (final tRNA concentration: 10 μM (750 μM 

phosphate)), A is the recorded turbidity at each phosphate concentration, and Cphosphate is 

the concentration of total phosphate (in tRNA). The double reciprocal plot of 1/(A-A0) 

versus 1/ Cphosphate is linear, and Ka was estimated from the ratio of the intercept to the 

slope. 
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3. Results and Discussion 

3.1. Intermolecular interactions of lipids evaluated by FT-IR spectroscopy. 

The acyl chain packing behaviors and phosphate interactions can be confirmed 

using FT-IR spectroscopy (Seu et al., 2006). The peak at 2853 cm−1, which is derived 

from the CH2 symmetric stretch vibration (Mantsch et al., 1991), shifts toward a lower 

frequency by the increase in the membrane fluidity. In general, this peaks are observed at 

around 2850 cm−1 for gel phases and at around 2855 cm−1 for liquid-disordered phases. 

Figure 4-6 shows the transition of peaks positions for the ν(CH2,sym) and for ν(PO2,asym) 

signals in the presence of POPC/SG and POPC/MA vesicles with different modification 

ratios. Vesicle suspensions may scatter light due to their Brownian motion, which 

weakens the FT-IR signals. Although the obtained signals in POPC/MA = 9/1 and POPC/ 

MA = 7/3 were relatively weak, they showed sufficient peak intensities to identify each 

peak assignment. The ν(CH2,sym) peak in POPC/SG displayed a clear red shift from 2855 

to 2850 cm−1, while POPC/MA vesicles displayed no remarkable changes independent of 

MA ratios (Figure 4-7 (a), (b) and (e)). These results indicate that POPC/SG vesicles 

adopted ordered phases, while conversely POPC/MA vesicles remained in a fluid state. 

The peak at 1236 cm−1 derives from the PO2 asymmetric vibration, and it has been 

reported to exert peak shift sensitively due to the hydrogen bonding with the surrounding 

environment. Seu et al. confirmed the red shift of the peak from 1235 to 1210 cm−1 due 

to the phosphate interaction in saturated monoacyl-phosphoethanolamine (PE) vesicles 

by addition of lyso-phosphatidylethanolamine (LPE) (Seu et al., 2006). Hence, the red 

shift in the phosphate asymmetric vibration indicates noncovalent interactions, such as 

electrostatic and hydrogen bond interactions, at the phosphate moieties. Regarding the 

ν(PO2,asym) signals, red shifts were observed in the presence of POPC/SG and POPC/MA 

vesicles (Figures 4-7 (c), (d), and (f)). Presumably, the interaction with the phosphate 

moiety derived from the guanidinium moieties. In particular, the marked peak shifts 

observed in POPC/MA vesicles with higher MA ratio indicates that a stronger interaction 

between phosphate and guanidinium moieties could be formed in POPC/MA vesicles, as 

compared to POPC/SG vesicles. This is because the head group of MA is composed of 

positively charged guanidinium and negatively charged carbonyl groups, which allows 

greater interactions through the electrostatic interactions with choline and phosphate 
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groups in POPC. In contrast, the SG molecule has a positively charged guanidinium, 

suggesting that an electrostatic interaction between POPC phosphate groups and SG 

guanidinium groups is the only attracting force at the head group region. 

 

  

   

Figure 4-7 FT-IR spectra focusing on the stretching vibrational signals of CH2,sym (a, b) and 

PO2
-
,asym (c, d) in POPC/SG and POPC/MA vesicles. The peak wavenumbers of CH2,sym (e) and 

PO2
-
,asym (f) were plotted as a function of the guanidinium molar ratio: POPC/SG (●) and 

POPC/MA (□). 
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3.2. Lipid packing density estimated by Raman spectroscopy  

The intermolecular interactions between lipid molecules reflect the packing states 

in the bilayer. Raman spectroscopy is commonly used to determine the packing density 

of acyl chains in lipid membranes (Suga et al., 2015). Based on Raman spectroscopic 

measurements, the signals derived from acyl chains were presently evaluated. These 

signals were the peak at 2850 cm−1 from methylene (CH2) groups and the peak at 2930 

cm−1 from methyl (CH3) groups located at the terminus of the acyl chains. The lipid 

packing density R (= I2850/I2930) is defined from the ratio of mobility for each moiety and 

reveals membrane fluidity (Suga et al., 2015). The dependencies of packing densities in 

guanidinium vesicles on guanidinium ratios are shown in Figure 4-8. The R values were 

clearly increased by the modification with SG. In membranes in ordered (gel) phases, 

relatively weak signals at 2930 cm−1 were obtained due to the restricted CH3 moiety, 

which resulted in higher R values. The molecular interactions between POPC and SG 

molecules could facilitate the dense packing of membranes. In contrast, the packing 

densities of POPC/MA vesicles were almost same as pure POPC vesicles. The results of 

FT-IR measurements (i.e., no significant red shifts in the ν(CH2, sym)) indicated that the 

steric head group and short acyl chain of MA influence the inner components of the 

membrane and disturb membrane packing. The analyses of the intermolecular 

interactions revealed that POPC/SG vesicle membranes were densely packed with lower 

membrane fluidities. The addition of SG molecules quantitatively altered the membrane 

properties to produce more ordered. Conversely, POPC/MA vesicles are in a fluidic 

membrane state. In common with SG and MA, the guanidinium moieties likely undergo 

interactions with neighboring phosphate groups.   

 

 

 

Figure 4-8 Packing densities R (=I2850/I2930) 

estimated from Raman spectra of POPC/SG 

(●) and POPC/MA (□) vesicles. 
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3.3. Membrane polarities and membrane fluidities of POPC/SG and POPC/MA 

vesicles 

The hydration states can vary according to the phase states of the membranes 

(Hirsch-Lerner et al., 1999; Viard et al., 1997). The interior hydrophobic/hydrophilic 

environment of a membrane can be evaluated using Laurdan and Prodan fluorescent 

probes, which determine the membrane polarity of the inner and outer surface regions 

(Parasassi et al., 1998). Alterations in membrane properties can reveal the localization of 

external molecules to membrane surfaces, which can clarify the possible interactions 

between biomolecules and membranes. 

The fluorescence emission of Laurdan is derived depending on the phase state. The 

peak appears at around 440 and 490 nm in the ordered and fluid phase, respectively 

(Parasassi et al., 1998). Here, the GP analysis using Laurdan was employed to simply-

evaluate differences in the membrane polarities, which could be altered depending on the 

type and amount of guanidinium molecules (SG and MA). Figure 4-9 shows the GP340 

values for POPC/SG and POPC/MA vesicles. GP340 values for POPC/SG vesicles 

increased in proportion to the guanidinium ratio, indicating that the membrane became 

hydrophobic. POPC/MA vesicles exhibited hydrophilic properties (lower GP340 values, 

as well as POPC vesicles). These differences may have originated from lipid structures. 

SG molecules, with their longer acyl chain (C18) and smaller head group, tightly interact 

with POPC molecules, resulting in the elimination of water molecules from the membrane. 

For POPC/MA vesicles, while, hydrophilic membrane properties are maintained 

independent of the MA modification ratio. The bulky head group and shorter acyl chain 

(C14) of MA might not allow tight association with POPC molecules, although 

guanidinium-phosphate interaction is possible.  

The fluorescent probe DPH measures membrane fluidity (Ahmed et al., 1997; 

Lentz et al., 1976). The relationship between the guanidinium modification ratios and 1/P 

values is shown in Figure 4-10. The membrane fluidities of POPC/SG decreased with 

higher ratios of guanidinium modification, whereas no marked changes in 1/P values were 

observed in POPC/MA. Membrane fluidity values of POPC/SG vesicles were altered in 

a dose-dependent manner by the modification with SG. Although it might be difficult to 

evaluate the true amount of guanidinium in the membrane, the observed results could 



 

82 

 

8
2
 

indicate the insertion of guanidinium into the vesicles. Considering the location of the 

DPH probe, SG molecules could lead to a dense packing of the inner region of the 

membrane, due to the smaller head group and longer acyl chain. In contrast, MA 

molecules, which possess a larger head group and shorter acyl chain, disturb the 

membrane packing, resulting in higher membrane fluidities, as well as in POPC vesicles. 

 

Figure 4-9 GP340 values of POPC/SG (●) and POPC/MA (□) vesicles, plotted as a function of 

molar ratio of guanidinium in vesicles. Total concentration of lipid and Laurdan were 100 and 1 

μM, respectively. All measurements were conducted at 30 ℃. 

 

 

Figure 4-10 1/P values of POPC/SG (●) and POPC/MA (□) vesicles, plotted as a function of 

molar ratio of guanidinium in vesicles. Total concentration of lipid and DPH were 100 and 0.4 

μM, respectively. All measurements were conducted at 30 ℃. 
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The phase states of POPC/SG and POPC/MA vesicles have been examined using 

the previously reported method (Suga et al., 2013). DPH and Laurdan analyses have 

determined that the phase state of lipid membranes can be classified into solid-ordered 

(gel, so), liquid-ordered (lo), and liquid-disordered (fluid, ld) phases (De Almeida et al., 

2003; De Lange et al., 2007; Veatch et al., 2005). The 1/P values (x-axis) and GP340 

values (y-axis) are plotted on a two-dimensional Cartesian diagram. The diagram 

empirically represents the ld (fluid) phase at the fourth quadrant, heterogenic phases at the 

first to second quadrants, and ordered (so, lo) phases at the second quadrant. Cartesian 

diagrams for POPC/SG and POPC/MA vesicles are shown in Figure 4-11, and the phase 

states estimated are summarized in Table 4-2. 

5 10

−0.3

−0.1

0.1

0.3

POPC
POPC/SG (9/1)
POPC/SG (7/3)
POPC/SG (5/5)
POPC/SG (3/7)
POPC/MA (9/1)
POPC/MA (7/3)
POPC/MA (5/5)
POPC/MA (3/7)

1/P [ − ]

GP340 [ − ]

 

Figure 4-11 Cartesian diagram (Suga et al., 2013) for POPC/SG and POPC/MA vesicles at 30 ℃. 

1/P and GP340 values indicate the membrane fluidity and polarity. The decrease of GP340 values 

means membrane become more hydrophobic, and the increase of 1/P indicates the increase of 

membrane fluidity. Vesicles plotted in the second quadrant (1/P < 6, GP340 > −0.2) and in the 

fourth quadrant (1/P > 6, GP340 < −0.2) were considered in disordered phases and in ordered 

phases, respectively. Symbols indicate POPC (double circle), filled marks for POPC/SG, open 

marks for POPC/MA, and each guanidinium ratios were illustrated triangle for (9/1), diamond 

for (7/3), square for (5/5), and inverse triangle for (3/7), respectively.  
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Table 4-2 Phase state of each vesicle estimated from Cartesian diagram at 30 ℃ 

Vesicles Phase statea 

POPC ld 

POPC/SG=9/1, 7/3 ld 

POPC/SG=5/5, 3/7 ld + lo-likeb 

POPC/MA=9/1, 7/3, 5/5, 3/7 ld 
a Determined by 1/P and GP340 values. For details, see the literature.  

(Suga et al., 2013). Data are shown in Figures 4-9 and 4-10.   

b The ordered phase provided by SG modification was defined as lo-like phase. 

 

POPC membranes behave as fluidic liquid-disordered phases above −4 ℃, because 

of the presence of unsaturated acyl chains. As shown in Table 4-2, most of the 

guanidinium-modified vesicles were estimated as fluidic phase states (ld phase). Saturated 

lipid molecules, such as DPPC and sphingomyelin, tend to form ordered domains. Thus, 

it is assumed that SG molecules cluster and then form SG-enriched ordered domains. 

Generally, “lo phase” describes lipid domains constructed with cholesterol (Paleos et al., 

1999). The ordered phase states provided by SG molecules have been described as lo-like, 

because their physicochemical membrane properties (1/P and GP340) are similar to the 

vesicles in lo phases (e.g., POPC/Cholesterol). Thus, POPC/SG = 5/5 and POPC/SG = 3/7 

vesicles were categorized as heterogeneous phases (ld + lo-like). POPC/SG vesicles may 

have a local hydrophobic and ordered region, compared with POPC/MA vesicles. Such 

heterogeneous domain structures could contribute the enhanced interaction with 

biomolecules (Suga et al., 2013). In particular, the lo domains of POPC/cholesterol 

vesicles could interact with RNA and affect the translation process in cell-free protein 

expression systems (Suga et al., 2011). From these points of view, local hydrophobic and 

ordered regions could interact with RNA molecules.  
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3.4. Calculation of binding constants between the phosphate group in tRNA and lipid 

in vesicles 

The turbidity of vesicle suspension is sensitive to the aggregation of vesicles via a 

target molecule (Suga et al., 2011; Thomas et al., 2005). The turbidity of POPC/SG 

vesicle suspensions in the presence of tRNA increased as the concentration of total 

phosphate increase (Figure 4-12). Based on the double reciprocal plot method reported 

previously (Marty et al., 2009; Stephanos et al., 1996), the binding constants Ka for 

phosphate (tRNA) and lipid were calculated (Figure 4-13, Table 4-3). The turbidity 

increase was not observed for POPC and POPC/MA in the presence of 100 µM of tRNA 

(total 7.5 mM phosphate), suggesting the Ka value of POPC and POPC/MA was < 1.3  

103 M-1. This is consistent with a previous report (Suga et al., 2011). Considering the 

difference in Ka values for POPC/SG vesicles, the binding behavior may depend on the 

membrane properties, characterized by the analyses of membrane fluidity (1/P) and 

membrane polarity (GP340). It has been reported that the lipid ordered domains 

preferentially bind to the nucleic acid (Janas et al., 2010; Suga et al., 2011), suggesting 

that membrane heterogeneity is key for the high affinity with biomolecules. POPC/SG = 

(86/14) showed the highest binding constant among POPC/SG vesicles, suggesting that 

the SG molecule in the ld phase is more effective for recognizing phosphate in tRNA than  

that in the lo phase. Immobilized ions were reported to alter the strength of hydrophobic 

interactions between molecules, suggesting a strategy to optimize molecular recognition 

and self-assembly processes by tuning hydrophobicity (Ma et al., 2015). In addition to 

the affinity of guanidinium moiety for the phosphate group, the membrane properties are 

thought to play key roles in the association of tRNA by POPC/SG vesicles. As shown in 

Figure 4-13, POPC/SG vesicles revealed larger Ka values compared with that of L-

arginine (Janas et al., 2010) and guanidinium bilayers (Onda et al., 1996), indicating the 

hybrid lipid membrane interface is working cooperatively to the interaction. 
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Figure 4-12 Optical density (A400) analysis for POPC/SG and POPC/MA vesicles in the presence 

of tRNA. Symbols indicate closed circle for POPC, filled marks for POPC/SG, and open marks for 

POPC/MA. Each guanidinium ratio were illustrated triangle for (9/1), diamond for (7/3), square for 

(5/5), and inverse triangle for (3/7), respectively. Total lipid concentration was 250 µM, and all 

experiments were performed at 30 ℃. A0 indicates the A value in the absence of tRNA. Increase of 

(A-A0) value indicates the formation of complex between tRNAs and vesicles. 

 

Figure 4-13 Summary of Ka values for phosphate-ligand interaction. The Ka values for POPC/SG 

vesicles at 30 ℃ were calculated based on Eq. 4-5 and Eq. 4-6 (see Experimental section). The 

Ka values for guanidinium bilayer and monolayer (*1), and for arginine (*2) were taken from 

previous reports (Onda et al., 1996) and (Janas et al., 2010), respectively.  
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Table 4-3 Summary of Ka values and number of phosphate bound to vesicle 

Vesicle Ka [M-1] 

Concentration of 

phosphate bound 

to vesicle [%]a 

Number of tRNA 

on vesicle [-]b 

POPC, POPC/MA ~1.0 × 103 < 4.3 ± 0.9 － 

POPC/SG=(86/14) 2.9±0.4 × 104 97.2 ± 0.5 20.1 ± 4.1 

POPC/SG=(61/39) 6.5±0.6 × 103 90.3 ± 0.7 83.0 ± 7.1 

POPC/SG=(40/60) 1.1±0.7 × 104 93.7 ± 0.3 50.1 ± 3.1 

POPC/SG=(22/78) 1.2±2.1 × 104 93.6 ± 1.3 51.2 ± 12 

a Calculated at the following condition: Cphosphate, 150μM; Clipid, 250μM: at 30 ℃.   

b Calculated at the following condition: Cphosphate, 150μM; Clipid, 250μM: at 30 ℃. tRNA was considered as 75 mer 

of nucleotide. The number of lipid molecules per vesicle was calculated as shown in the literature (Suga et al., 2013). 

 

The number of phosphates (in tRNA) binding sites to the membranes and the 

concentration of complex were calculated (Table 4-3). Under this condition, the number 

of phosphates binding to POPC/SG = (86/14) was the highest, while that to POPC/SG = 

(61/39) was the lowest. Charge neutralization is one of the dominant driving forces of 

colloidal aggregation. In POPC/SG = (86/14) (ld phase), SG molecules may be scattered 

in the membrane, and the tRNA-bound surface quickly may tune to the negative charge, 

resulting in a rapid interaction between the tRNA-free surface (positive charge). In 

contrast to the case for SG-enriched vesicles (including lo-like phase), SG may be 

clustered in the membrane surface, where most of the tRNA surface can be neutralized. 

This would lead decreased binding affinity between the tRNA-bound surface and tRNA-

free surface. This indicates that the phase state of the POPC/SG vesicles are crucial for 

controlling the binding between phosphate and lipid. It was found that only a small 

number of phosphate groups of tRNA were bound to POPC and POPC/MA (ca. 4.3 %), 

which may be negligible to the number of SG molecules bound to the phosphate in tRNA.  
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4. Summary 

Two kinds of guanidinium-modified vesicles were prepared to modulate the 

interactions with nucleic acid molecules (i.e., tRNA), and to induce its conformational 

changes on the membranes. The investigations based on FT-IR, Raman, fluorescence 

probes, and UV optical assay revealed that SG-modified vesicles (POPC/SG) have 

hydrophobic and ordered membrane phase states, and strong affinities. It is anticipated 

that cationic POPC/SG vesicles induce the robust interactions with tRNA because of their 

inner membrane hydrophobicity derived from highly-packed membrane property. 

Comparatively, MA-modified vesicles (POPC/MA) have hydrophilic and disordered 

phase states, and it showed low affinity to tRNA. These findings reveal the potent use of 

guanidinium modified vesicles to enhance interactions with RNA molecules, and the 

importance of self-assembly systems, which could control these interactions by the 

regulation of membrane hydration properties as a “platform”. 

 

 

 

Figure 4-14 Concept of the performance of the guanidinium-modification.
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Chapter 5 

Mechanism of the Interaction  

at the Lipid Membrane Interface 

1. Introduction 

The water molecules randomly distribute in a finite three-dimensional space by 

dynamically swapping their dipole–dipole interactions, and form a hydrogen bond 

network among water molecules via electrostatic interactions. Ultimately, a layer of water 

molecules is formed from a hydrophobic interface with a thickness that spans several 

nanometers (Fumagalli et al., 2018; Umeyama et al., 1977). Although the definition of 

the hydration layer varies depending on the interface to be targeted, a similar tendency 

can be observed within biological interfaces. 

Israelachvili et al. measured the intermolecular forces between mica plates in dilute 

KCl solutions (Israelachvili et al., 1978). The interaction of the two interfaces was well 

explained by the DLVO theory using its distances of 10 nm or less. When the distance of 

the interfaces was less than 1.5 nm, the oscillations appeared at every 0.25 ± 0.03 nm 

(Israelachvili et al., 1983). In this case, 6–7 oriented water molecules existed between the 

mica plates. The short-range hydration force between the smooth rigid surfaces was 

always oscillatory as water molecules attached to the hydrated surface groups and formed 

an ordered layer (Israelachvili et al., 1983). This repulsive force is a synergistic hydrogen 

bond (polarized) interaction that attenuates as a function of distance from the surface 

(Gruen et al., 1983; Marcelja et al., 1976). Interestingly, in flexible surfaces, such as lipid 

membranes, these vibrations are averaged into a monotonous repulsive force owing to the 

entropic constriction of the head group (Kurniawan et al., 2015; Kurniawan et al., 2014; 

Shrestha et al., 2016). The question arises about how these dissipative properties affect 

the adsorption behavior on lipid membranes with molecules as the system. 

There are two distinct forces, “strong interactions” and “weak interactions”. For 

example, the interactions between cationic lipid membranes and nucleic acids can be 
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classified as “strong interactions”, wherein the interactions take place with high affinity 

(Ka > 104 M-1). According to the isothermal titration calorimetric (ITC) analysis, the 

binding of the plasmid DNA to the liposome composed of cationic lipids was observed 

with high affinity, whereas the liposomes containing zwitterionic lipids displayed a 

negative enthalpy upon binding to plasmid DNA (Lobo et al., 2001). Therefore, the 

association of the two oppositely charged molecules (e.g., cationic lipid and nucleic acid) 

is favorable for entropic reasons wherein the originally associated counterions released 

into the bulk solution (Figure 5-1).  

 

Figure 5-1 Schematic illustration of the condensation of DNA and lipid bilayers. In the 

process, the previously confined counter ions are expelled out (Templeton, 2008).  

 

Strong charge state of the membrane surface layer is not always required for 

adsorption to the membrane, which is the case of “weak interactions”. Selective 

adsorption of L-tryptophan was observed on liposome membranes. After the long 

incubation, the chiral recognition could take place in several steps by the rearrangement 

of surface assembly, such as electrostatic interaction, dehydration, and hydrogen bonding 

with plural phospholipids. In other case, Janas et al proposed the possibility that RNA-

membrane association might be varied by selection of suitable RNA structures. 

Intermediate order membrane state such as liquid-ordered of rafted state shows RNA-

structure dependent affinity (Ka <102 M-1), even though the ripple or gel phases show 

higher affinity of binding but no significant RNA-structure specificity (Janas et al., 2006). 
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From these observations, it is considered that the molecular adsorption at lipid membrane 

can be classified depending on the forces during the interaction, and each interaction 

experiences the different adsorption process. In particular, the strong interaction provoke 

rearrangement of the whole system, on the other hand, the weak interaction cooperatively 

demonstrates the molecular interactions at the lipid membrane surface without significant 

dehydration (Figure 5-2). 

 

  

Figure 5-2 Conceptual illustration of dehydration behavior  

in the “strong interaction” and “weak interaction”. 

 

In this chapter, the dehydration behaviors observed during the interactions between 

POPC/SG and tRNA were compared with the interactions between DOPC and 

oligonucleotide. According to the investigation on the population of hydration water 

molecules, the correlation was observed between the number of water molecules and the 

conventional GP values measured from Laurdan fluorescence properties. ITC 

measurements were performed with regard to the adsorption of the oligonucleotide 

composed of single type of nucleotides in order to investigate the selective adsorption of 

nucleobases on the membrane surface. The fundamental comprehension of the adsorption 

behavior at the lipid membrane was aimed from the aspects of the thermodynamic 

behavior in the interaction process and the molecular selectivity that could contribute to 

revealing the possibility of the molecular recognition on the lipid membrane.   
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2. Materials and Methods 

2.1. Materials 

     Phospholipids, such as 1,2-dioleoyl-sn-glycero-3-phophocoline (DOPC), and 1-

palmytoyl-2-oleoyl-phosphocoline (POPC), were purchased from Avanti Polar Lipids, 

Inc. (Alabaster, AL, USA). Stearyl guanidinium were synthesized as explained in Chapter 

4 (see Section 4.2.2.). tRNA originating from Escherichia coli, 6-lauroyl-2-

dimethylaminonaphthalene (Laurdan), and cholesterol (Ch) were purchased from Sigma 

Aldrich (St. Louis, MO). Oligonucleotides (poly dX; X = adenine (A), cytosine (C), 

guanine (G), and thymine (T), each of 25 nucleotides) were purchased from Thermo 

Fisher Scientific, Inc. (Massachusetts, USA). Other chemicals were purchased from 

FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). All chemicals were used as 

received. 

 

2.2 Preparation of guanidinium-modified vesicles  

POPC and SG, DOPC, or DOPC and Ch were dissolved in chloroform in a round-

bottom flask, respectively. The solvent was removed by rotary evaporation. The obtained 

thin layer was kept under a high vacuum for more than 3 h. After the addition of 1000 μL 

Tris-HCl buffer (100 mM, pH 8.0) to disperse the lipids, five cycles of freezing and 

thawing (−80 ℃/50 ℃) were carried out to obtain the aqueous suspension of guanidinium 

modified vesicles. Purified water was used for the hydration of DOPC and DOPC/Ch 

vesicles. Extrusion treatment, in which the vesicle suspension was passed through a 

polycarbonate filter membrane with a pore diameter of 100 nm, was repeated 11 times 

using a Liposofast extrusion device (Avestin Inc., Ottawa, ON, Canada). After extrusion, 

vesicle suspensions were kept in 4 ℃ until used. 

 

2.3. Emission spectra of Laurdan in the presence of nucleic acids 

The fluorescence spectra of Laurdan were measured by using a fluorescence 

spectrophotometer (FP-8500; Jasco, Tokyo, Japan). The excitation wavelength of 

Laurdan was 340 nm, measured with a 5 nm path length quartz cell. The fluorescence 

intensity of Laurdan was normalized with the maximum intensity as 1. The Laurdan was 
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added to the liposome suspension with a molar ratio of lipid/Laurdan of 100/1. After the 

measurement of the spectra with pure liposome system, the nucleic acids were added. The 

concentration of the nucleic acids were selected as the estimated concentration wherein 

the interaction occurs; the ratio of the lipid/nucleic acids are 250/2 for POPC/SG and 

tRNA and 1/1 for DOPC and oligonucleotides, respectively. After the addition of the 

nucleic acids, the samples were incubated at 30 ℃ more than 30 minutes before the 

measurements. 

 

2.4. Adsorption of oligonucleotides on lipid vesicles; Isothermal titration calorimetry 

ITC experiments were performed using a MicroCalTM iTC200 System (Malvern, 

UK). All experiments were done at 25 ℃ in pure water system. The vesicle solution was 

prepared in the cell (200 µl, 20 µM) and the solution of oligonucleotides (poly dX; X = 

A, C, G, and T) were prepared in the titration syringe (60 µl, 100 µM). After the thermal 

equilibration of the instrument, titration was performed. The first injection was 0.4 µl, 

and that for all others was 2 µl, with 100 seconds interval between injections, as total 20 

injections. The dilution heat was calculated from the injection of pure water into vesicle 

solution, and was subtracted from the titration results of DNA solution. 

The main assumption of the model used here is that oligonucleotide binding to 

cationic lipid is governed by thermodynamic equilibrium of the following process, 

poly dX + Lipid ⇄ Complex                        (Eq. 5-1) 

The binding reaction with 1:1 stoichiometry can be described as follows (Wiseman et 

al., 1989): 

1

𝑉0(d𝑄 d𝑋tot⁄ )
= ∆𝐻°(

1

2
+

1−(1+𝑟) 2⁄ −𝑋r/2

(𝑋r
2−2𝑋r(1−𝑟)+(1+𝑟)2)

1 2⁄ )   (Eq. 5-2) 

where 𝑋tot is the total ligand concentration of free plus bound, in the reaction cell of 

volume 𝑉0, 𝑄 is the heat absorbed or evolved, and ∆ 𝐻° is the molar heat of binding. 

The values of 𝑟L and 𝑋r are dependent on the total ligand concentration and the total 

macromolecule concentration (𝑀tot), 

1/𝑟L = 𝑐 = 𝑀tot𝐾      (Eq. 5-3) 

𝑋r = 𝑋tot 𝑀tot⁄        (Eq. 5-4) 
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Binding curves simulated from the Eq. 5-2 is generated in Figure 5-3. The 

parameter 𝑛 in Figure 5-3 is the number of identical and independent binding sites for 

the ligand on the receptor. The parameter, 𝑛, ∆𝐻°, and 𝐾 were obtained as the best values 

of the fitting parameters were investigated. 

 

 

Figure 5-3 (left) Simulated binding isotherms for various values of the parameter c as introduced 

in the report (Wiseman et al., 1989) (right) Raw data obtained for 20 injections wherein 100 µM 

of poly dC injected into the 20 µM of DOPC vesicle solution. 

 

2.5. Conformational evaluation of nucleic acids by circular dichroism spectroscopy 

analysis 

The conformational effect of the interaction between poly dC and lipid vesicles 

solution, DOPC and DOPC/Ch, was investigated. The circular dichroism (CD) spectra 

were measured by JASCO J-820 SFU spectropolarimeter (JASCO, Tokyo, Japan). The 

CD spectrum from 400 nm to 200 nm was measured with a quartz cell at a scan speed of 

100 nm per minute and a width of 1 nm. Three scans were obtained at 25 ℃. The CD 

spectra of the poly dC were obtained by subtracting the spectra of pure lipid vesicle 

solution as control. The obtained data was calculated as molar ellipticities. In order to 

evaluate the step association of poly dC, the CD spectra of the poly dC was measured in 

the corresponding concentration to the experiments in ITC assay; 20 µM of lipid vesicle 

solution and the addition of 5, 20, and 40 µl of 100 µM poly dC solution.  
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3. Results and Discussion 

3.1. Dehydration behaviors observed in the emission spectra of Laurdan 

Laurdan is a solvent sensitive fluorescence probe locating at the 

hydrophilic/hydrophobic interface at the lipid bilayer. Therefore, it is possible to assess 

the effect of dynamic membrane hydration behavior in the adsorption process of the 

nucleic acids. Figure 5-4 shows the emission spectra of Laurdan in the POPC/SG and 

DOPC bilayers under the presence (or absence) of tRNA and poly DNAs, respectively.  
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Figure 5-4 Emission spectra of Laurdan (a) in the POPC/SG (22/78) bilayers and (b) in the 

DOPC bilayers at 25 ℃. The colored spectra were the case of the presence of nucleic acids as 

represented in the legends. Each spectrum was normalized at the maximum intensity. (c) and (d) 

Deconvolution results performed in the same procedure as described in Chapter 2. Each color of 

bars corresponds to those of spectra. 
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Addition of tRNA into the POPC/SG vesicle solutions influenced the emission 

spectra of Laurdan resulting in blue shift. As shown in the result of deconvolution, the 

increase of “nonpolar” component and the decrease of “polar protic” component were 

observed in the presence of tRNA, indicating the blue shift of spectra resulted from the 

dehydration of membrane polarity. The spectral blueshifts were also observed in other 

POPC/SG vesicles (POPC/SG = (86/14), (61/39), and (40/60), data not shown), 

suggesting that the drastic dehydration around the interfacial region of the lipid bilayer 

was induced under the addition of tRNAs. Given that high affinity of POPC/SG and tRNA 

was observed, it is considered that the incorporation of tRNA into the lipid membrane 

surface causes the previously hydrating water molecules released into the bulk solution. 

On the contrary, the emission spectra in DOPC bilayers did not show any significant 

differences in the spectral shape and the deconvolution results after the addition of poly 

DNAs. This result indicates that the addition of oligonucleotides (poly dX) has no 

influence on the membrane polarities of DOPC bilayer where Laurdan molecules exist.  

 

3.2. Binding affinity of oligonucleotides to DOPC membrane 

Isothermal calorimetry was carried out by the injection of oligonucleotide solutions 

into DOPC bilayers. Titration results for poly dC, poly dG, poly dA, and poly dT are 

shown in Figure 5-5. All the graphs in the upper row are the obtained titration data, and 

the graphs in the lower row are the integral heat area of each injection. As shown in these 

results, most of titration curves of oligonucleotide solution were exothermic. Except for 

poly dC, other oligonucleotides revealed no binding behaviors. 
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Figure 5-5 ITC results obtained from the titration of (a) poly dC, (b) poly dG, (c) poly dA, and 

(d) poly dT into the DOPC vesicle solutions. The graphs in upper row are the raw heat rate upon 

the injection time, and the integral area data of titration are shown in the graphs in lower row. 

 

 

Figure 5-6 Structure of the nucleobases and corresponding logP values. Donor and acceptor of 

the hydrogen bonds are illustrated using arrows colored with dark and light, respectively.  

 

The partitioning behaviors are dependent on the hydrophobicity (logP value) of the 

target molecules. The logP values of the base moiety can be calculated using ChemSketch 

software (ACD/Labs, Canada) as follows: adenine (-0.03 ± 0.27), cytosine (-1.71 ± 0.37), 

guanine (-0.98 ± 0.38), thymine (-0.12 ± 0.29), and uracil (-0.71 ± 0.29). A higher logP 

value indicates a less polar surface of each compound. Among all types of the nucleobases, 

the logP value of cytosine was the lowest, indicating the hydrophilic cytosine moieties 

are favorable for the incorporation into the membrane surface. With regards to the 

conformational properties of the molecules, the cytosine has two hydrogen bonding 
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acceptor sites, which is the largest number of the hydrogen bonding accessibility among 

other types of nucleobases (Figure 5-6). Although the binding curve was not significant 

with that of poly dC, the titration curve in poly dG shows a slight decrease of the injection 

heat, suggesting that guanine moieties are also affective due to its hydrophilic property 

(low logP value) and the plural hydrogen bonding parts. The relatively large injection 

fluctuations observed in poly dG and poly dA suggest the equilibrium of adsorption and 

desorption.  

The influence of the chain length was investigated for the adsorption of poly dC. 

Figure 5-7 represents the binding constants obtained from the titration of different length 

of poly dC (10, 25, and 50 mer) into DOPC or DOPC/Ch (4/1) vesicle solutions. The 

values of the binding constant were obtained from the fitting curve using the Eq. 5-2. As 

shown in the Figure 5-7, the longer base chains have higher affinity to the lipid membrane. 

DOPC/Ch showed higher values of binding constants than that of DOPC, although the 

difference is not significant. Compared with the binding constant between POPC/SG 

vesicles and tRNA (Ka ~ 105 - 106 M-1), the scale of the binding constants observed in the 

system of DOPC (or DOPC/Ch (4/1)) vesicles and poly dC were low, which could explain 

the slight impact on the Laurdan emission spectra (Figure 5-4) under the weak interaction.  

 

 

Figure 5-7 The binding constants between lipid and 1mol of poly dC with different length 

(10, 25, and 50 mer) calculated from the fitting of the titration data according to the Eq. 5-2.  
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3.3. Implication of dehydration during the interaction between POPC/SG and tRNA 

In order to consider the difference of the interaction in POPC/SG system and DOPC 

system, the evaluation of thermodynamic parameters were attempted. In the model of ITC 

experiments, the thermodynamic parameters during the binding was obtained. Regarding 

the POPC/SG system, the strong interaction with tRNA could cause the aggregation of 

vesicles generating the precipitation, which is not favorable for the ITC measurements. 

Hence, the application of dehydration behavior monitored by Laurdan was focused.  

In Chapter 3, the number of hydration water molecules per lipid was calculated. In 

the various situations such as membrane phase transition for several types of lipid bilayers 

or membrane phase separation in binary components, the obtained number of hydration 

water molecules were compared with the corresponding GP values, which is the value 

that can be obtained from the steady-state emission spectra of Laurdan. As shown in 

Figure 5-8, a linear relationship was obtained between the number of water molecules 

and GP values.  

 

 

 

Figure 5-8 Correlation between the number of water molecules per lipid and the conventional 

GP values. The number of water molecules were calculated as explained in the Chapter 3. GP 

values were calculated according to the report (Parasassi et al., 1991).   
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Herein, the contribution of dehydration was furthermore discussed based on the 

difference of GP values. The hydration between lipid and water molecules can be 

described as follows: 

lipid + 𝑛 water 
𝐾a
→  lipid − 𝑛 water complex, 

𝐾a = 
[lipid−𝑛water complex]

[lipid][water]𝑛
   (Eq. 5-5) 

The change of Gibbs free energy in the hydration can be defined as  

∆𝐺 = −𝑅𝑇ln𝐾a        (E. 5-6) 

Since the concentration of the water molecules are enough high than that of lipid 

molecules ([lipid] << [water]), the ∆𝐺 can be described as follows: 

∆𝐺 = −𝑅𝑇ln𝐾a = −𝑅𝑇ln (
1

[water]𝑛
) = 𝑛𝑅𝑇ln([water]) (Eq. 5-7) 

If the GP value is proportional to the number of water molecules n (𝐺𝑃 ∝ 𝑛), the change 

of free energy between the different hydration states upon binding can be described as 

follows: 

∆𝐺hydration = ∆𝑛𝑅𝑇ln([water]) 

              =
∆𝐺𝑃

𝐼𝐺𝑃
𝑅𝑇ln([water])  (Eq. 5-8) 

where the IGP is the slope of the correlation between GP and n. Upon this assumption it 

is possible to calculate the contribution of dehydration process.  

Pozharski et al. have previously investigated the interactions between cationic lipid 

and DNA, where the association could occur in the manner with large entropic term 

(Pozharski et al., 2003). Regarding the questions of the entropy loss generated by the 

binding, the contribution of the reduced dimensionality of the system into the free energy 

of binding is ~3.5 ÅRT/(2a) ~8.3 J/mole (assuming DNA persistence length a ~500 Å), 

which is negligible compared with the overall binding energy. Hence, in the system of 

POPC/SG vesicles and tRNA, the contribution of entropy (ΔS) can be assigned with the 

free energy change of dehydration ∆𝐺hydration. From the assumption of ∆𝐻 =  ∆𝐺 + 𝑇∆𝑆, 

the enthalpy change can be calculated using the binding constants obtained in Chapter 4 

(calculated based on the binding constants of tRNA). Thermodynamic behavior of the 

interaction at lipid membrane will be discussed in the following section. 
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3.4. Enthalpy-entropy compensation at lipid membrane 

It has been reported that a strong positive correlation is established between ΔH 

and ΔS in many chemical reactions and chemical equilibrium systems (Lumry et al., 

1970; Olsson et al., 2011; Rekharsky et al., 2007). The relationship of ΔS and ΔH in the 

POPC/SG vesicles and tRNA system was investigated as a model of strong interactions 

using the values obtained based on the dehydration and the free energy change, 

respectively. As the weak interaction model, the system of DOPC (or DOPC/Ch) bilayers 

and oligonucleotides was selected for the discussion by using the thermodynamic 

parameters obtained from the ITC measurements. Figure 5-9 shows the relationship 

between ΔH and TΔS found in the interactions at the lipid membranes. 

As shown in this figure, most of the results were appeared in the positive linear 

relation. The series of interaction at POPC/SG vesicles were appeared positive side of the 

identical correlation (black line). Cationic lipid vesicles (DOPC/DOTAP, and DOPC/DC-

Ch) were appeared on the similar line, suggesting the interaction behavior could  

resemble that of POPC/SG vesicles. The upper side of the correlation indicates the large 

 

 

Figure 5-9 Enthalpy-entropy compensation at the lipid membrane. The pairs of interactions are 

explained in the legend. Identical correlation was depicted with the linear black line. Series of 

POPC/SG vesicles with tRNA and series of DOPC (or DOPC/Ch) bilayers with poly dC were 

represented with the linear fitting line with the color red and blue, respectively. The other results 

were obtained from the previous studies (Ishigami et al., 2015; Suga et al., 2011). 
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contribution of the entropy, which requires the dissipative change in the system when the 

interaction occurs. In the system of DOPC or DOPC/Ch bilayers with poly dC, the plots 

showed complementary relation, which means the contribution of the ΔH and ΔS is 

identical. Chiral recognition of L-His on the DPPC bilayer appeared on the same line. The 

binding constants of chiral recognition could occur with the scale of (Ka < 10 M-1), 

suggesting that the “weak interaction” is a key to perform molecular selective association 

at lipid membrane, which follows the enthalpy-entropy compensation. Besides, the 

selection of molecular morphology could be generated with a weak interaction by 

cooperatively adjusting the molecular arrangement near the lipid molecules as the second 

step after the adsorption. 
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4. Summary 

The evaluation of the various interaction at the lipid membrane was performed in 

the aspects of the difference of the interaction force degree. The “strong interactions” (Ka 

> 104 M-1) that affect the dehydration of the membrane close to the hydrophilic/ 

hydrophobic interface would generate the large contribution of entropy among the 

association. The estimation of the free energy change during the dehydration was 

performed using the hydrating water number and conventional GP values. Besides, these 

obtained values followed the low of enthalpy-entropy compensation, suggesting the 

evaluation of thermodynamic behavior could be established by the fluorescence analysis. 

The “weak interactions” (Ka < 102 M-1) were observed in the system of small nucleotides 

such as poly dC and in the system with amphiphilic DOPC molecules in the identical 

manner of enthalpy and entropy contribution. In this system, the selective adsorption of 

cytosine was observed, which could be due to the hydrophilic property and the possible 

number of hydrogen bonding acceptors. As indicated with the chiral recognition of the 

amino acids, the “weak interactions” could induce the selectivity by modulating the plural 

interactions in the cooperative manner. This systematic comprehension of the interactions 

at the lipid membrane could provide important view for the design of the self-assembly 

system (Figure 5-10). 

 

 

Figure 5-10 Conceptual summary in this chapter.
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Chapter 6 

Cooperative Effects of  

Guanidinium-modified Lipid Membrane 

1. Introduction 

Lipid bilayer vesicles have been reported to influence the configuration of binding 

molecules (Walde, 2010; Walde et al., 2014): molecular chaperone-like activity in peptide 

folding (Yoshimoto et al., 2015), regulation of enzymatic activities (Umakoshi et al., 

2008), and conformational change of DNA (Tsuji and Yoshikawa, 2010). In previous 

studies, it is shown that the lipid membranes act as a platform for regulating RNA 

conformation (Suga et al., 2011, 2013, 2016a). In particular, such 

biomolecule−membrane interactions may influence the in vitro gene expression system 

(Bui et al., 2010). RNA molecules interact with cationic liposomes, where strong 

electrostatic interactions between RNA and cationic lipid in liquid-disordered phases can 

induce unexpected denaturation in RNA, leading to a loss of RNA function (Suga et al., 

2011). Therefore, a rational design for the conformation property is required in the self-

assembly systems wherein several noncovalent forces are working simultaneously.  

Conformation properties of lipid membrane surface is not simple. Zwitterionic 

phospholipids are commonly used as neutral lipids to construct vesicles. However, the 

surface charge densities of the vesicle are usually negative (Klasczyk et al., 2010). One 

dominant factor to control the surface charge of vesicles is the orientation of lipid head 

group. Orientation can be affected by the ionic strength, or phase state, of the vesicle 

(Suga et al., 2016). The charge neutralization of a negative phosphate group in 

zwitterionic phospholipid by cationic lipid increased the lipid packing density, which 

conferred an overall cationic charge on the membrane due to the “upright” choline group 

(Troutier et al., 2005). In above examples, the cationic lipids, cetyl-trimethylammonium-

bromide (CTAB) and DOTAP, are mainly applied to construct membranes with neutral 

lipid membrane 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). In such a 

system, the cationic moieties of the cationic surfactant are electrically neutralized by the 

phosphate group of DOPE lipid, and the deprotonation of amino moiety of DOPE has a 
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significant influence on the interaction with DNA molecules (Lobo et al., 2001). In 

another system with Ca2+ ions to induce the aggregation with nucleic acids on the lipid 

membrane, the binding mechanism was expected that the neutralization of phosphate by 

Ca2+ ion adjusts the orientation of cationic choline group resulting in the adsorption of 

external molecules (McManus et al., 2003). Therefore, the head group orientation of the 

zwitterionic phospholipid molecules is a key factor for controlling the characteristics of 

membrane surface, which contributes to the accumulation of guest molecules. 

The phase states of the lipid membrane would affect the interaction with external 

biomacromolecules. It is expected that the phase transition of the lipid membrane under 

the heating condition induces the distribution of the binding sites, resulting in the increase 

of contact frequency. Besides, the apolar region of the lipid membrane could be exposed 

after the phase transition, and it enhances the hydrophobic interaction with the external 

molecule whose the structure is denatured and energetically unstable under the high 

temperature. Incorporation of nucleic acid molecules during the phase transition of lipid 

membrane was experimentally observed from the difference of differential scanning 

calorimetry (DSC) measurements (Giatrellis and Nounesis, 2011). For the guanidinium 

modified membrane as shown in the results of membrane property analysis in Chapter 4, 

the SG-modified membrane revealed highly ordered and hydrophobic properties. On the 

other hand, the MA-modified membrane showed high fluidity with hydrophilic 

membrane properties. From the analysis of IR spectroscopy, the effect of guanidinium 

modification was discussed focusing on the behaviors of the phosphate group (-P=O) and 

carbonyl group (-C=O) around the membrane interface. Since the SG-modified 

membranes indicated high affinities to tRNA, it is important to clarify the membrane 

structures such as the head group orientation and the heat effects for the phase transition.  

In this chapter, the cooperative effects of the guanidinium modification were 

evaluated focusing on the configurational impact on the surface charge state. The apparent 

pKa values were analyzed from the observation of pH dependencies on the fluorescence 

intensity of 2-p-toluidinylnaphthalene-6-sulfonate (TNS) and the effects of the 

modification on the head group orientation were discussed. Furthermore, the phase 

transition behavior of POPC/SG vesicles was investigated in the aspects of the 

configurational impacts on the tRNA molecules.  
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Figure 6-1 Conceptual illustration in this chapter.  
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2. Materials and Methods  

2.1. Materials 

     1-Palmytoyl-2-oleoyl-sn-glycero-3-phosphocoline (POPC) was purchased from 

Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Stearylguanidinium and 

myristoylarginine were synthesized as explained in Chapter 4 (see Section 4.2.2.). tRNA 

originating from Escherichia coli, fluorescence probes (TNS, 6-lauroyl-2-dimethyl 

aminonaphthalene (Laurdan), and 1,6-diphenyl-1,3,5-hexatriene (DPH)) were purchased 

from Sigma Aldrich (St. Louis, MO). Other chemicals were purchased from FUJIFILM 

Wako Pure Chemical Corporation (Osaka, Japan). All chemicals were used as received. 

 

2.2. Vesicle preparation 

POPC and SG or MA with different ratios were dissolved in chloroform in a round-

bottom flask. The solvent was removed by rotary evaporation. The obtained thin layer 

was kept under a high vacuum for more than 3 h. After the addition of 1000 μL Tris-HCl 

buffer (100 mM, pH 8.0) to disperse the lipids, five cycles of freezing and thawing 

(−80 ℃/50 ℃) were carried out to obtain the aqueous suspension of guanidinium 

modified vesicles. Extrusion treatment, in which the vesicle suspension was passed 

through a polycarbonate filter membrane with a pore diameter of 100 nm, was repeated 

11 times using a Liposofast extrusion device (Avestin Inc., Ottawa, ON, Canada). Milky-

white suspensions were observed for both POPC/SG and POPC/MA vesicles, indicating 

the formation of bilayer vesicles, because this turbidity cannot be detected with a micelle 

suspension. After extrusion, vesicle suspensions were kept in 4 ℃ until used. 

 

2.3. Characterization of membrane surface charge using TNS 

The fluorescence intensity of TNS was measured under the pH titration. The pH of 

each sample was adjusted to pH ~12 using NaOH aq, and then was incubated for 30 min 

in dark place (30 ℃). The pH of dispersions including 500 µM of lipids and 20 µM of 

TNS were titrated by the addition of HCl aq. using alkali-resistant pH electrode (LAQUA, 

Horiba, Ltd., Kyoto, Japan). The emission spectrum of TNS (Ex. 340 nm) at each pH 

value was measured by Spectrofluorometer (FP-8500; Jasco, Tokyo, Japan). The TNS 
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peak intensities were normalized, then the sigmoidal curves were obtained. To calculate 

the apparent pKa value, a midpoint in each curve was defined as pKa.  

The deprotonation state can be evaluated according to the Henderson-Hasselbalch 

equation using the obtained pKa value as follows (Henderson, 1908; Weast, 1983): 

[PO2
−] + [PO2H] + [SG or MA] = 1    (Eq. 6-1) 

pH = p𝐾a + log (([PO2
−]) ⁄ (PO2H)),   (Eq. 6-2) 

where [PO2
-], [PO2H], and [SG or MA] represent mole fraction of ionized POPC, 

protonated POPC, and SG or MA, respectively. Cation ratio [-] was calculated as follows; 

Cation ratio =
([PO2H] + [SG or MA])

1
⁄ ,   (Eq. 6-3) 

2.4. Membrane property analysis using Laurdan 

The generalized polarization (GP340) for vesicles were evaluated by Laurdan 

spectra (Hirsch-Lerner et al., 1999; Parasassi et al., 1998). The lipid concentration was 

100 µM, and each sample volume was 1 mL, including 1 µM of Laurdan. The sample 

solution was incubated at 30 ℃ for 30 min in dark, before measurement. The emission 

spectrum of Laurdan (Ex. 340 nm) was measured at different temperatures, then the GP340 

value for each vesicle was evaluated as follows:  

𝐺𝑃340  =  (𝐼440  −  𝐼490)  ⁄ (𝐼440  +  𝐼490)   (Eq. 6-4) 

where I440 and I490 are the emission intensity of Laurdan at 440 and 490 nm, respectively.  

 

2.5. Membrane property analysis using DPH 

Membrane fluidities in the interior region were evaluated in the same manner as 

described in previous reports (Hayashi et al., 2011; Yoshimoto et al., 2007). DPH was 

added to a vesicle suspension (lipid/probe molar ratio was 250:1). The lipid concentration 

was 100 µM, and each sample volume was 1 mL, including 0.4 µM of DPH. The sample 

solution was incubated for 30 min in dark before measurement. The fluorescence 

intensities of DPH (Ex. 360 nm) were measured by using a fluorescence 

spectrophotometer (FP-6500; JASCO, Tokyo, Japan). The emission intensities at 430 nm, 

both perpendicular (I⊥) (0 °, 0 °) and parallel (I∥) (0 °, 90 °) to the excited light, were 

recorded when the sample was excited with vertically polarized light (at 360 nm). 

Thereafter, the polarization (P) of DPH and correlation factor (G) were then calculated 
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based on the following equations: 

𝑃 =  (𝐼∥ −  𝐺𝐼⊥)  ⁄  (𝐼∥ + 𝐺𝐼⊥)     (Eq. 4-3) 

𝐺 =   𝑖⊥ ⁄ 𝑖∥        (Eq. 4-4) 

Herewith, i⊥ and i∥ represent emission intensity perpendicular to the horizontally-

polarized light (90 °, 0 °), and that parallel to the horizontally-polarized light (90 °, 90°), 

respectively. The obtained value (1/P) was utilized to the calculation of membrane fluidity. 

 

2.6. CD spectra analysis 

The conformational changes in tRNA in the absence or presence of vesicles were 

evaluated by spectropolarimeter (J-820 SFU, JASCO, Tokyo, Japan) (Suga et al., 2010, 

2012). The circular dichroic (CD) spectrum was recorded from 300 to 200 nm using a 

quartz cell (0.1 cm path length), where scan speed was 100 nm/min, and slit width was 1 

nm. Three scanned data were accumulated, then background signals (obtained from buffer 

or vesicle suspension) were removed to gain the data as molar ellipticity of tRNA (Suga 

et al., 2013). The total concentration of tRNA was 2 µM in the presence or absence of 

vesicles (total lipid: 250 µM). The measurements were carried out using 10 mM Tris-HCl 

at pH 7.8 buffer, under the controlled temperature: heating from 30 to 80 ℃.  

 

2.7. Calculation of melting temperature 

tRNA is intact at 30 ℃ and is fully denatured at 80 ℃ (Suga et al., 2010). The 

melting temperature (Tm) of tRNA was calculated from the CD data. The positive peak at 

around 265 nm (θ) was normalized on the basis of following (Suga et al., 2010),  

Δ𝜃(𝑇) =
𝜃(𝑇)−𝜃(30℃)

𝜃(80℃)−𝜃(30℃)
  [−]    (Eq. 6-7)  

where the value of θ was minimum at 30 ℃ (θ(30 ℃)) and was maximum at 80 ℃ 

(θ(80℃)). The temperature with Δ𝜃 = 0.5 was defined as the melting temperature, Tm. 

The Δ𝜃 values were fitted by following equation, and Tm was estimated from the fitting 

equation in which the value of Δ𝜃 equals to 0.5. 

Δ𝜃(𝑇) =
Δ𝜃(30℃)−Δ𝜃(80℃)

1+e(𝑇−30℃) d𝑇⁄ + Δ𝜃(80℃)      (Eq. 6-8) 



 

110 

 

1
1
0
 

2.8. Analysis of peak shift in CD spectra 

The shift of the wavelength maximum at around 265 nm was estimated based on 

the following equation. 

Δ𝜆(𝑇) =
𝜆(𝑇)−𝜆(30℃)

𝜆(80℃)−𝜆(30℃)
       (Eq. 6-9) 

The Δλ obtained were fitted based on the following sigmoid function: 

Δ𝜆(𝑇) =
Δ𝜆(30℃)−Δ𝜆(80℃)

1+e(𝑇−30℃) d𝑇⁄ + Δ𝜆(80℃)      (Eq. 6-10) 

The Δλ value was calculated using the estimated Tm value.  
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3. Results and Discussion 

3.1. Electrostatic potentials of guanidinium-modified vesicles  

To estimate the surface charge density of guanidinium vesicles, the zeta potentials 

were measured (Table 6-1).  

Table 6-1 Zeta potential of vesicles at pH 7.8 

Vesicle ζ [mV] 

POPC -9.6 ± 5.9 

POPC/SG = 9/1 42.3 ± 12.5 

POPC/SG = 7/3 56.5 ± 7.2 

POPC/SG = 5/5 46.5 ± 5.1 

POPC/SG = 3/7 51.6 ± 5.6 

POPC/MA = 9/1 -28.4 ± 14.5 

POPC/MA = 7/3 -46.8 ± 21.4 

POPC/MA = 5/5 -65.1 ± 16.8 

POPC/MA = 3/7 -25.6 ± 9.5 

 

The zeta potential values of POPC/SG vesicles were positive, and the values were 

almost constant (40−50 mV) independent of the SG ratio. Quantitative characterization 

for the surface charge density based on zeta potential could be difficult (Suga et al., 

2016b). These results suggest that the molecular interaction between SG and POPC 

molecule neutralizes the anionic phosphate group in POPC, exposing the cationic moiety 

(choline or guanidinium group) to the bulk aqueous phase. Previous study that examined 

the bending state of DMPC, DPPC, and DSPC head groups also revealed that the 

phosphate group could be exposed to bulk water (Makino et al., 1991). It is assumed that 

the head group orientation in POPC vesicles is a controlling factor for the surface charge 

density of the membrane. Based on these points, it is suggested that the negative charge 

in zeta potential measurements are due to the exposure of phosphate groups in POPC 

(bent head group). According to Table 6-1 (ζ values), the negative surface charges of 

POPC and POPC/MA vesicles were due to the exposure of phosphate groups (POPC) to 

the bulk water, whereas POPC/SG vesicles showed positive surface charges due to the 

exposure of cationic guanidinium (SG) or choline (POPC) groups to pH 7.8 bulk water. 

The presence of cationic lipids leads to the upright orientation of the bent head groups, 

suggesting that the actual cationic moiety is the choline group of PC in the mixture of PC 

and cationic lipids (Troutier et al., 2005). Also, the surface charge densities of vesicles 
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are related to the packing state (Sehgal et al., 1979; Vogel et al., 1988a, 1988b). The 

collective data indicate that the orientation of the POPC head groups and chain packing 

can be modified by the interaction with SG molecules. The molecular orientation in POPC 

and guanidinium derivatives is shown in the side-view in Figure 6-2. In the positively 

charged POPC/SG vesicles, the cationic choline group is upright toward the bulk aqueous 

phase, which is induced by high affinity of tRNA to SG vesicles as shown in Chapter 4. 

POPC/MA vesicles display negatively charged surface potentials. MA molecules have 

both a negatively charged carbonyl groups and positively charged guanidinium groups. 

In addition to the phosphate-guanidinium interactions, it is expected that the negatively 

charged carboxyl groups exert strong electrostatic interactions with the positively charged 

choline groups. As a result of interactions between the head groups, the negatively 

charged moieties (phosphate group of POPC and carboxyl group of MA) could be 

exposed to the bulk aqueous phase, performing negative ζ values of POPC/MA vesicles 

(Figure 6-2, top-view). Based on the assumption of head group orientation, it is obvious 

that POPC/SG vesicles were densely packed with a cationic charged state, especially in 

higher modification, compared with POPC/MA vesicles. However, it is difficult to 

monitor the local electrostatic potentials at membrane surfaces by zeta potential 

estimation, while the studies using fluorescent probes provide important insights into the 

localization of electrostatic properties (Pierrat et al., 2015). 
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Figure 6-2 Plausible membrane models of (a) POPC, (b) POPC/SG, and (c) POPC/MA vesicles.  

 

 

3.2. pKa values from TNS fluorescence assay  

The fluorescence of TNS has been used to investigate lipid ionization, depending 

on pH (Jayaraman et al., 2012; Pierrat et al., 2015). For the cationic lipid membrane, TNS 

probes are strongly anchored due to the electrostatic interactions, whereas hydrophobic 

interactions are the dominant attracting forces in distribution to neutral and anionic 

membranes. Therefore, the contributions of electrostatic and hydrophobic interactions 

sensitively influenced the partitioning of TNS (Pierrat et al., 2015). The apparent pKa 

values of TNS in lipid membranes can be determined by pH titration. Normalized 

fluorescence intensities are employed to draw titration curves (Pierrat et al., 2015). 

Presently, the TNS fluorescence intensities responding to surrounding pH were measured 

and the apparent pKa value was estimated based on Boltzmann equation fitting 

(Henderson, 1908; Weast, 1983). Figure 6-3 (a) shows the titration curve of POPC. The 

predicted pKa value was ∼3.4, indicating that deprotonation of the phosphate component 

can be induced at approximately pH 2.12 (Henderson, 1908) (Table 6-2). Therefore, the 

apparent pKa could reflect the deprotonation of the phosphate group of POPC. Figure 6-
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3 (b) and (c) display titration curves of POPC/SG and POPC/MA vesicles. In both cases, 

the inflection points (pKa) shifted to higher pH. For POPC/MA vesicles, the pKa values 

shifted as compared to those of POPC vesicles, but the shifts were smaller than those of 

POPC/SG vesicles. As shown in the analysis of FT-IR spectra in Chapter 4, the peak shifts 

of phosphate groups (stronger for hydration) occurred with the increase of MA molecule 

ratio in a dose-dependent manner. This suggests that MA molecules work to avoid the 

deprotonation of phosphate group by hydrogen bonding interaction. The results indicate 

that MA molecules interact with the phosphate group of POPC in sufficient quantity to 

interrupt deprotonation, but do not lead to a change to a positive surface charge density 

of the membrane. The degree of deprotonation was estimated to evaluate the molecular 

structural and charge states. 

 

     

Figure 6-3 pH titration curves of normalized TNS fluorescence intensity for (a) POPC, (b) 

POPC/SG, and (c) POPC/MA vesicles. Total concentration of lipid and TNS were 100 and 1 

μM, respectively. All measurements were conducted at 30 ℃. 
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Table 6-2 pKa values and estimated cation ratios 

Vesicle pKa [-] a Cation ratio [-](at pH 7.8) b 

POPC 3.4 4.2 ×10-3 

POPC/SG = 9/1 7.8 5.2 ×10-1 

POPC/SG = 7/3 8.2 8.0 ×10-1 

POPC/SG = 5/5 10.0 9.9 ×10-1 

POPC/SG = 3/7 9.0 9.8 ×10-1 

POPC/MA = 9/1 6.0 1.4 ×10-7 

POPC/MA = 7/3 6.1 1.1 ×10-8 

POPC/MA = 5/5 5.5 7.9 ×10-9 

POPC/MA = 3/7 6.6 4.8 ×10-9 

a,b Calculated based on the data shown in Figure 6-3. 

 

 

Cation ratio indicates the molar fraction of cationic molecules within total lipid 

molecules (Table 6-2). In POPC/SG vesicles, cation ratios increased in proportion to the 

SG ratio, which agrees with the positive zeta potentials (Table 6-1). In particular, 

POPC/SG = 9/1 exhibited a cation ratio of 0.52, which means that 0.1 SG molecules 

ionized 0.42 POPC molecules. Based on DPH and Laurdan analyses in Chapter 4, SG 

molecules in POPC/SG = 9/1 could be scattered. This indicates that a SG molecule 

incorporated in POPC membranes can interact with surrounding POPC molecules. For 

SG > 30%, no significant differences were seen both in zeta potential and cation ratio. On 

the other hand, POPC/MA vesicles showed quite low cation ratios at pH 7.8, suggesting 

that the guanidinium moiety of MA hardly leads to the protonation of surrounding POPC 

molecules.  

The intermolecular interaction model is illustrated in Figure 6-2 (top-view). In the 

POPC vesicles, most of the phosphate groups were exposed to the bulk aqueous phase 

(head group bending). In POPC/SG vesicles, the guanidinium moiety of SG strongly 

interacted with phosphate groups of POPC, which decreased the exposure of phosphate 

groups to the bulk water (head group upright). POPC/SG displayed highly packed 

membrane states in which SG sufficiently interacted with neighboring POPC molecules. 

In POPC/MA vesicles, the guanidinium-phosphate interactions were revealed by FT-IR 

and TNS fluorescence analyses. However, almost all the POPC molecules were ionized 

irrespective of the MA modification. That could force the head groups into a bent-down 

orientation, exposing the phosphate groups and resulting in a negatively charged surface.  
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3.3. Membrane phase state of guanidinium-modified membrane 

Based on Cartesian diagram analysis, the vesicles plotted in the second quadrant 

(1/P < 6, GP340 > -0.2) were in the ordered phases (so or lo), and those in the fourth 

quadrant (1/P > 6, GP340 < -0.2) were in the liquid-disordered (ld) phases (Suga et al., 

2013). The increase in GP340 values was observed with increasing SG amounts, revealing 

the formation of SG-enriched ordered phases (Figure 6-4 (a)). It has been reported that 

the SG molecule makes the membrane phase heterogeneous (Onda et al., 1996). The 

GP340 values decreased with increasing temperature, indicating that the SG-enriched 

ordered phase can melt at high temperatures. In the report by Mouritsen (Mouritsen, 2010), 

the liquid-ordered phase could account for the existence of an intermediate phase, i.e., a 

phase that is ordered from the perspectives of the conformational structure of the lipid 

chains but is disordered from the perspectives of the lateral positions of the molecules. In 

the point of view from DPH and Laurdan analyses (Figure 6-4 (a)), solid/ordered (so) 

phase (i.e. DPPC) did not show temperature dependency on membrane properties, while 

lo phase (DOPC/Ch = (5/5)) showed slight temperature dependency. POPC/SG vesicles 

also showed slight temperature dependency on 1/P and GP340 values. Thus, it could be 

assumed that SG molecules lead the membrane ordered, and thus lo-like phase can be 

formed, similar to the lo phases formed in the POPC/Ch vesicles. Judging from the 1/P 

and GP340 values, the phase diagram of POPC/SG vesicles were summarized (Figure 6-

4 (b)). At 30 ℃, the phase state of POPC/SG = (86/14) was ld phase, while those of 

POPC/SG = (61/39) and POPC/SG = (40/60) were in heterogeneous (ld+lo-like) phases. 

Paleos et al reported that guanidinium-phosphate interactions can lead to morphological 

changes (micelle-to-vesicle transformations) because of the ion pair formation (Paleos et 

al., 1999). Thus, the interaction between POPC and SG may have induced tight packing 

of the membrane. Because of the phosphate group in POPC, the packing density of the 

membrane was increased by a strong interaction between POPC and SG head groups. The 

saturated alkyl chain of SG molecule may also contribute to form ordered phases, 

resulting in decreased membrane fluidities in POPC/SG vesicles. In the following section, 

the interaction between POPC/SG vesicles and tRNA was investigated during the phase 

transition. 
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Figure 6-4 (a) Cartesian diagram (Suga et al., 2013) for POPC/SG vesicles at different 

temperatures. 1/P and GP340 values indicate the membrane fluidity and polarity, respectively. 

When the vesicle membrane becomes polar (GP340 decrease), its fluidity becomes higher (1/P 

increase). Vesicles plotted in the second quadrant (1/P < 6, GP340 > -0.2) and in the fourth 

quadrant (1/P > 6, GP340 < -0.2) were considered in disordered phases and in ordered phases, 

respectively. Symbols indicate POPC (square), POPC/SG= (86/14) (closed diamond), POPC/SG 

= (61/39) (open diamond), POPC/SG= (40/60) (closed triangle), and POPC/SG = (22/78) (open 

triangle), respectively. (b) Phase diagram of POPC/SG binary systems. The vesicles showing 1/P 

> 6 and GP340 < -0.2 are considered in ld phase, otherwise in (ld+lo-like) phase. 

 

3.4. Conformational change in tRNA in the presence of POPC/SG vesicles analyzed 

by CD measurements 

The conformational changes in tRNA in the presence of POPC/SG vesicles were 

characterized by using CD spectra. tRNA, which is in the A-form double-helix 

conformation, shows negative and positive CD peaks at 208 and 265 nm, respectively 

(Carmona et al., 1999; Gregoire et al., 1997). The positive peak at around 265 nm can be 

considered an indicator of base stacking (formation of intra-molecular base pair), and the 

negative peak at 208 nm can be an A-form marker (Clark et al., 1997). While there is a 

difficulty in precise prediction of the tRNA conformation owing to its large molecular 

weight and flexibility in conformation, the obtained CD data indicated that the tRNA 

molecules were in A-form conformation with and without POPC/SG vesicles (Figure 6-

5). To evaluate the conformational stabilities of tRNA further, the peak intensity (Δθ) and 

peak shift (Δλ) were measured under heating conditions. 
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Figure 6-5 CD spectra of tRNA in the presence of POPC/SG vesicles. (a) Control (without 

vesicle), (b) POPC, (c) POPC/SG = (86/14), (d) POPC/SG = (61/39), (e) POPC/SG = (40/60), 

(f) POPC/SG = (22/78). Total tRNA and lipid concentration was 2 µM and 250 µM, respectively. 

3.5. Evaluation of melting temperature (Tm) based on peak intensity  

The melting temperature (Tm) of tRNA can be determined by analyzing the CD 

peak intensity (θ) (Bailly et al., 1996; Berg et al., 2002). Based on the two-state 

assumptions, the normalized ellipticities were calculated from the variation in CD peak 

intensities (Δθ): Δθ = 0 at 30℃, tRNA is intact; Δθ = 1 at 80℃, tRNA is fully denatured; 

Δθ = 0.5 at Tm, half of the tRNA conformation is denatured. A higher Tm value represents 

that the tRNA is more stable, while a lower Tm value represents the instability of tRNA 

conformation during the heating process. The Δθ values of tRNA in the presence of 

POPC/SG vesicles are summarized in Figure 6-6, together with the Tm values obtained 

from the fitting equations. The Tm value was slightly increased by the presence of 

POPC/SG = (61/39), while the Tm values decreased by POPC/SG = (22/78). This suggests 

that the destabilization of tRNA was induced by the interaction with the SG-enriched 

membrane. Although the effect of the vesicles on Tm was small, the observed difference 

was distinguishable. Considering that the SG molecules in the ld phases did not influence 
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the stability of tRNA, the enrichment of SG molecules in the membrane surface may 

control the interaction and conformational change in RNA molecules. In addition, the 

previous study suggested that heterogeneous liposomes (ld + lo) interact with the 

nucleobase cytosine, while liposomes in the ld phases interacted with the nucleobase 

guanine (Suga et al., 2011). It is thought that the exposed C and G (result of C-G cleavage) 

interact with the membrane surface in heterogeneous domains (including small lo–like 

domain) and that in ld, respectively.  

 
 

 

 

 

 

 

 

 

 

 

 
Figure 6-6 CD peak intensity of tRNA in the presence of POPC/SG vesicles. Peak intensities 

at 265 nm were normalized based on Eq. 6-7, and fitting curves were drawn based on Eq. 6-8. 

CD spectra of tRNA are shown in Figure 6-5. Total concentration of tRNA was 2 µM in the 

presence or absence of POPC/SG vesicles (total lipid concentration: 250 µM). The average Tm 

values (at least 3-time measurement) were estimated based on the fitting curve: Δθ=0.5 at Tm. 

Control indicates the sample including tRNA only. 

 

3.6. Evaluation of peak shift induced by POPC/SG vesicles during heating process  

The peak shift in CD spectrum at 265 nm has been reported to be an indicator of 

intrinsic base pair formation, because the CD peaks at 265 and 273 nm are derived from 

A-U and C-G base pair stacking, respectively (Gregoire et al., 1997). A-U and C-G 

base pairs consist of two and three H-bonds, respectively; A-U base pairs are thus 

cleaved at lower temperatures than C-G pairs. Under heating in the control, a red shift 

in the CD peak at 265 nm and decreased peak intensity were observed. The peak shift 



 

120 

 

1
2
0
 

(Δλ) was normalized based on Eq. 6-9, and the relationship between Δθ and Δλ was 

investigated (Figure 6-7 (a) – (e)). In the control (without vesicles), the Δθ and Δλ 

values were similar, suggesting that the C-G base pairs were gradually cleaved with 

increasing temperature. In the presence of POPC/SG vesicles, a delay in the red shift at 

265 nm was observed. POPC/SG = (61/39) and POPC/SG = (40/60) showed significant 

delays at the Tm. In contrast to the peak shift at each Tm, the Δλ values decreased in the 

presence of POPC/SG vesicles (Figure 6-7 (f)). This indicates that the A-U base pairs 

still formed at the Tm, despite the denaturation of half of the tRNA conformation. Such 

a temperature shift in Δλ indicates the prospect of preferential cleaving of C-G base 

pairs below the Tm in the presence of POPC/SG vesicles. Thus, SG molecules can 

interact with the phosphate groups in tRNA and selectively cleave C-G base pairs 

during heat denaturation. Focusing on the base-pairs in tRNA (common in tRNA of E. 

coli), C-G rich double strands can be seen in the D-loop arm, anticodon arm, and T-

loop arm. If the SG-rich domain attacked such moieties and induced denaturation, C-G 

selective cleavage can be achieved. 

 

Figure 6-7 Δθ vs Δλ plot for POPC/SG vesicles. Δθ and Δλ values were estimated on the basis of 

Eq. 6-7 and 6-9, in the absence (ash circle) or presence of vesicles (lipid concentration: 250 µM): 

(a) with POPC (closed square), (b) with POPC/SG = (86/14) (closed diamond), (c) with 

POPC/SG = (61/39) (open diamond), (d) with POPC/SG = (40/60) (closed triangle), and (e) with 

POPC/SG = (22/78) (open triangle). (f) Δλ values at Tm, estimated based on Eq. 6-10.  
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    The results of the deconvolution of Laurdan spectra under the coexistence of nucleic 

acids also suggest the specific membrane surface property for the cytosine-selective 

interaction (Figure 6-8). POPC/SG (40/60), which revealed the specific delay for C-G 

melting, showed the hydrophilic property after the phase transition. Compared from the 

membrane property in DOPC bilayers and poly dC, which revealed the cytosine-selective 

interaction in Chapter 5, the deconvolution results of POPC/SG (40/60) were similar to 

that of DOPC bilayers. As the difference of the membrane property was not shown in 

POPC/SG (22/78) bilayer at 50 ℃, which is the system of non-interactive with the 

melting of C-G base pair, it is suggested that the hydrophilic membrane property is a key 

to provide the interaction with cytosine base. This indicates that the water molecules 

could interact with nucleobase cooperatively as a component of the lipid membrane. 

  

 

Figure 6-8 Deconvolution results of Laurdan emission spectra after the addition of tRNA at 30 ℃ 

and 50 ℃. POPC/SG (40/60) and POPC/SG (22/78) are filled black bar and open black bar, 

respectively. As example of the cytosine-selective interaction, the deconvolution results of 

Laurdan emission spectra in DOPC bilayers and poly dC system at 25 ℃ was illustrated with dot 

line. 
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4. Summary 

Analyses of the pH-dependent fluorescence emission of TNS suggested that SG 

and MA molecules render the membrane surfaces cationic and anionic, respectively, 

which was also revealed by zeta potential measurements. The obtained results enabled 

the construction of a model of the headgroup orientation of zwitterionic POPC molecules 

controlled by modification with guanidinium derivatives. Based on DPH and Laurdan 

analysis, SG molecules induced the membrane to become rigid, then formed SG-enriched 

ordered phases, similar to the lo phases formed by Ch-enrichment. The interaction 

between SG vesicles and tRNA was further studied by CD spectra analysis, focusing on 

the conformational changes in tRNA during heating. A red shift in the CD peak θ265 at the 

Tm was observed in the presence of POPC/SG vesicles, indicating the preferential melting 

of C-G base pairs. This tendency was the most significant by POPC/SG = (61/39) and 

POPC/SG = (40/60), suggesting that the enrichment of SG molecules in the membrane 

surface is important for inducing a unique conformational change in nucleic acid 

molecules. Guanidinium modification is superior to arrange (i) the cationic surface with 

a small net composition and (ii) the dehydrated membrane interphase by expelling water 

molecules out of the membrane, compared with the cationic surfactant. Thus, SG-

modification can be used as a platform to induce strong affinity with nucleic acids, also 

performing the molecular selective interaction depending on the membrane phase states. 

Question arises regarding what type of forces would be dominant as the main driving 

force depending on the interaction types as classified with regard to the affinity, scale, 

configuration, and so on. Given that the example relating to the concentration of 

membrane-associating water molecules (Figure 6-9), the shift of water concentration 

([water]) was drastic in “strong interaction”. In “weak interaction”, in spite of the 

negligible change of [water], other interactions could be working to generate the 

cooperativity and molecular selectivity. In order to focus on the parameters, such as 

polarizability or the number of possible H-bonding sites, further “closeup” to the local 

gradient of factors should be investigated. 

Significant impacts of SG-modification on the interaction with biomacromolecules 

such as tRNA can be understood in the several phases based on the concepts explained in 

previous chapters (Figure 6-10). Before the phase transition, high affinity was performed 
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due to its cationic surface provided hydrophobic and ordered membrane property. This 

interaction was induced in the model of “strong interaction” with a drastic dehydration. 

The phase transition could be the trigger of the transition of interaction phase. Following 

the phase transition, the interaction phase will sequentially shift to the “weak interaction”, 

the process wherein the cooperative interactions take place. Since the dehydration has 

already provoked, further interactions would be replaced into other types of noncovalent 

interactions such as hydrogen bonding, or hydrophobic interaction etc., generating the 

molecular selectivity. It was shown that fluidic DOPC membrane revealed selective 

interaction with nucleobase, especially cytosine, indicating that melted POPC/SG 

membrane may have a specific affinity with cytosine-guanine pair. This also suggests the 

molecular selectivity could be performed at the disordered membrane in a cooperative 

manner of “weak interaction”.  

 

Figure 6-9 Conceptual diagram of the membrane-associating parameters. 

    

Figure 6-10 Classification of interactions between SG-modified membranes and tRNA. 



 

124 

 

1
2
4
 

Chapter 7 

General Conclusion 

Structures and functions of biomolecules are fascinating but complex. Fundamental 

comprehension of biological function and its structures are essential for the industrial 

application of the biomaterials. Molecular interaction at the lipid membrane surface was 

investigated in this study, especially from the aspects of the solvatochromic properties of 

the membrane, cooperativity of molecular interaction at the membrane surface, and 

configurational properties of membrane-constituting molecules, by employing the nucleic 

acids as the model biomacromolecules. 

In Chapter 2, focusing on that the polarity around the membrane interface, a solvent 

model by using the fluorescent molecule Laurdan was established to monitor the local 

dielectric environment in the membrane. Based on the investigation of various lipids, it 

was clarified that the environment of fluorescent molecules could differ greatly depending 

on the fluorescence wavelengths as observed from anisotropy, excitation spectra and so 

on. From the results obtained by fluorescence analysis under solvent conditions, a method 

to decompose and evaluate the drastic change in the dielectric constant of the lipid 

membrane interface was finally established. 

In Chapter 3, the time-resolved fluorescence spectrum of Laurdan was analyzed in 

order to evaluate the dynamic characteristics of water molecules hydrating to lipid 

molecules. From the evaluation of the dynamic characteristics of fluorescence lifetime in 

the fluorescence quenching model, the amounts of collisional lipid molecules were 

analyzed. Contribution of statically hydrated water was also assigned based on the solvent 

state assumptions as discussed in Chapter 2. By combining these dynamic and static 

contributions, the number of water molecules hydrated to a lipid molecule was calculated. 

The obtained values showed behavior corresponding to the membrane phase transition on 

temperatures and membrane phase separation in different composition, suggesting this 

calculation method could be able to evaluate the practical lipid membrane system. 

In Chapter 4, a modification of vesicles with guanidinium derivatives was 

attempted aiming for the removal of the water molecules present in the hydrophilic region 
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of the membrane and for adjusting the membrane surface to be cationic. Guanidinium 

molecule with the saturated chain (SG) altered membrane properties hydrophobic and 

ordered. According to the estimation of the binding constants, this guanidinium-modified 

lipid membrane (POPC/SG) performed strong affinity to transfer nucleic acids (tRNA) 

which are the model biomacromolecules, suggesting the effective membrane design of 

the guanidinium modification.  

In Chapter 5, the binding behaviors of nucleic acids on the lipid membrane were 

evaluated. In the cationic and hydrophobic lipid membranes such as POPC/SG, they are 

strongly bound with tRNA and their binding was revealed to influence the hydration 

property of the membrane. On the contrary, neutral lipid membranes and small 

biomolecules such as DOPC bilayer and oligonucleotides showed selective adsorption 

behavior without the significant change of the hydration. These results were discussed 

using the enthalpy-entropy compensation relationship and lead to a systematic 

understanding of the binding behavior between lipid membrane and biomolecules.  

In Chapter 6, the influence of guanidinium modification on lipid membrane was 

evaluated. From the pH-dependent fluorescence of TNS and the ζ potential, it was 

indicated that the charge state of the membrane surface was determined by intermolecular 

interaction among lipid molecules, confirming the potential of SG modified membranes 

for the interaction with nucleic acids. The unique property of POPC/SG vesicles was also 

shown that it could induce the specific melting on nucleotide sequence of nucleic acid 

molecule with temperature during membrane phase transition. Interaction behavior 

during the membrane phase transition was discussed based on the gradient of water 

concentration with the classification of the binding types as “strong interaction” and 

“weak interaction”. While the parameter which dominates the interaction as the driving 

force could be varied in relation to the other molecules that possess different interaction 

pair (both for biomacromolecules and for membrane composition), this schematic finding 

could contribute to obtain the whole image of the interaction platform and its design for 

control of the functional field of hydrophobic/hydrophilic interface at the lipid membrane. 
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Suggestions for Future Works 

 

(1) Regulation of hydration layer 

As shown in this study, it is conceivable that the adsorption phenomenon is 

promoted or inhibited by the presence of water molecules present at the lipid membrane. 

In order to take an advantage of the "interface" of the membrane, it is required to fully 

understand and control this hydration layer existing as a barrier. In this study, the 

hydrophobic membrane environments were obtained by modifying the guanidinium 

molecule at the hydrophilic/hydrophobic interface. It is expected that an electric double 

layer is formed by water molecules as counter ions on the strongly charged membrane 

surface. Hence, the hydration behavior from the inside of the membrane to the membrane 

surface should be considered. One possible approach for the promotion of adsorption of 

biomacromolecules is the addition of salt to induce the dehydration of hydrating water 

molecules at membrane surface. After the removal of the hydrating water molecules, 

further strong interaction could be induced by the guanidinium modified membranes due 

to its cationic and hydrophobic membrane properties. Guanidinium modified membrane 

could induce the affinity in the hydrophobic environment at the interface, different from 

the conventional cationic surfactant. Therefore, it can be regarded as a bio-inspired 

system with less net cationic modification and it provides the recognition platform 

through various noncovalent interactions, resulting in the strong affinity to the molecules. 

This “bio-inspired ” platform could give the promising application for the drug carrier or 

the biosensor. 

 

 (2) Comprehension for the “lipid raft” formation 

From the fluorescence analysis of Laurdan developed in this study, the distribution 

of water molecules in the multicomponent system was confirmed in accordance with the 

phase state of the membrane. Multiple distribution of water molecules were observed in 

the system composed of cholesterol (data not shown). This suggests the presence of the 

plural hydration states at the lipid membrane. The question arises how the distribution of 
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the hydration state present in one membrane influences the inter-lipid interaction and 

leads to the formation of local ordered domains. Evaluation of the laterally distributed 

hydration state will give important knowledge to the discussion of the raft formation that 

has been attracting many interests for years. Furthermore, there is a possibility of giving 

a new consideration to the question such as how the heterogeneity of hydration in the 

lipid membrane determines the state of adsorption with external molecules. 

 

(3) Clarification of “driving force” at the lipid membrane 

As shown in the example of “strong binding” and “weak binding”, the differences 

of the dominant interaction forces were indicated depending on the interaction affinity, 

molecular size, and so on. The position wherein the drastic gradient of the environmental 

factor presents is defined as "interface", and the “active” gradient would generate the 

interaction forces. One can be expected that several factors, such as the gradient of the 

dielectric constant or the polarization moment, could induce the molecular interactions, 

and, especially when those interactions work simultaneously, whole interaction will be 

“cooperative” at the fluctuated self-assembly system. Evaluation of these factors 

separately could give the detailed view for the selectivity and cooperativity of 

intermolecular interactions.
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Nomenclatures 

1/P  = membrane fluidity     [-] 

A  = absorbance of UV-Vis light    [a.u.] 

D  = diffusion constant     [m2/s] 

FWHM  = the full width at half maximum    [nm] 

G  = Gibbs free energy     [J] 

G  = correction factor     [-] 

GP340  = general polarization calculated at exciting light at 340 nm [-] 

H  = enthalpy      [J] 

I  = fluorescence intensity     [a.u.] 

KD  = dissociation constant     [M] 

KSV  = Stern–Volmer constant     [m3/mol] 

Ka  = binding constant     [M-1] 

Mtot  = macromolecule concentration    [mol/L] 

OD400  = turbidity at 400 nm     [-] 

Q  = quantum yield      [-] 

R  = packing density of lipid membrane    [-] 

R2  = correlation function     [-] 

S  = entropy      [J] 

V0  = reaction cell of volume     [L] 

Xtot  = total ligand concentration    [mol/L] 

ka  = quenching constant for static quenching   [M-1] 

kq  = quenching rate coefficient    [m3/mol] 

kr  = nonradiative constant     [m3/(mol・s)] 

pKa  = acidity constant     [-] 

r  = fluorescence anisotropy     [-] 

∆ H°  = molar heat of binding     [J] 

Γ  = emission rate constant     [-] 

ε  = relative dielectric constant    [-] 

θ  = CD peak (molar ellipticity)    [deg cm2/dmol] 

λ  = peak position of the deconvolution curve   [nm] 

λem  = emission wavelength     [nm]  

λex  = excitation wavelength     [nm] 

ν  = stretching vibration     [cm-1] 

τ  = fluorescence lifetime     [s] 
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List of Abbreviations 

5-DOXYL 2-(3-carboxypropyl)4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy 

CD  Circular dichroism 

CTAB  Cetyltrimethylammonium bromide 

Ch  Cholesterol 

DDAB  Dilauryldimethylammonium bromide 

DHPSM  D-erythro-N-palmitoyl-dihydrosphingomyelin 

DLS  Dynamic light scattering 

DLVO  Derjaguin-Landau-Verwey-Overbeek 

DMPC  1,2-Dimyristoyl-sn-glycero-3-phosphocholine 

DNA  Deoxyribonucleic acid 

DOPC  1,2-Dioleoyl-sn-glycero-3-phosphocholine 

DOPE  1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine 

DOTAP  1,2-Dioleoyl-3-trimethylammonium-propane 

DPH  1,6-Diphenyl-1,3,5-hexatriene 

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

DPTAP  1,2-Dipalmitoyl -3-trimethylammonium-propane 

FT-IR  Fourier transform-infrared 

HPLC  High-performance liquid chromatography 

ITC  Isothermal titration calorimetric 

LUV  Large unilamellar vesicle 

Laurdan  6-Lauroyl-2-dimethylamino naphthalene 

MA  Myristoylarginine 

MLV  Multilamellar vesicle 

NMR  Nuclear magnetic resonance 

POPC  1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

PSM  D-erythro-N-palmitoyl-sphingosylphosphorylcholine 

SG  Stearylguanidinium 

TEMPO  2,2,6,6-Tetramethylpiperidine 1-oxyl free radical 

TNS  6-(p-toluidino)naphthalene-2-sulfonate 

TRES  Time-resolved emission spectra 

Tm  Phase transition temperature 

UV-vis  Ultraviolet-visible 

cmc  Critical micelle concentration 

ld  Liquid disordered 

lo  Liquid ordered 

so  Solid ordered 

tRNA  Transfer ribonucleic acid 
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