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Abstract 

 

The cellular membrane is a complex, self-assembled biological structure that is 

responsible for numerous physiological functions and also serves to 

compartmentalize various cell organelles. There is great interest in understanding 

how membrane-active agents perturb cellular membranes from diverse origins, e.g., 

mammalian and bacterial, as well as other biological entities such as much smaller, 

enveloped viruses. This interest has directed countless efforts to attempt to mimic 

the complex nature of cellular membranes in order to create different types of model 

membrane platforms. In this thesis, the main objective is to examine the biophysical 

interactions between membrane-active agents such as amphipathic peptides, fatty 

acids, and monoglycerides, and model membrane platforms in order to distinguish 

the corresponding membrane morphological responses. The overall hypothesis is 

that probing membrane morphological responses induced in model lipid membrane 

platforms can distinguish the mechanisms of action of membrane-active peptides 

and monoglycerides, thereby revealing novel biophysical insights into molecular 

evolution and anti-infective applications. Within this scope, three main 

experimental studies were conducted that were aimed at developing more 

biologically relevant model platforms as well as investigating unexplored 

monoglyceride molecules of biological importance. In the first study, in order to 

create a defect-free supported lipid bilayer, an α-helical (AH) peptide derived from 

nonstructural protein (NS5A) of the hepatitis C virus, was employed to repair the 

still unruptured vesicles trapped in the initially formed bilayer after the vesicle 

fusion, revealing a correlation between vesicle size and rupture potency. For the 

second study, the preparation of giant unilamellar vesicles (GUVs) that include 

fractions of human liver microsome (HLM) extracts was conducted in order to study 

the interactions against AH peptide. Based on the experimental results obtained at 

different HLM fractions and peptide concentrations in a systematic fashion, it was 

identified that HLM-GUVs were more resistant to peptide-induced disruption in 
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direct comparison with DOPC-GUVs, which are composed of wholly synthetic 

lipids. In the third study, the interaction between GUVs and glycerol monolaurate 

was explored for the first time. Depending on the aggregation state of glycerol 

monolaurate (monomeric versus micellar states), vesicle fission and fusion 

behaviors were observed in both simple and complex GUV compositions. This is 

the first example of a single molecule that can induce both vesicle fusion and fission, 

highlighting the potentially significant role of monoglycerides in evolutionary 

biology as a more advanced molecular structure going beyond the earliest, primitive 

cellular membranes composed of fatty acids. In summary, the findings in this thesis 

contribute to a fundamental understanding of how different classes of molecules – 

peptides, fatty acids, monoglycerides – induce membrane morphological responses 

in biologically relevant model membranes and offer insights into the roles in which 

these morphological responses play in therapeutic applications as well as molecular 

evolution. 

 

 

 

 

 

 

 

 

 

 

 

 



  Acknowledgements 

III 
 

Acknowledgements 

 

I am very grateful to have this great opportunity to pursue my Ph.D. studies under 

the guidance of Prof. Nam-joon Cho. During the period of deciding my future 

between applying to medical school and pursuing Ph.D. studies, I met Prof. Cho. 

during our meeting, I was totally impressed by his vision in both science and 

educational philosophies. Hence, after the talk, I finally could make my decision. 

Throughout the last four years, I have learned a lot from him; from a very simple 

laboratory technique to my life direction not only as a scientist but also even as a 

one of human beings. I am still learning every aspect of him and I highly appreciate 

his concrete support for me. 

It also has been a great honor to work with a team of extremely talented people 

coming from different cultural and educational backgrounds. Largely our group is 

consisted of two different teams, lipid team and tissue engineering tem. In the 

microscopic viewpoint, the two teams are working on different fields. However, in 

the large picture, we are all seeking to solve out medical problems from different 

perspectives. I would like to thank Seong-oh Kim, Josh Jackman, Seyed Tabaei, 

Hogyun Chin and Saziye Yorulmaz for their great help and support throughout my 

PhD studies. Most importantly, I would like to especially thank my family who has 

supported my educational path. Since I was born in Korea, I went up to middle 

school there. Then, I moved to United States of America, and graduated from 

Carnegie Mellon University with a bachelor degree in chemistry. Whenever I made 

those huge decisions to study abroad, my family always fully supported and 

encouraged me to go outside the country. I would not be completing this thesis. 

 

 

 

 



  Table of Contents 

IV 
 

Table of Contents 

 
Abstract ................................................................................................................................ I 

 

Acknowledgements .......................................................................................................... III 

 

Table of Contents ............................................................................................................. IV 

 

Table Captions .............................................................................................................. VIII 

 

Figure Captions ................................................................................................................ IX 

 

Abbreviations ................................................................................................................ XIII 

 

Chapter 1  Introduction......................................................................................................1 

1.1. Problem Statement .................................................................................................2 

1.2. Objectives and Scope .............................................................................................3 

1.3. Dissertation Overview ............................................................................................6 

1.4. Finding and Originality ..........................................................................................8 

References .........................................................................................................................8 

 

Chapter 2 Literature Review ...........................................................................................13 

2.1. Model Membrane Platforms .................................................................................14 

2.1.1. Small Unilamellar Vesicle ............................................................................16 

2.1.2. Giant Unilamellar Vesicle .............................................................................19 

2.1.3. Design Strategies ..........................................................................................21 

2.1.4. Applications ..................................................................................................23 

2.2. Evaluation of Membrane-Active Agents ..............................................................24 



  Table of Contents 

V 
 

2.2.1. Amphipathic Peptides ...................................................................................25 

2.2.2. Fatty Acids and Monoglycerides ..................................................................30 

References .......................................................................................................................36 

 

Chapter 3  Experimental Methodology ...........................................................................45 

3.1. Rationale for selection of materials and experimental techniques .......................46 

3.2. Materials ...............................................................................................................47 

3.2.1. Lipid Reagents ..............................................................................................47 

3.2.2. Buffer Reagents ............................................................................................48 

3.2.3. Peptide Reagents ...........................................................................................48 

3.2.4. Fatty Acids and Monoglycerides Preparations .............................................49 

3.2.5. Human Liver Microsomes ............................................................................50 

3.3. Lipid Vesicle Preparations ...................................................................................50 

3.3.1. Small Unilamellar Vesicle Preparations .......................................................50 

3.3.2. Giant Unilamellar Vesicle Preparations ........................................................51 

3.3.3. Human Liver Microsome-Giant Unilamellar Vesicle Formation .................56 

3.4. Experimental/Characterization Techniques .........................................................57 

3.4.1. Quartz Crystal Microbalance with Dissipation Measurement ......................57 

3.4.2. Optical (light) Microscopy ............................................................................59 

3.4.3. Fluorescence Microscopy .............................................................................59 

3.4.4. Fluorescence Recovery After Photobleaching ..............................................61 

3.4.5. GUV Bending Modulus Analysis .................................................................63 

3.4.6. Fluorescence Spectroscopy ...........................................................................64 

References .......................................................................................................................65 

 

Chapter 4  Supported Lipid Bilayer Repair Mediated by Amphipathic, α-Helical 

Peptide     ................................................................................................................................ 

 .............................................................................................................................................67 

4.1. Introduction ..........................................................................................................68 

4.2. Experimental Methods .........................................................................................70 



  Table of Contents 

VI 
 

4.2.1. Lipid vesicle preparation ...............................................................................70 

4.2.2. Peptide reagent ..............................................................................................70 

4.2.3. Dynamic light scattering ...............................................................................71 

4.2.4. Quartz crystal microbalance-dissipation monitoring ....................................71 

4.2.5. Epifluorescence microscopy measurements .................................................72 

4.2.6. Fluorescence recovery after photobleaching ................................................72 

4.3. Principle Outcomes & Discussion ........................................................................72 

4.2.7. Repair of unruptured trapped vesicles within SLBs .....................................77 

4.2.8. Vesicle size dependent SLB formation and repair ........................................82 

4.2.9. SLB repair pathway ......................................................................................84 

4.4. Conclusion ............................................................................................................88 

References .......................................................................................................................88 

 

Chapter 5 Influence of GUV Membrane Composition on  the Morphological 

Responses Induced by an Amphipathic, α-Helical Peptide ...........................................95 

5.1. Introduction ..........................................................................................................96 

5.2. Materials & Experimental Methods .....................................................................97 

5.2.1. Materials .......................................................................................................97 

5.2.2. Giant unilamellar vesicle preparation ...........................................................98 

5.2.3. Human liver microsome-GUV preparation ..................................................98 

5.2.4. Spinning disc confocal microscopy measurements ......................................99 

5.2.5. AH peptide preparation .................................................................................99 

5.2.6. Tethered Supported Lipid Bilayer ..............................................................100 

5.3. Principal Outcomes ............................................................................................100 

5.3.1. Concentration-dependent effects of AH peptide against HLM-absent Vesicles

 100 

5.3.2. HLM concentration effect of against AH peptide (1% and 5% HLM) .......103 

5.3.3. Membrane stabilization by HLM against peptide interaction .....................111 

5.4. Discussion ..........................................................................................................115 

5.5. Conclusion ..........................................................................................................119 

References .....................................................................................................................120 



  Table of Contents 

VII 
 

Chapter 6  Controlling Membrane Compartmentation via Glycerol Monoglyceride-

Induced Fission and Fusion ............................................................................................125 

6.1. Introduction ........................................................................................................126 

6.2. Materials & Experimental Methods ...................................................................128 

6.2.1. Materials .....................................................................................................128 

6.2.2. Giant unilamellar vesicle electroformation .................................................129 

6.2.3. Sample preparation of single-chain lipid amphiphiles ................................129 

6.2.4. Spinning disc confocal microscopy measurements ....................................130 

6.2.5. Vesicle fluctuation analysis ........................................................................130 

6.2.6. Critical micelle concentration measurement ...............................................130 

6.3. Principle Outcomes & Discussion ......................................................................131 

6.3.1. Shape transformation and fission of DOPC GUVs induced by GML ........131 

6.3.2. DOPC GUVs treated by DDG ....................................................................139 

6.3.3. CMC effect of GML against DOPC-GUV .................................................142 

6.3.4. Effect of lipid compositions of GUV against GML ....................................144 

6.4. Discussion ..........................................................................................................146 

6.4.1. Mechanism of vesicle fission induced by GML .........................................146 

6.4.2. Proposed mechanism of fusion induced by premicellar state of GML .......147 

6.4.3. Platform design approaches between SLB and GUV .................................148 

6.5. Conclusions ........................................................................................................149 

6.6. References ..........................................................................................................149 

 

Chapter 7  Conclusion & Future Outlook ....................................................................155 

7.1. Conclusion ..........................................................................................................156 

7.2. GUV-ECM Protein Platform Development .......................................................157 

7.2.1. Fibronectin conjugated GUV platform .......................................................158 

7.2.2. Antiviral peptide interaction with fibronectin conjugated GUV ................161 

7.3. Future Outlook ...................................................................................................162 

7.4. References ..........................................................................................................164 

List of Publications .........................................................................................................167



  Table Captions 

VIII 
 

Table Captions 

 

Table 2. 1  Summary of various model membrane platforms. ............................................15 

Table 2. 2  Representative GUV formation methods and their advantages/limitations. .....22 

Table 2. 3  Summary of representative antibacterial peptides tested with GUV model 

platforms .............................................................................................................................26 

Table 2. 4  Summary of representative membrane-active fatty acids and related detergent 

materials tested with GUV model platforms ......................................................................32 

 

Table 4. 1  Summary table for supported lipid bilayer repair mediated by AH peptide .....84 

 

Table 6.1  Summary of morphological changes of concentration-dependent GML 

interaction with DOPC-GUVs ..........................................................................................138 

 

 

 

 

 



  Figure Captions 

IX 
 

Figure Captions 

 

Figure 2. 1  Schematic representation of fluidic mosaic model of a biological cell membrane

 .............................................................................................................................................14 

Figure 2. 2 Schematic representation of lipid vesicle classification based on diameter and 

lamellarity ...........................................................................................................................16 

Figure 2. 3  (A) Schematic diagrams and (B) fluorescence micrograph of intact vesicle layer

 .............................................................................................................................................17 

Figure 2. 4  (A) Schematic diagrams and (B) fluorescence micrograph of supported lipid 

bilayer .................................................................................................................................18 

Figure 2. 5 Schematic diagram of supported lipid bilayer formation via vesicle fusion on 

hydrophilic substrates. ........................................................................................................19 

Figure 2. 6  Comparison of fluorescence micrographs of (A) SUV and (B) GUV absorbed 

and settled on the surface ....................................................................................................20 

Figure 2. 7  Representative applications of GUV ...............................................................23 

Figure 2. 8  Assembly of binding specific protein on (A) phosphoinositol (PI) lipids and 

comparison with (B) non-PI containing GUVs ..................................................................25 

Figure 2. 9 Schematic diagrams of (a) AH peptide  and (B) NH peptide ...........................28 

Figure 2. 10  AH peptide induced (A) membrane softening of POPC GUVs and (B) phase 

separation in raft-components GUVs ..................................................................................29 

Figure 2. 11  Possible GUV morphological changes upon interacting with antimicrobial 

lipids ....................................................................................................................................33 

Figure 2. 12  Molecular structures of (A) lauric acid and (B) GML. .................................34 

Figure 2. 13  Fluorescence micrographs of morphological changes of supported lipid bilayer 

after the addition of GML ...................................................................................................35 

 

Figure 3. 1 Molecular structures of utilized lipid-related materials ....................................47 

Figure 3. 2  Schematic diagram of AH peptide ..................................................................49 



  Figure Captions 

X 
 

Figure 3. 3 Schematic diagram of overall procedure of extrusion method creating small 

unilamellar vesicle (SUV) from dried lipid film .................................................................51 

Figure 3. 4  Schematic diagrams of GUV electroformation preparation ............................53 

Figure 3. 5  Changes in vesicle size distribution of GUV electroformed at (A) 1 V, (B) 3V 

and (C) 5V, as a function of frequency. ..............................................................................54 

Figure 3. 6  Changes in vesicle size distributions of GUV electroformed at different 

frequencies, (A) 0.1 (B) 1, (C) 5, (D) 10 and (E) 100 Hz, as a function of peak-to-peak 

amplitudes. ..........................................................................................................................55 

Figure 3. 7 Fluorescence images of (A) HLM-GUV (5% HLM) and (B) regular 100% 

DOPC GUV ........................................................................................................................56 

Figure 3. 8  Schematic representation of QCM-D measurement. (A) A diagram of quartz 

crystal is presented. (B) Oscillating crystal driven by the voltage is shown. .....................58 

Figure 3. 9  Various diameters of GUVs imaged by light microscopy technique ..............59 

Figure 3. 10  Schematic diagram of comparing (A) epifluorescence and (B) spinning disc 

confocal microscopy. ..........................................................................................................60 

Figure 3. 11  Fluorescence micrographs of DOPC GUVs captured by (A) epifluorescence 

and (B) spinning disk confocal microscopy techniques .....................................................61 

Figure 3. 12  A schematic representation of FRAP measurement conducted on supported 

lipid bilayers ........................................................................................................................63 

 

Figure 4. 1  Formation of supported lipid bilayer on glass substrate and its experimental 

defective cases ....................................................................................................................73 

Figure 4. 2 Various characterizations on formation of complete supported lipid bilayer ..75 

Figure 4. 3  Intensity-weighted size distribution of extruded vesicles as a function of 

extrusion pore diameter .......................................................................................................76 

Figure 4. 4 SLB formation and its repairing mediated by AH peptide ...............................78 

Figure 4. 5  FRAP micrographs of SLB showing pre- and post-repair by AH peptide. Each 

post bleaching micrograph is shown at 30 sec interval .......................................................81 

Figure 4. 6  Evaluation of nonspecific adsorption of BSA protein to bilayer before and after 

SLB repair ...........................................................................................................................81 



  Figure Captions 

XI 
 

Figure 4. 7 Influence of vesicle size on AH peptide-mediated SLB repair ........................83 

Figure 4. 8 Time-lapse fluorescence micrographs of AH peptide-mediated SLB repair ...85 

Figure 4. 9 Physical model of membrane lysis at the critical pore concentration ..............86 

 

Figure 5. 1  Morphological changes induced by the addition of 0.5 µM AH peptide ......101 

Figure 5. 2  DOPC-GUV collapse induced by the interaction with 1 µM AH peptide ....102 

Figure 5. 3  GUV collapse induced by 2.5 µM AH peptide interaction ...........................102 

Figure 5. 4  GUV collapse induced by 5 µM AH peptide interaction ..............................103 

Figure 5. 5  Membrane fluctuation of 1% HLM-GUV induced by the introduction of 0.5 

µM AH peptide .................................................................................................................104 

Figure 5. 6  Morphological changes of 1% HLM-GUV induced by the interaction with 1 

µM AH peptide .................................................................................................................105 

Figure 5. 7 1% HLM-GUV collapse induced by 2.5 µM AH peptide interaction ............106 

Figure 5. 8  1% HLM-GUV collapse induced by 5 µM AH peptide ................................106 

Figure 5. 9  Interaction between 5% HLM-GUV with 0.5 µM AH peptide .....................107 

Figure 5. 10  Monitoring an interaction between 5% HLM-GUV and 1 µM AH peptide

 ...........................................................................................................................................108 

Figure 5. 11  Vesicular collapse of 5% HLM-GUV induced by 2.5 µM AH peptide ......109 

Figure 5. 12  Collapse of 5% HLM-GUV induced by injection of 5 µM AH peptide .....109 

Figure 5. 13  AH peptide induces shapte deformations of vesicles ..................................110 

Figure 5. 14  Adsorption kinetic measurements using fluorescence labeled AH peptide 

against HLM containing and non-containing GUVs ........................................................112 

Figure 5. 15  Initial quality of tethered lipid bilayer (tLB) using 0%, 1% and 5% of HLM. 

Stabilized (A) conductance and (B) capacitance values of formed tLBs were measured and 

plotted. ..............................................................................................................................113 

Figure 5. 16  Impedance spectroscopy measurements on varied HLM amount in tSLB 

platforms after the addition of AH peptide .......................................................................114 

Figure 5. 17  Adsorption kinetics of AH peptide binding to GUVs based on pseudo-first-

order reaction showing linear relationship over measured time .......................................118 

 



  Figure Captions 

XII 
 

Figure 6. 1  Chemical structures of target antimicrobial lipids. ........................................132 

Figure 6. 2  GML-induced fission of DOPC GUVs .........................................................132 

Figure 6. 3 GUV swelling and bursting induced by low concentration of GML .............134 

Figure 6. 4  Various morphological changes of DOPC-GUV induced by concentration-

dependent effects of GML ................................................................................................137 

Figure 6. 5  GUV Interactions with below critical micelle concentrations of DDG ........140 

Figure 6. 6  GUV interactions with above critical micelle concentrations of DDG .........141 

Figure 6. 7  Critical micelle concentration measurements of tested antimicrobial lipids in 

300 mM glucose solution ..................................................................................................143 

Figure 6. 8  GML-induced fission on raft-forming GUVs ................................................145 

Figure 6. 9 Schematic diagram of proposed mechanism of GML induced vesicle fission

 ...........................................................................................................................................146 

 

Figure 7. 1  Schematic representation fibronectin conjugated GUV model platform 

presented along with brief methodology of its preparation. .............................................151 

Figure 7. 2  Fibronectin conjugated synthetic lipid based GUV platforms ......................152 

Figure 7. 3  Interaction between FN-GUV with various concentrations of AH peptide ..153 

 



  Abbreviations 

XIII 
 

Abbreviations 

 

AFM Atomic force microscopy 

AH Alpha-helical peptide 

AMP Antimicrobial peptides 

BSA Bovine serum albumin 

Chol Cholesterol 

CMC Critical micelle concentration 

DDG 1-O-dodecyl-rac-glycerol 

DLS Dynamic light scattering 

DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

DP-

NGPE 1,2 Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(glutaryl) 

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

ECM Extra cellular matrix 

EDC N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 

FN Fibronectin 

FRAP Fluorescence recovery after photobleaching 

GML Glycerol monolaurate 

GUV Giant unilamellar vesicle 

HLM Human liver microscome 

ITO Indium tin oxide 

LB Langmuir-blodgett 

LUV Large unilamellar vesicle 

Lyso 

PC Lyso phosphatidylcholine 

MIC Minimum inhibitory concentration 

NNLS Non-negatively constrained least squares 

NS5A Nonstructural protein 

PC Phosphocholine 



  Abbreviations 

XIV 
 

PI Phosphoinositol 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

QCM-

D Quartz crystal microbalance with dissipation 

Rh-

DPPE 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine  

rhodamine sulfonyl) 

SALB Solvent assisted lipid bilayer 

SDCM Spinning disc confocal microscopy 

SDS Sodium dodecyl sulfate 

SLB Supported lipid bilayer 

SM Sphingomyelin 

sNHS sulfo-N-hydroxysuccinimide 

SUV Small unilamellar vesicle 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction  Chapter 1 

1 
 

Chapter 1   

Introduction 

 

This introductory chapter presents a brief overview of model membrane 

platforms and explains their rich potential for deeply understanding the 

membrane morphological responses induced by various classes of 

membrane-active agents, including amphipathic peptides and 

monoglycerides. The chapter also presents the specific objectives of my 

thesis work and the main hypothesis to be tested along with an overview 

of the dissertation layout and the key novelties of the work.  
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1.1. Problem Statement 

 

Cellular membrane is a very complex structure responsible for numerous features 

of cell physiological functions including regulation of ion influx and efflux1-3, cell 

signaling4-5, cellular adhesion6-7 and maintaining overall cell structure8-9. It also acts 

as a physical enclosure for various cell organelles such as golgi apparatus, 

endoplasmic reticulum, mitochondria, nucleus and more10-11. Hence, for the most of 

cell interacting materials, cellular membrane is the first organelle to contact with. 

This has directed to countless efforts of mimicking the complex nature of cell 

phospholipid membrane leading to create various types of model membrane 

platform. With the model membrane platforms, there have been many attempts to 

study changes of membrane responses that can be induced by membrane–active 

agents including peptides12-17, detergents18-21 and fatty acids18, 22-25. However, 

because of complex structural features of the biological cell membrane, there have 

been many approaches to develop simplified model systems which mimic important 

properties of membranes can enable fundamental characterization of interaction 

parameters for such processes. For instance, depending on one’s experimental 

purposes, the model membrane platform can be ranged from highly simple to 

complex regarding its lipid composition (i.e., from single to more complexed 

multiple components), the structural difference (2-dimensional supported lipid 

bilayer or 3-dimensional giant unilamellar vesicle system), etc. Also, the inclusion 

of any real cell-derived materials including membrane protein or lipid extract would 

add more biologically relevant aspects to the simplified model membrane system. 

For many cases, where membrane specific agents and lipid interactions are main 

experimental target, less biologically relevant or highly simplified model membrane 

platform consisted of synthetic lipids is needed. For instance, based on similarities 

between lipid vesicles and the lipid envelops of virus particles, experimental 

findings from simplified model membrane platforms composed of only synthetic 

lipids led to the prediction that a range of medically important viruses might be 

susceptible to rupturing treatment with synthetic AH peptide26. Therefore, 
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depending on the experimental purposes, engineering strategies can break down 

complex biological systems into simplified biomimetic models that recapitulate the 

most important focused parameters. This approach is particularly advantageous for 

membrane-associated biological processes because either less or more biologically 

relevant model membrane systems provide a more direct characterization of target 

interactions than is possible with other complicated methods. 

In addition to the development of biomimetic membrane platforms, there are still 

many untapped opportunities to obtain mechanistic insights into the interactions 

between model membrane platforms, including supported lipid bilayers and 

especially giant unilamellar vesicle (GUV) which allows it to be optically monitored 

by microscopy measurements27-28,  and single chain amphiphiles, which are 

derivatized forms of fatty acids that possibly provide a link for the evolution of 

membrane compartmentation from primitive cell membranes to modern 

phospholipid-based membranes29-32. In result section of this thesis, depending on 

the target membrane-specific agents, membrane fluctuations can be regulated 

utilizing a proper combination of peptide and lipid compositions of vesicles, and a 

single amphiphile modulating both vesicular fusion and fission behaviors can be 

induced. Specifically, a very high concentration of glycerol monolaurate, one of the 

known single chain amphiphile molecules showing antibacterial properties33, can 

induce such behavior of simple vesicle fission/fusion process (i.e. mimicking the 

complex nature of cellular division) against the GUV composed of only fluidic-

phase lipids which has not been reported with any other amphiphilic molecules 

inducing such cellular processes. 

 

1.2. Objectives and Scope 

 

Employing GUV model membrane platforms, which possess a very attractive 

feature of its optically resolvable size, can bring about new insights regarding the 

membrane responses upon interaction with membrane-active agents. This feature 
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will be able to show various undiscovered membrane morphological behaviors 

which are not possible to be observed with other model membrane platforms. 

However, as mentioned above, there is still lack of studies conducted employing 

biological relevant GUV model membrane platforms to explore its changes of 

morphology responses induced by biologically relevant peptide and fatty acid 

materials. There have been many approaches utilizing GUVs based on only 

synthetic lipids indicating the need of developing more biologically relevant 

compositions of GUV constituents and utilize them to study the mechanism of 

amphipathic peptides with potential therapeutic applications. In addition, one of the 

key single-chain amphiphiles, glycerol monolaurate, has not been studied with GUV 

platforms to observe to what extent it can induce any changes on cell-sized 

membrane compartments.  

Along this line, the main objective of this thesis is to examine the biophysical 

interactions between membrane-active agents such as amphipathic peptides, fatty 

acids, and monoglycerides. To conduct biophysical studies on the membrane-

specific interactions, there are a few challenges or critical steps need to be resolved.  

1) When using supported lipid bilayers (SLBs) prepared by the vesicle fusion method, 

a completely defect-free SLB needs to be utilized, otherwise false positives can be 

obtained for detecting membrane rupture and other structural transformations. Even 

though SLBs formed via the vesicle fusion method is one of the widely employed 

conventional lipid membrane model platforms, the current vesicle fusion method 

still creates defects or unruptured vesicles after the initial vesicle fusion process. 

This can affect the reliability of the bilayer as a biophysical sensing platform or even 

for electrical property measurement purposes. A simple method to address this gap 

would greatly aid SLB applications development. 

2) Aside from SLBs, there is great potential for utilizing GUVs as another model 

membrane platform for studying biophysical interactions with membrane-active 

agents.  However, to date, GUV-based platforms for interaction studies have only 

been fabricated from synthetic phospholipids and cell-based lipid extracts have 

never been incorporated. One particularly promising membrane-active agent to 
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study is the the antiviral α-helical (AH) peptide derived from hepatitis C virus 

nonstructural protein (NS5A). To further characterize the interactions of the AH 

peptide with model membranes, it is essential to explore their interactions with more 

biologically relevant within the GUV platform towards exploring possible 

applications.  

3) The interaction of single-chain amphiphiles, especially glycerol monolaurate (GML) 

need to be conducted in order to understand other types of biophysical interactions 

that hold relevance for membrane self-assembly. To date, such interactions have 

never been studied. Achieving this goal will help to reveal insights into the evolution 

of cellular membrane components and membrane compartmentation from fatty acid 

compositions to modern phospholipid-based cell membranes. 

In this thesis, the main hypothesis is that probing membrane morphological 

responses induced in model lipid membrane platforms can distinguish the 

mechanisms of action of membrane-active peptides and monoglycerides, thereby 

revealing novel biophysical insights into evolution of membrane structure and anti-

infective applications.  

To test this hypothesis, the following experimental studies are proposed in this thesis: 

First, in order to create the defect-free SLB, AH peptide, which has been known to 

selectively rupture small unilamellar vesicles, will be employed to repair the defects 

or still unruptured vesicles trapped in the initially formed bilayer after the vesicle 

fusion. Experimental analyses of the AH peptide mediated repair efficiency will be 

assessed by employing epifluorescence microscopy and quartz crystal microbalance 

with dissipation (QCM-D) measurements. 

Secondly, in order to study interactions between AH peptide and biologically 

relevant GUV cell-sized model platforms, human liver microsome incorporated 

GUV (HLM-GUV) will be developed.  Then, various concentrations of AH peptide 

will be administered against the HLM-GUV which will be monitored by confocal 

fluorescence microscopy measurements. 
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Lastly, effect of single chain amphiphiles including GML, lauric acid and 1-O-

dodecyl-rac-glycerol (DDG) against GUV model platforms will be studied. Again, 

real-time high resolution tracking of membrane morphological changes will be 

monitored by confocal fluorescence microscopy. These fatty acid and derivatives 

materials have never been reported to be studied with GUVs. Hence, the presented 

results can provide important cue for further understanding the molecular evolution 

of cellular membrane from single-chain fatty acids to modern phospholipids. 

 

1.3. Dissertation Overview 

 

The dissertation is comprised of following chapters: 

Chapter 1: “Introduction” presents hypotheses of the presented thesis work and 

outlines overall significance and impact of the study. 

Chapter 2: “Literature Review” briefly introduces various model membrane 

platforms and applications. It also highlights the need of employing a GUV model 

membrane platform to study interactions with membrane-active agents including 

amphipathic (antiviral) peptides and fatty acids and monoglycerides materials, 

specifically to observe morphological changes of membrane.    

Chapter 3: “Experimental Methodology” lists the major utilized materials with its 

preparations, and employed experimental techniques throughout the thesis. 

Chapter 4: “Supported Lipid Bilayer Repair Mediated by Amphipathic, α-Helical 

Peptide” presents repair capability of AH peptide on lipid bilayer formed via vesicle 

fusion method. Utilizing the vesicle size-selective rupturing ability of AH peptide, 

it performed that the new method can even repair SLBs initially formed from large 

sizes of small unilamellar vesicles. From the QCM-D and epifluorescence 

microscopy measurements, the ratio of defect or unruptured vesicles was less than 

1% by the AH peptide mediated repair.  
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Chapter 5: “Influence of GUV Membrane Composition on the Morphological 

Responses Induced by an Amphipathic, α-Helical Peptide” presents morphological 

changes induced by AH peptide against various compositions of GUVs including 

human liver microsome (HLM) containing vesicle platforms. Based on the 

experimental results obtained at different HLM fractions and peptide concentrations 

in a systematic fashion, it was determined that HLM-GUVs were more resistant to 

peptide-induced disruption in direct comparison with DOPC-GUVs, which are 

composed of pure synthetic lipids. Various membrane biophysical responses of 

GUVs were examined by employing spinning disc confocal microscopy 

measurements, and numerous quantitative analyses including membrane fluctuation 

calculation and kinetics of peptide bindings onto non-labeled vesicles were derived 

from the recorded fluorescence micrographs 

Chapter 6: “Regulating Vesicle Fusion and Fission based on the Aggregation 

Behavior of Glycerol Monolaurate” presents and discusses concentration-dependent 

effects induced by glycerol monolaurate (GML). For the first time, it presents 

vesicle fusion and fission behaviors induced by below and above critical micelle 

concentrations of GML, respectively. In contrast, structurally similar compounds 

such as 1-O-dodecyl-rac-glycerol (DDG) did not show any fusion or fission 

behaviors in both high and low concentrations. Since fatty acids are believed to be 

one of the main constituents for forming early membranes (e.g., origin of life) or 

primitive cellular structures22, 34,  the presented results will further contribute to the 

modeling of protocell functions in exploring the plausible role of fatty acid 

molecules in enabling cellular compartmentalization and the emergence of 

organelles and other detailed cellular features. Therefore, the presented results 

highlighting vesicle fission/fusion induced by GML may lead to prevail new 

insights into how the chemical evolution of self-assembled amphiphiles connect to 

biological evolution from primitive cells (or protocell systems) to current complex 

cells. 

Chapter 7: “Future Outlook” presents reconnaissance work that is recommended for 

the future work.  
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1.4. Finding and Originality 

 

This dissertation thesis work correlated to several novel findings by: 

1. Offering a simple technique to improve the completeness of supported lipid bilayers 

by employing a vesicle-rupturing peptide as a final step in the fabrication process 

leading to result in the fraction of unruptured vesicles to less than 1%. This new 

method utilizing antiviral AH peptide can be easily incorporated into existing 

vesicle fusion method. 

2.  Stabilizing effect of human liver microsome (HML) incorporated GUV against 

lipid membrane destabilizing ability of antiviral peptide. It further revealed phase 

separation behaviors of only 5% amount of HML incorporated GUV immersed in 

hypotonic environment where previously only liquid-ordered phase lipids 

containing GUVs undergo the similar phase separation behaviors in the hypotonic 

solution35.  

3. For the first time observing vesicle fission and fusion behaviors from liquid 

disordered phase lipid GUV (DOPC) induced by glycerol monolaurate (GML) 

based on its critical micelle concentration (CMC) effect. Specifically, it was 

observed that slightly below CMC of GML induced fusion between neighboring 

GUVs and above CMCs  induced vesicle fission into multiple smaller daughter 

vesicles.  
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Chapter 2    

Literature Review 

 

The cellular membrane is one of the critical cellular structures that not 

only separates inner cellular compartments from the exterior 

environments but it also regulates overall passage of various substances 

in and out of cells. However, because of its highly complex structure 

hosting main backbone of phospholipids and various membrane 

proteins, it is quite cumbersome to carry studies using natural cellular 

membrane samples. Hence, there is a large need of employing model 

membrane platforms for studying such complex systems. In this chapter 

of literature review, an overview of various model membrane platforms 

is presented. In addition to the thorough introduction of model 

platforms mainly employed in this thesis, another overview of 

membrane-active agents, specifically amphipathic peptides and fatty 

acids with monoglycerides, is presented. It highlights one of the 

monoglycerides materials, glycerol monolaurate, which is one of the 

critical antimicrobial materials but has never been studied with cell-

sized model membrane platforms.  
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2.1. Model Membrane Platforms 

 

Within biological systems, cellular membrane is in charge of critical functions such 

as cellular protection1 and signal transduction2. The cell membrane is a highly 

organized structure as depicted in the following Figure 2.1 which directs and 

facilitates various cellular responses to specific and non-specific extracellular signal 

transduction pathways.  

 

Figure 2. 1  Schematic representation of fluidic mosaic model of a biological cell 

membrane. Reproduced from Singer et al3.  

Strikingly, within the approximately 4-6 nm of thickness of the phospholipid bilayer, 

it not only hosts various types of membrane proteins but it also constitutes a 

regulatory wall between the external cellular environment and internal cellular 

organelles3-4.  Hence, in order to mimic such a complex structure of cellular 

membrane, there have been several different approaches to fabricate simplified 

experimental model systems using lipid vesicles in aqueous condition such as black 
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lipid membranes5, supported lipid bilayer (SLB)6, tethered lipid bilayer7, intact 

vesicle layer8, hybrid bilayer9 and giant unilamellar vesicle (GUV)10. Following 

table (Table 2. 1) briefly summarizes each different model membrane platform. 

 

Table 2. 1  Summary of various model membrane platforms. 

 

 

Among the various listed lipid-based model platforms, SLB and GUV were mainly 

employed in this thesis for exploring the membrane morphological changes upon 

interacting with membrane-active peptides and surfactants.  

Lipid vesicles (liposome) can be classified into different types based on its diameter 

and lamellarity11. Specifically, among unilamellar lipid vesicles, liposomes less than 

200 nm in diameter are termed as SUV12, and diameters greater than 200 nm but 

less than micron size is called large unilamellar vesicle (LUV)12. Following 

schematic diagram (Figure 2. 2) depicts the various types of liposomes classified 

based on size diameter and lamellarity.  
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Figure 2. 2  Schematic representation of lipid vesicle classification based on diameter 

and lamellarity. Schematic is reproduced from Jesorka et al11. 

Following sub-sections will describe more detailed discussion of each different 

model membrane platform employed in this thesis.  

 

2.1.1. Small Unilamellar Vesicle 

 

As above explained, SUV is a unilamellar lipid vesicle whose diameter is less than 

200 nm. It can be produced by two representative methods which are extrusion and 

sonication methods13. Among the two different approaches to form SUVs, extrusion 

method has been proved to be creating more consistent desired size of vesicles13. 

Further specific mechanism details of extrusion method will be discussed in the 

Chapter 3.  

The SUV platform itself can be used in many different applications including a 

carrier purpose by encapsulating drug or gene materials inside the vesicle14, intact 

vesicle layer to screen the interactions against foreign membrane active materials15-
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16, and forming supported lipid bilayer (SLB) via vesicle fusion17-18. Following 

figure (Figure 2. 3) depicts schematic diagrams of the intact vesicle layer and 

supported lipid bilayer platform. 

 

Figure 2. 3  (A) Schematic diagrams and (B) fluorescence micrograph of intact vesicle 

layer. Herein, SUVs are adsorbed on hydrophobic surfaces of titanium oxide substrates 

resulting in an intact layer of vesicles. Fluorescence image was taken by epifluorescence 

microscope using 60x objective lens resulting in 136 µm x 136 µm image size. Scale bar of 

fluorescence micrograph indicates 20 µm.  

 

As shown in the above Figure 2. 3, SUVs are adsorbed and remained as intact vesicle 

layer on the solid substrates by injection utilizing mechanical pump or simple 

pipetting of vesicle solution onto the hydrophobic surfaces of aluminum oxide19, 

gold20 and titanium oxide substrates8. This intact vesicle layer platform can be 

employed for antiviral peptide interaction screening applications by measuring 

changes of adsorbed mass of vesicles on the substrates via quartz crystal 

microbalance-dissipation monitoring (QCM-D)21. By rupturing interaction with 

antiviral alpha helical (AH) peptide, the intact vesicle layer can also be transformed 

into a supported lipid bilayer15, 20-21.  
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Unlike with the above discussed intact vesicle layer platform, SUVs can be utilized 

to spontaneously form supported lipid bilayers via vesicle fusion method on 

hydrophilic substrates including silicon oxide22-23, glass24 and mica17. Following 

figure (Figure 2. 3) presents the schematic diagram and fluorescence micrograph of 

the supported lipid bilayer platform. 

 

Figure 2. 4  (A) Schematic diagrams and (B) fluorescence micrograph of supported 

lipid bilayer. Herein, SUVs are adsorbed on hydrophilic surfaces of glass or silicon oxide 

substrates fusing into a uniform layer of bilayer. Fluorescence image was taken by 

epifluorescence microscope using 60x objective lens resulting in 136 µm x 136 µm image 

size. Scale bar indicates 20 µm. 

 

Among different approaches, vesicle fusion method is one of the most robust and 

consistent methods to create the lipid bilayer on the hydrophilic substrates17. Briefly, 

on the hydrophilic substrates such as glass, mica and silicon oxide, SUVs typically 

adsorb until reaching a critical coverage and then spontaneous rupture begins. 

Besides the vesicle-substrate interaction effect, there are various parameters 

affecting the spontaneous rupture including vesicle size25, lamellarity22, vesicle 

age13,  lipid composition26,temperature27 and  osmotic pressure28. Following 
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schematic diagram (Figure 2. 5) depicts each step of vesicle fusion method forming 

a complete lipid bilayer.  

 

Figure 2. 5  Schematic diagram of supported lipid bilayer formation via vesicle fusion 

on hydrophilic substrates.  

 

 

2.1.2. Giant Unilamellar Vesicle 

 

Although the nano-scale sized liposomes can be used for numerous bio-relevant 

applications, because of their small size, their size is too small to be resolved under 

microscope for monitoring dynamics of membrane morphological changes. Below 

figure (Figure 2. 6) of fluorescence micrographs (taken by 60x objective lens) of 

adsorbed SUVs on the glass surface and settled GUVs on the surface.  
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Figure 2. 6  Comparison of fluorescence micrographs of (A) SUV and (B) GUV 

absorbed and settled on the surface. Both vesicles were mixed with either 0.5 or 1 % of 

rhodamine labeled DOPC. While fluorescence labeled SUVs are being imaged as red-

colored small dots, GUVs are shown as well-recognizable circular structure. Scale bar 

indicates 20 µm.  

 

As abovementioned, unilamellar lipid vesicles whose diameter is great than 1 µm 

are classified as GUV. Because of its large size, it can be fully resolved under 

microscope in both light (phase contrast) and fluorescence imaging modes29. Since 

eukaryotic cell diameters are normally ranged from 10 – 30 µm10, size feature of 

GUV makes highly attractive and ideal simple model cell platform for exploring 

various biophysical properties of such complex biological cell membranes. In 

summary, GUV platforms offer a simple organizational structure for physically 

maintaining biological compartmentalization of cells and organelles.  
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2.1.3. Design Strategies 

 

GUVs can be prepared in various different methods which can affect the relative 

size distribution and quality (cleanness) of formed vesicles. Historically, “gentle 

hydration method” was first invented by Reeves et al30. Briefly, lipids dissolved in 

chloroform is dried on the surface of glass flask, and it is hydrated for swelling using 

aqueous buffer solution for 2 hrs or longer without any agitation which may cause 

to form multilamellar vesicles and a low number of GUVs10. Even though an 

extreme precaution is given during the gentle hydration process, it is highly difficult 

to avoid having vesicles of less than micron-sizes and multilamellarity resulting to 

have a highly diverse population of non-uniform vesicles.  

To overcome such issues, Angelova et al31 further developed the gentle hydration 

method into “electroformation method” which utilizes AC electric field to 

efficiently detach the dried lipid film deposited on ITO-coated glass slides. Because 

of the utilization of electric field throughout the 2 hr or longer duration of hydration, 

it still has some limitations when it comes to choosing hydration buffer solutions 

(should contain very low amount of ionic salt and charged lipids). However, it has 

been reported that the electroformation method has been proved as the most efficient 

method to form GUV in much more controllable manner in terms of increasing the 

yield of unilamellar micron-scale sized vesicles32. The following table (Table 2. 2) 

describes details of various GUV formation methods including microfluidic-based 

formation techniques.  
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Table 2. 2  Representative GUV formation methods and their advantages/limitations.  

 

In order to produce consistent population of GUV composed of either DOPC or raft 

compositions, electroformation method was employed throughout in this thesis.  
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2.1.4. Applications 

 

As abovementioned, GUV can be fully resolved under microscope measurement 

allows one to conduct broad range of biophysical and chemical related experiments.  

The GUV size makes it attractive and efficient cell model platform for exploring 

membrane dynamics including both microscopic and macroscopic morphological 

changes upon interacting with foreign membrane-active materials33-34, and phase 

separation5, 35 upon environmental changes, drug delivery system36-37, constituting 

compartments for monitoring enzymatic reactions5, 38, vesicular shape 

transformations39, and building up a protocell model to study origin of a cell40-43. 

Following figure (Figure 2. 7) shows several exemplary micrographs of GUV 

applications which cannot be conducted with other lipid-based membrane model 

platforms. 

 

Figure 2. 7  Representative applications of GUV. (A) Membrane softening induced by 

antiviral peptide interaction Reproduced from Hanson et al33. (B) Phase separation between 

liquid ordered and disordered phases induced by osmotic shock. Reproduced from Oglecka 

et al35. (C) Fusion of GUVs induced by enzymatic reactions. Reproduced from Karlsson et 
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al38. (D) Vesicular shape deformations caused by addition of potassium phosphate buffer. 

Image reproduced from Oglecka et al44. Each scale bare indicates 10 µm. 

 

2.2. Evaluation of Membrane-Active Agents 

 

As stated above, because of its large enough diameter, GUV provides a highly 

attractive model platform to study membrane dynamics in terms of tracking 

morphological changes of its bilayers in real-time fashion. Hence, for the direct 

measurement, microscopy techniques are mainly employed to monitor any changes 

on GUV upon interacting with membrane-active agents. The size feature of GUV 

allows it to be monitored even under phase contrast (typically known as light 

microscopy) imaging microscopy, and it can also be imaged by fluorescence 

microscopy as long as it contains fluorescence tagged lipids (Figure 2.3).   

Both qualitative and quantitative parameters can be obtained from the GUV 

microscopy images. First, as shown in Figure 2.4 A and D, changes of membrane 

dynamics including membrane flickering and extreme shape deformations can be 

recorded at various time points during the course of interaction. Any movements of 

bilayer of GUVs during or after the interaction with membrane-active agents allows 

one to measure its changes of bending modulus or rigidity of bilayer45-46. The large 

enough size feature of GUV also allows one to observe the pore formation by 

interacting with membrane active-agents or in osmotic pressure changes. By 

encapsulating dye containing glucose solution inside the vesicle, it is possible to 

observe the dye release phenomenon confirming the formation of pores on the 

bilayer of GUVs33. Then, it is feasible to measure relative percentage of vesicle 

content leakage throughout the pore formation33. As shown in the Figure 2.4B, the 

phase separation behavior between liquid ordered and disordered phases or in any 

different phases of lipids constituting GUVs is one of the representative experiment 

can be monitored using GUV platforms whereas SUVs or LUVs are not possible to 

be resolved such behavior under microscope. Hence, the phase separation behavior 

on multiphase-lipids containing GUVs induced by membrane active reagents can be 
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one of the important parameters to be studied during the vesicle-material or 

environmental changes interactions. In addition to the above listed various 

applications of GUV as biophysical tools, the platform can also be served as a 

biochemical measuring tool for monitoring protein-protein assemblies into clusters 

on the membranes of GUVs47 as shown in the below example (Figure 2. 8). 

 

Figure 2. 8  Assembly of binding specific protein on (A) phosphoinositol (PI) lipids and 

comparison with (B) non-PI containing GUVs. Images reproduced from Carlson et al47. 

Following sub-sections delineates basic scientific background information of 

membrane-active reagents employed in this thesis work.  

 

2.2.1. Amphipathic Peptides 

 

For understanding underlying numerous biological phenomenon including, cellular 

life cycles utilizing membrane fusion or lysis, there have been high interests in 

exploring the working mechanism regarding the interactions between peptides 

within the lipid-related environments48-50. The interactions between phospholipid 

membranes and the peptides may cause to happen various events such as membrane 

destabilization15 and membrane mixing51-52. Antimicrobial peptides (AMPs) are one 

of the essential elements of innate defense systems50, 53. It has been reported that the 

AMPs share a common similar mechanism for interacting against microbial 

membrane via a specific lipid membrane permeabilization53-54. To date, there are 

hundreds of AMPs have been reported and they are sourced from plants and animals 
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including humans53-54. Since the variety of the peptides is too wide and cumbersome 

to conduct specific interactions with them, it is inevitable to utilize the cell mimic 

based model platforms. Hence, GUV platforms provide highly attractive 

biophysical and biochemical tools to study the effect and working principles of 

AMPs against the lipid-based artificial cell models.  

Based on their killing targets, the AMPs can be simply classified as either 

antibacterial or antiviral peptides. Herein, we briefly go over some representative 

antibacterial peptides that have been studied by GUV platforms. Following table 

(Table 2. 3) briefly presents the summaries of each antibacterial peptide studies that 

have been conducted with GUV model platforms. 

 

Table 2. 3  Summary of representative antibacterial peptides tested with GUV model 

platforms. Each antibacterial peptides information is summarized from literatures55-62.  
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As summarized in the above table (Table 2. 2), studies on several antibacterial 

peptides mainly using GUV cell model platforms have been thoroughly conducted. 

On the other hand, antiviral peptides, whose main target is viruses as it can be 

noticed from its name, have not been extensively studied using GUV model 

platform. Hence, to further reveal the working mechanism of lytic activities induced 

by antiviral peptides, there is a large need of thorough evaluations employing more 

cell-close mimic GUV platforms. 

An AH peptide, which is derived from the N-terminus of the hepatitis C virus NS5A 

protein17, has gained a significant attention to form supported bilayers on certain 

solid substrates, such as TiO2 and gold as shown in below schematic figure (Figure 

2. 9).  
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Figure 2. 9  Schematic diagrams of (a) AH peptide (peptide sequence 

SGSWLRDVWDWICTVLTDFKTWLQSKLDYKD) and (B) NH peptide (sequence: 

SGSWLRDDW DWECTVLTDDKTWLQSKLDYKD). (C) Speculative diagram of 

lipid vesicle rupturing process mediated by AH peptide15. 

Recently, AH-mediated bilayer formation was discovered on hitherto intractable 

substrates by rupturing vesicles, thereby inducing the structural transformation of 

an intact vesicle layer to a planar bilayer15.  Cho et al have successfully demonstrated 

that the AH peptide can destabilize and rupture the leaflets of intact lipid vesicles 

leading to form a complete bilayer on some substrates which do not allow 

spontaneous ruptures15. Based on a combination of quartz crystal microbalance with 

dissipation (QCM-D) monitoring experiments and viscoelastic modeling, it was 

identified that AH peptide first adsorb onto the vesicle surface, before destabilizing 

the vesicles and causing rupture to form a planar bilayer17. Importantly, AH peptide 

was not found in the planar bilayer after the structural transformation was 

complete63. 
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Hanson et al demonstrated thorough studies on hepatitis C virus derived antiviral 

peptide, so called amphipathic α-helix (AH) peptide33. Following figure (Figure 2. 

6) of micrographs showing AH peptide studies employing GUV model platforms 

deciphering lipid component-specific interaction behaviors. From the experimental 

findings, it was discovered that the AH peptide selectively induced different results 

depending on the lipid compositions of GUVs. While on the DOPC-GUVs it 

induced membrane flickering behavior or fluctuations due to membrane thinning 

effect by the binding of peptide64 (Figure 2. 7A), the antiviral peptide induced 

formation of micro domains of cholesterol and sphingomyelin-enriched regions 

enabling phase-separated domains to be observed as shown in Figure 2. 7B.  

 

Figure 2. 10  AH peptide induced (A) membrane softening of POPC GUVs and (B) 

phase separation in raft-components GUVs. 10 µM of AH peptides were injected for 

both different lipid compositions of GUVs. Both set of fluorescence micrographs were 

captured by spinning disc confocal microscope. Each scale bar indicates 5 µm. Micrographs 

were reproduced from Hanson et al33. 

However, this has been the only approach conducted utilizing the GUV model 

platforms to study the AH peptide interactions against two different lipid 

compositions of cell-sized vesicles. Hence, there is still a large need of more 

thorough studies employing more closely cellular membrane mimic GUV 

experimental platforms. For instance, liver cell membrane extract protein embedded 
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or containing within bilayers of GUV model will provide more insights on peptide 

binding mechanism inducing morphological changes on the cell-sized vesicles. 

 

2.2.2. Fatty Acids and Monoglycerides 

 

Several representative antimicrobial lipid-related materials have been gaining 

attentions on their attractive antibacterial ability65. However, most of the studies 

have been largely focused on the interactions of the antibacterial antimicrobial lipids 

with actual bacterial strains66. Hence, refined insights on working mechanism of 

inducing membrane morphological changes of target bacterial cells have not been 

thoroughly explored. Yet, the GUV model platforms as a simplified artificial cell 

mimic have also been employed for studying interactions against a few fatty acids 

including detergent materials. Following table (Table 2. 3) summarizes numerous 

fatty acids and detergent materials that have been investigated against GUV cell 

model platforms. Following figure (Figure 2. 8) of micrographs presents the 

exemplary interaction changes of GUVs with the listed agents. Inaoka et al67 

conducted vesicle fission revealing experiments using various phases of GUVs 

including DPPC, cholesterol (both liquid-ordered phase) and DOPC (liquid-

crystalline phase). Herein, they first reported the vesicle fission behaviors of liquid-

ordered phase lipids containing GUVs by injection of foreign materials (lyso PC 

16:0, lyso PA C18:1, octylglucoside and SDS) as shown in below Figure 2. 8A. 

Regardless of low and high concentrations of lyso-PC, it all induced the fission 

when at least 40 mol % of DPPC was included in the GUV lipid composition 

indicating that fission can only be induced from specific lipid phase. Besides the 

lyso PC, octylglucoside, SDS, and lyso PA C18:1 all induced the same fission above 

its threshold concentrations.  

Employing oleic acid as a GUV interacting foreign material, Peterlin et al and Mally 

et al reported pore formations of DOPC-GUV leading to volume changes and burst 

of vesicle when low concentration was injected. In addition to the pore formations, 
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it was also observed to be inducing various vesicular morphological changes 

including budding, invagination and evagination as shown in the Figure 2. 8B at 

high concentrations of oleic acid.  

Another antibacterial material, tea catechin (EGCg), study on egg PC GUVs 

conducted by Tamba et al68 showed shape transformations of GUVs into various 

vesicular shapes such as pearling shapes as several spheres connected by narrow 

neck at low concentration. At high concentrations of EGCg, the GUVs were burst 

within approximately 1 min of injection.  
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Table 2. 4  Summary of representative membrane-active fatty acids and related 

detergent materials tested with GUV model platforms. Each material information and 

its interaction results is summarized from Inaoka et al67, Peterlin et al69, Mally et al70, Tamba 

et al68 and Tanaka et al71. 
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Figure 2. 11  Possible GUV morphological changes upon interacting with 

antimicrobial lipids.  (A) Vesicle fission behavior happening from 

DPPC/DOPC/cholesterol GUV induced by 2 µM of lyso-PC (16:0). Scale bar represents 10 

µm67. (B) Vesicle invagination was occurred at the tip of vesicle protrusion (POPC GUV 

induced by 0.8 mM of oleic acid)69. Scale bar indicates 20 µm. (C) Vesicle growth and burst 

induced by 0.1 mM of oleic acid70. Scale bar indicates 10 µm. (D) Vesicular shape 
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transformation is induced by addition of 1 µM EGCg. Scale bar is 10 µm. Images are 

reproduced from the listed literatures. 

Even though there have been somewhat extensive studies on GUV interactions with 

some representative antimicrobial lipids as shown in the above table and figure, 

there are still missing observations on some key fatty acid and monoglyceride 

materials. One of the key antimicrobial lipids is glycerol monolaurate (GML) which 

have not been investigated with GUV platforms yet. GML is specifically a 1-

monoglyceride derivative of lauric acid as shown in the below molecular structures 

(Figure 2. 9), and it was reported to show a lower minimum inhibitory (MIC) 

concentration against S. aureus bacterial strains72. 

 

 

Figure 2. 12  Molecular structures of (A) lauric acid and (B) GML.  

 

There has been a recent thorough study conducted on lauric acid and GML against 

supported lipid bilayer (SLB) platforms72. From the SLB study, it was observed that 

how membranes were morphologically destabilized when interacting with above 

and below critical micelle concentration (CMC) of tested antimicrobial lipids. 

Below fluorescence micrographs (Figure 2. 13) show the extreme morphological 

changes of lipid bilayer after the addition of GML leading to form growing 

entangled tubules and result in forming spherical caps at the end of injection. 
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Figure 2. 13  Fluorescence micrographs of morphological changes of supported lipid 

bilayer after the addition of GML. 0 sec of time point indicates the addition of 500 µM 

of GML into the fluidic chamber. Scale bars indicate 20 µm. The fluorescence micrographs 

were re-produced from Yoon et al72.   

 

As it was stated in work by Giger et al73, 2-dimensional SLBs have confined 

structures and a limited ability to freely expand and contract. Hence, creating and 

observing any three-dimensional structures upon interaction with fatty acids or any 

other membrane-specific agents are hindered, and the confinement and 

corresponding membrane-substrate interactions induce artificial morphological 

responses, in contrast to less constricted GUVs with more degrees of freedom. Also, 

depending on one’s experimental purpose, each platform has different advantages. 

For example, if one needs to observe small scale changes happening on the surface 
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of bilayer upon the interaction with membrane-active materials, then employing 

SLB will be more suitable because there are numerous surface-sensitive 

measurement techniques that can be employed. While, observing any overall 

morphological changes of cell structural model is mostly possible with GUV model 

platforms. Experimentally, there are significantly different results were observed 

between SLB and GUV models against the same membrane-active agents. While 

the SLB model platform employed studies against various fatty acids including 

lauric acid and GML conducted by Yoon et al72 showed that formation of spherical 

protrusions with above CMC of GML as shown in the Figure 2. 13 of Chapter 2, the 

same above CMC of GML induced vesicle fission behaviors were induced from 

GUV models which were composed of same DOPC zwitterionic lipid as presented 

in Chapter 6. Hence, the structural difference (2-d vs. 3-d) between SLB and GUV 

models can induce significantly different morphological transformations against the 

same membrane-active agent. Also, fission and fusion behaviors derived from GUV, 

which is a structurally and dimensionally closely mimicking cell model platform, 

are more biologically relevant findings compared to tubular and budding formations 

observed from SLB model platform where its structural limitations hinders the 

freedom of lipid molecules to expand or contract. 
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Chapter 3  

Experimental Methodology 
 

As mentioned in the previous chapter, various model membrane 

platforms have been proposed to utilize as simplified phospholipid 

membrane platforms to study membrane specific interactions which can 

possibly induce morphological changes. In this chapter, background 

theories of various model membrane platform preparations including 

small and giant sized liposome formations and experimental techniques 

employed throughout the thesis work including instrumentations and 

protocols which are necessary to characterize the interactions between 

model membrane and the foreign agent materials are described in detail. 
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3.1. Rationale for selection of materials and experimental techniques 

 

In this chapter, the experimental methodologies used throughout the thesis will be 

explained in detail and presented as three main sections; (i) main employed 

materials, (ii) lipid vesicle preparations including GUV, small unilamellar vesicle 

preparations and human liver microsomal containing GUV formation, and (iii) 

major experimental/characterization techniques used to obtain and analyze the 

experimental data. The first section describes employed materials including 

phospholipids and any other lipid-related materials, compositions of prepared and 

utilized buffer solutions (glucose, sucrose and Tris buffer), antiviral peptide, fatty 

acids and monoglycerides and human liver microsomes. Lipid and any lipid-related 

reagents were used to form any necessary lipid-based cell membrane mimetic 

platforms including various types of liposomes and supported lipid bilayer. For each 

different lipid-based platform and preparations of foreign interacting materials 

including peptide, fatty acids-related reagents and human liver microsome for 

incorporating into GUV, specific buffer reagents were prepared and utilized. The 

second section explains the main principles of the various lipid-based platform 

preparations along with detailed protocols. Briefly, extrusion method was used to 

create SUVs, and commercially available GUV formation instrument providing 

both formation capacitor and conductors for electroformation was employed to form 

GUV. Lastly, principles and any details of mainly employed experimental and 

characterization techniques are explained. Quartz crystal microbalance with 

dissipation (QCM-D) monitoring measurement was conducted to record any 

changes of mass and viscoelasticity of SLB formation. Microscopy techniques were 

mainly utilized for monitoring interactions of SLB, SUV, or GUV against above 

listed foreign materials. As for exploring and optimizing GUV electroformation 

parameters, light microscopy was used to monitor and record images and sizes of 

GUVs. To better capture and track any morphological changes of GUV, 

fluorescence microscopy techniques including both epifluorescence and spinning 

disc confocal microscopy were utilized. MATLAB-based GUV bending modulus 



Methodology  Chapter 3 

47 
 

analysis was conducted and explained its working theory. Critical micelle 

concentration values of utilized fatty acids and monoglycerides prepared in glucose 

solution were measured using fluorescence spectroscopy measurements.  

 

3.2. Materials 

3.2.1. Lipid Reagents 

 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), cholesterol (ovine) (Chol), sphingomyelin 

(brain, porcine) (SM), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) (Ammonium salt) (Rh-DPPE) were purchased in 

chloroform from Avanti Polar Lipids (Alabaster, AL, USA). All lipid related 

materials were stored at -20 oC freezer. The chemical structures of the phospholipid 

molecules employed in this thesis are shown in below Figure 3.1. 

 

 

Figure 3. 1 Molecular structures of utilized lipid-related materials  
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3.2.2. Buffer Reagents 

 

For all aqueous solutions used throughout the conducted experiments, deionized 

water was obtained from a with using 18.2 MΩ∙cm MilliQ water (MilliPore, Oregon, 

USA). Specified concentrations of glucose and sucrose (both purchased from 

Sigma-Aldrich, St. Louis, MO, USA) solutions for GUV experiments were prepared. 

For all SLB-related or SUV formations, Tris buffer (10 mM Tris, 150 mM of NaCl 

and pH 7.5) was used unless otherwise noted. Tris and NaCl were both obtained 

from Sigma-Aldrich. 

 

3.2.3. Peptide Reagents 

 

Both amphipathic α-helical peptide (AH) and 5-TAMRA-AH peptide were 

synthesized by Anaspec Corporation (San Jose, CA, USA). The sequence of AH is 

H-Ser-Gly-Ser-Trp-Leu-Arg-Asp-Val-Trp-Asp-Trp-Ile-Cys-Thr-Val-Leu-Thr-

Asp-Phe-Lys-Thr-Trp-Leu-Gln-Ser-Lys-Leu-Asp-Tyr-Lys-Asp-NH2, and the 

sequence of fluorescence labeled TAMRA-AH is 5-TAMRA-Ser-Gly-Ser-Trp-Leu-

Arg-Asp-Val-Trp-Asp-Trp-Ile-Cys-Thr-Val-Leu-Thr-Asp-Phe-Lys-Thr-Trp-Leu-

Gln-Ser-Lys-Leu-OH. The peptide was prepared and diluted in Tris buffer or 

desired concentration of glucose solution before conducting the experiments.  
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Figure 3. 2  Schematic diagram of AH peptide. (Left) Helical wheel diagram of AH 

peptide is reproduced from Jackman et al1. The projection of AH peptide shows an 

amphipathic distribution of the hydrophobic (yellow), hydrophilic (purple), positively 

charged (blue), and negatively charged (red) amino acid residues. (Right) Schematic 

diagram of AH peptide is depicted, wherein the cylindrical α-helical segment is cut along 

one direction and then flattened into the plane of the page. The amino acid sequence of 

NS5A from amino acids 4 to 27 in the N – C terminal direction is shown with the long 

continuous stretch of hydrophobicity indicated in green color (diagram reproduced from 

Cho et al2).  

 

3.2.4. Fatty Acids and Monoglycerides Preparations 

 

The desired mass of fatty acids and monoglycerides powder were measured and 

prepared.  For each measurement trial, stock solutions (concentrations higher than 

200mM) of GML (Abcam, Cambridge, U.K.), monocaprin (Abcam) and 1-O-

Dodecyl-rac-glycerol (DDG) (Angene International, U.K.) were prepared by first 

dissolving the weighed powders in 300 mM glucose solution. As for the lauric acid 

(Sigma-Aldrich), it was first dissolved in 100% ethanol to a final concentration of 
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200 mM, and then each diluted aliquot was prepared using 300 mM glucose solution. 

In order to completely solubilize all stock/diluted samples, the solutions were placed 

in a 70 °C water bath for 30 min and cooled down for at least 10 min. All sample 

solutions were prepared immediately before every experiment.  

 

3.2.5. Human Liver Microsomes 

 

Human liver microsomes (HLM) pooled from male human liver was purchased 

from Sigma-Aldrich. It was kept frozen at -70 °C until conducting experiments. For 

the actual experiments, the stock sample (10 mg/ml) was quickly thawed using a 

water bath at 37 °C. The stock was then aliquoted into smaller volume (5 µL).  

 

3.3. Lipid Vesicle Preparations 

3.3.1. Small Unilamellar Vesicle Preparations 

 

Liposomes are consisted of closed shell lipid bilayers dispersed in aqueous solution, 

and among various sizes of lipid vesicles whose diameter is less than 200 nm is 

considered as Small Unilamellar vesicle (SUV)3. There are various methods that 

enable one to form the SUVs. Among many, sonication and extrusion methods are 

the most widely utilized methods. In this thesis, since the extrusion method has been 

reported as one of the most efficient SUV formation techniques that can 

mechanically produce consistent vesicle diameters4, the extrusion method was 

employed to prepare SUVs consisting of POPC or DOPC. For the fluorescence 

microscopy measurement purposes, the lipids were mixed with 5 mol % of 

fluorescence labeled Rh-DPPE. The lipids in chloroform solution was dried under a 

gentle stream of nitrogen gas and will be placed under vacuum for overnight to 

completely dry the remaining chloroform. The dried lipid film was then hydrated in 

1.0 mL of pH 7.5 Tris buffer solution with 10 mM Tris and 150 mM NaCl. In order 

to create 50±10 nm diameter of SUV, the vesicle solution was extruded through 
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100-nm, followed by 30-nm NucleporeTM track-etched polycarbonate membranes 

(Whatman Schleicher & Schuell, Dassel, Germany) 27 times with using 

miniextruder (Avanti Polar Lipids). The resulting vesicle size was measured and 

confirmed by dynamic light scattering (DLS) (Brookhaven Instruments, N.Y., 

U.S.A.) measurements. SLB formation via vesicle rupture will be conducted on the 

silicon oxide surface of QCM-D quartz crystal or oxygen plasma treated glass 

coverslip. Following schematic diagram (Figure 3.3) describes each step of SUV 

formation via extrusion process. 

 

Figure 3. 3 Schematic diagram of overall procedure of extrusion method creating 

small unilamellar vesicle (SUV) from dried lipid film  

 

3.3.2. Giant Unilamellar Vesicle Preparations 

 

Giant unilamellar vesicles (GUVs) were prepared using the electroformation 

method5 which enables one to generate the most defect-free and fairly consistent 
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diameters of GUVs.  Briefly, stock solutions of lipid mixtures (mol:mol) were 

prepared at 1 mg/ml in chloroform (all lipids were purchased from Avanti Polar 

Lipids). For subsequent observation with florescence microscopy, GUVs are doped 

with trace concentrations (1%) of single labeled lipids, which include Rh- DPPE. 

~20 μL of the prepared stock solution were spread onto each ITO-coated glass slide 

(25-30 Ω) within an area delimited by an O-ring and allowed to dry in vacuum 

desiccator for at least 1 hr. The slides are then put into vacuum desiccators for at 

least 1 h to completely remove any remaining chloroform residuals. Then, a 

chamber, acting as a simple capacitor, is formed by bridging the conductive sides of 

both ITO slides with a 1 mm thick rubber ‘O’ ring held in place with high vacuum 

grease from Dow Corning (Midland, MI). Before the 2nd ITO slide is connected to 

the rubber ‘O’ ring, the dried film is hydrated using a sucrose buffer solution. Using 

vacuum grease, the upper ITO-glass slide is placed over the ring with vacuum grease 

to seal the chamber and ensure that air cannot penetrate. Using a commercial Vesicle 

Prep Pro (Nanion, Munich, Germany), electroformation was performed with a 300 

mM sucrose solution. GUVs utilized in this thesis were electroformed by applying 

an AC current at 5 Hz and 3 V and at 37 °C (for DOPC-GUV) or 45 °C (cholesterol 

and sphingomyelin containing GUV) for 120 min. The chamber is kept in a 

darkened room and covered during formation to protect any fluorescent probes. 

Lastly, for the confirmation of successful GUV formation or actual measurement 

imaing, the 5 ~ 10 μL of GUV sample solutions were diluted in a 300 mM glucose 

solution (normally 300 μL of volume) immediately before microscopy imaging.  
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Figure 3. 4  Schematic diagrams of GUV electroformation preparation. Schematic 

diagram of the assembly of ITO slides in the Veislce Preppro chamber. The stripes represent 

thin lipid dried films consisting of 20 μg of DOPC, fabricated on each ITO slide conductive 

surface. An O-ring is sandwiched between the lipid films, encapsulating sucrose solution. 

 

As abovementioned, throughout the thesis 3 V and 5 Hz of AC current were chosen 

as an optimized GUV electroformation parameter. The parameter was chosen after 

testing several possible conditions as presented in below figure plots. As shown 

below plots, either 5 or 10 Hz at 3V gives fairly consistent GUV size ranged from 

10-40 μm diameter. However, the largest number of GUVs and most-defect free 

(data not shown) were found to be formed at 3 V and 5 Hz electroformation 

condition. 
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Figure 3. 5  Changes in vesicle size distribution of GUV electroformed at (A) 1 V, (B) 

3V and (C) 5V, as a function of frequency. 
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Figure 3. 6  Changes in vesicle size distributions of GUV electroformed at different 

frequencies, (A) 0.1 (B) 1, (C) 5, (D) 10 and (E) 100 Hz, as a function of peak-to-peak 

amplitudes.  
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3.3.3. Human Liver Microsome-Giant Unilamellar Vesicle Formation 

 

In order to incorporate the HLM into bilayers of GUV, membrane protein 

incorporation method was followed6. Regular DOPC lipid drying over ITO coated 

glass was done for 1 hr for creating dried lipid film. Then, to incorporate desired 

amount of HLM into GUV bilayers, diluted HLM as 0.5 mg/ml using 300 mM 

sucrose solution (2 μL of volume) was gently spread over the dried lipid area using 

a glass syringe needle. It was then stored in vacuum desiccator for additional 6 hours. 

Lastly, using 300 mM of glucose as a hydration buffer solution, regular 

electroformation at 5 Hz and 3 V was conducted to generate HLM-DOPC GUVs. 

Following figure is the comparison micrographs of fluorescence labeled images of 

HLM containing DOPC GUVs and regular 100% DOPC GUV labeled with Rh-

DPPE.  

 

 

Figure 3. 7 Fluorescence images of (A) HLM-GUV (5% HLM) and (B) regular 100% 

DOPC GUV. Both fluorescence images were captured using spinning disk confocal 

microscopy with 60x oil-objective lens. Each scale bar indicates 10 μm.  
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3.4. Experimental/Characterization Techniques 

 

In this section, the principles and specific analytical methods for each employed 

experimental techniques used throughout the thesis are explained.  

 

3.4.1. Quartz Crystal Microbalance with Dissipation Measurement 

 

Adsorption kinetics of the SLB formation via vesicle rupture process were measured 

and analyzed using a QCM-D on a Q-Sense E4 (Q-Sense AB, Gothenburg, Sweden). 

QCM-D allows to measure resonance frequency and energy dissipation 

simultaneously7. Briefly, providing alternating voltage potential against the quartz 

crystal placed between two metal electrodes, the crystal undergoes a periodic 

oscillation with the specific frequency as the set voltage potential. At its resonance 

frequency (5 MHz) of the quartz crystal, which is directly related to its surface 

thickness, any adsorbed mass changes on the surface can induce resonance 

frequency changes. The relationship between resonance frequency and the absorbed 

mass is formulated by Sauerbrey equation8,  

𝛥𝑚 =
𝐶

𝑛
× 𝛥𝑓,  (Eq. 3.1) 

where  Δf is the changes in resonance frequency, n is harmonic number, Δm is the 

adsorbed mass and C is the sensitivity constant value (-17.7 ng/Hz·cm2) which is 

derived from the following equation 

C=
𝑡𝑞×𝜌𝑞

𝑓𝑜
  (Eq. 3.2) 

where tq is the thickness of the quartz and ρq is the density of quartz. QCM-D 

technique not only measures absorbed mass on the crystal, but it also can measure 

changes of viscoelastic properties of the adlayer by recording the decay in the free 

oscillations after the driving potential voltage against the crystal as shown in the 

schematic diagram (Figure 3.8).  
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As for the measurement, silicon oxide coated QCM crystal chips (AT-cut quartz 

crystals) (Q-sense) was utilized for QCM-D measurements for SLB formation as 

shown in the following schematic figure describing brief working principle. 

 

 Figure 3. 8  Schematic representation of QCM-D measurement. (A) A diagram of 

quartz crystal is presented. (B) Oscillating crystal driven by the voltage is shown.  

Before each measurement, the crystals were treated with oxygen plasma using a 

Plasma Cleaner (Harrick Plasma, Ithaca, N.Y., U.S.A.) at 29.6 W for 5 minutes. All 

measurements were recorded at the third overtone (15 MHz). A peristaltic pump 



Methodology  Chapter 3 

59 
 

was used to introduce sample solution into the measurement chamber, with the flow 

rate fixed at 50 μL/min for all measurements.   

 

3.4.2. Optical (light) Microscopy 

 

Because of its micron-scale size, GUVs are capable of being directly monitored 

even by optical (light) microscopy (Eclipse Ti-U Microscope; Nikon, Japan). This 

feature enables one to monitor label-free (non-fluorescence labeled) GUV with its 

interactions against any possible foreign materials.  While light microscopy images 

of GUV are able to produce distinguishable vesicle images, it has some limitations 

to clearly identify tracking membrane morphological changes. Below figure is the 

images of various sizes of GUVs captured by light microscopy. 

 

Figure 3. 9  Various diameters of GUVs imaged by light microscopy technique. Images 

were captured by 10x air objective lens. Note that the scale bar represents 20 μm. 

 

3.4.3. Fluorescence Microscopy 

 

Fluorescence Microscopy measurement technique9 has become one of the essential 

techniques in the field of any bio and chemistry related scientific areas where real-

time direct visualization of target sample is required. Hence, one can easily track 

any morphological changes by conducting real-time imaging of fluorophores tagged 

to molecules of interest. Both supported lipid bilayer and GUVs are well-suited to 
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be monitored by fluorescence microscopy. As the membranes are only nanometers 

thick and are confined in a planar geometry by solid supports, fluorescence imaging 

can be carried out without invoking the scanning in the axial direction. As for the 

GUV measurement, as abovementioned, the light microscopy images of GUV can 

still provide shape features of vesicles. To overcome the image resolution of the 

light microscopy and also to better capture sectioning images of such large volume 

objects, epifluorescence and spinning disk confocal microscopy (SDCM) 

techniques10 were mainly employed throughout the main result chapters of the thesis. 

To further acquire more reliable sectioning images of GUVs, SDCM technique has 

been reported to be able to capture dynamics of GUVs or even living cells at high 

resolution and not sacrificing laser-source intensity preventing to have 

photobleaching issues during the measurement as shown in the following schematic 

figure briefly describing the structure of epifluorescence and SDCM microscope 

systems. 

 

Figure 3. 10  Schematic diagram of comparing (A) epifluorescence and (B) spinning 

disc confocal microscopy. 

 

SDCM measurements were carried out using an inverted Eclipse Ti-U microscope 

(Nikon) fitted with X-Light spinning-disk confocal unit (CrestOptics, Italy) and an 

Andor iXon+ EMCCD camera (Andor Technology, Northern Ireland). For 
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measurements, a 60× oil immersion objective (Numerical aperture of 1.49) was 

utilized. Rh-DPPE (Ex/Em; 560/583) was exposed with a 50 mW 561 laser line. At 

least 5 number of GUVs were imaged for each experiment. Acquired images were 

processed using NIS Element AIR (Nikon) and ImageJ software (National Institute 

of Health, U.S.A). Below figure is the representative micrographs showing both 

regular epifluorescence and SDCM images of DOPC GUVs. 

 

Figure 3. 11  Fluorescence micrographs of DOPC GUVs captured by (A) 

epifluorescence and (B) spinning disk confocal microscopy techniques. Both images 

were captured by using same 60x oil objective lens. Both scale bars indicate 10 μm. 

 

3.4.4. Fluorescence Recovery After Photobleaching  

 

In order to investigate lateral lipid diffusivity of the supported lipid bilayer to 

confirm the successful formation of bilayer on the substrate, fluorescence recovery 

after photobleaching (FRAP) measurement was conducted. Briefly, the SLB is 

illuminated by high intensity (typically, greater than 30-50 mW intensity) and a 

small circular sport on the bilayer is photobleached by the excitation light. As time 

progresses, the bleached fluorophores diffuse out of the bleached area and non-

bleached fluorophores diffuse into the area as well. Hence, the overall fluorescence 
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intensity of the bleached spot can be recovered back to its original value up to ~ 

95%. Before carrying out the measurement, 0.5% molar ratio of Rh-DPPE was 

mixed with the lipids to trace fluorescently labeled lipid molecules under epi-

fluorescence microscopy. Subsequently, diluted vesicle solution was introduced and 

ruptured to form the SLBs on a clean and hydrophilic glass coverslip (Menzel-

Glaser, Germany) placed in a custom-made flow cell chamber, a volume of 350µL, 

fitted onto the microscopy XY stage. The flow cell chamber mounted on the Eclipse 

TI-U microscope and a 60x magnification (NA 1.49) oil immersion objective were 

used for measurements resulting in a camera pixel size of 0.267 x 0.267µm. The 

measurements will be done at room temperature. A TRITC filter was used to filter 

out the excitation light and the emission light from the measurements with 

rhodamine fluorophores. Diode-pumped solid state lasers (Scherzo-532; Klastech 

GmbH, Germany) was employed to bleach the fluorophores at wavelength of 532nm 

to bleach the fluorophores. A fiber-coupled mercury lamp (Intensilight C-HGFIE; 

Nikon) was used to monitor the recovery of the fluorophores. Two pre-bleaching 

images will be obtained to correct for non-uniform illumination. Then, the center of 

imaging area will be bleached with the laser for 5 sec and following fluorescence 

recovery images will be collected for 2 minute at either 1 sec or 2 sec intervals. At 

least five different areas were bleached to improve statistics. The acquired images 

were analyzed using the Hankel Transform method which is based on circular 

averaging of each recovery image resulting a reduced spatial noise from the data 

analysis11. By comparing the Hankel Transform method with a traditional Axelrod 

method, the Hankel Transform method can compensate for temporal variation and 

drifts from illumination and bleaching during imaging11-12. Using the Hankel 

Transform method and stacked acquired image data, corresponding diffusion 

coefficient values from the normalized Hankel transform and fluorescence intensity 

recovery plots were obtained. Following schematic diagram briefly describes how 

the FRAP measurements are conducted. 
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Figure 3. 12  A schematic representation of FRAP measurement conducted on 

supported lipid bilayers. (A) Brief experimental procedures of photobleaching are 

presented. (B) Simplified fluorescence intensity recovery plot is presented along with 

corresponding FRAP cartoon micrographs. 

 

3.4.5. GUV Bending Modulus Analysis  

 

Fluctuating vesicle membrane shape caused by membrane disruption due to any 

foreign interactions or environmental changes is measured and analyzed to calculate 

membrane rigidity. Contour of GUVs was determined from a two-dimensional cross 

section for specified time frame. The vesicle edge was measured and calculated 

using a developed MATLAB (The MathWorks, Natick, MA) code13. Briefly, a 

center of mass within the 2-dimensionally mapped vesicle image was estimated and 
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produced the selected time frame’s images as sliced into angular wedges. From the 

newly generated slices, the bilayer edge was specified based on the maximum radial 

intensity gradient. Final value of bending modulus was calculated from the below 

equations using the edge profiles.  

ξ(γ, t) =  
1

2π𝑅2
 ∫ [𝜌(𝜑 +  𝛾, 𝑡) −  𝜌 (𝑡)][𝜌(𝜑 + 𝑡) −  𝜌(𝑡)]𝑑𝜑

2𝜋

𝜑=0
     (Eq. 3.3) 

From the autocorrelation function respect to its angle is cosine decomposed, 

resulting in the mode amplitudes, χ𝑚 . Then, the probability of distribution of 

amplitudes for a given mode gives exponential expression as following Eq 3.4, 

Γ(χ𝑚) ∝ exp [− 𝐿𝑚
χ𝑚

2
]     (Eq. 3.4) 

where Γ𝑚(χ𝑚)  is the probability of acquiring an amplitude of χ𝑚  and 𝐿𝑚 is 

calculated from exponential fits to the estimated  χ𝑚values. Based on the expected 

theoretical from of the mode dependence of quasi-spherical vesicle fluctuations, 

𝐿𝑚 (
κ

k𝑏𝑇
, σ̅) =  

κ

k𝑏𝑇

1

∑ [𝑄𝑛
𝑚(0)]2/𝜆(𝜎̅) 

𝑛𝑚𝑎𝑥
𝑛≥𝑚

    (Eq. 3.5) 

Where 𝐿𝑚values are fit by a least-square minimization. From the fit, κ becomes the 

final values of GUV bending modules, whereas 𝜎 becomes the reduced membrane 

tension.   

 

3.4.6. Fluorescence Spectroscopy 

 

In order to measure critical micelle concentration (CMC) values of all 

surfactants/fatty acids prepared in glucose buffer utilized in this thesis, fluorescence 

spectroscopy measurements were conducted. Cary Eclipse fluorescence 

spectrophotometer (Varian Inc., Australia) was employed to measure the 

fluorescence emission spectrum of the probe, 1-pyrenecarboxaldehyde, in 300 mM 

of glucose solution upon excitation at 365.5 nm in the presence of increasing 

concentrations of the test compound. The final concentration of the probe in the test 
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solution was set as 0.1 μM hydrated with the desired concentrations of tested 

samples. At least six times of emission spectrum were conducted and the values 

were averaged. Each averaged value was plotted and digressing point was 

determined as a CMC value.   
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Chapter 4    

Supported Lipid Bilayer Repair Mediated by Amphipathic, 

α-Helical Peptide* 

 

The adsorption and fusion of small unilamellar lipid vesicles on silica-

based substrates such as glass is a common method to fabricate 

supported lipid bilayers. Successful bilayer formation depends on a 

number of experimental conditions as well as on the quality of the 

vesicle preparation. Inevitably, a small fraction of unruptured vesicles 

always remains in a supported bilayer, and this kind of defect can have 

devastating influences on the morphological and electrical properties 

of the supported bilayer when used as a biosensing platform. Here, we 

report a simple method to improve the completeness of supported 

bilayers by adding a vesicle-rupturing peptide as a final step in the 

fabrication process. Peptide treatment reduces the fraction of 

unruptured vesicles to less than 1%, as determined by epifluorescence 

microscopy and quartz crystal microbalance-dissipation (QCM-D) 

experiments. This protocol step can be easily incorporated into existing 

procedures for preparing high-quality supported lipid bilayers. 

 

 

*This chapter has been published as “Kim MC, Gunnarsson A., Tabaei SR, Höök, F. 

and Cho NJ. Supported Lipid Bilayer Repair Mediated by AH Peptide. Physical 

Chemistry Chemical Physics 2016, 18, 3040-3047”. 
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4.1. Introduction 

 

Formation of planar lipid bilayers on solid supports using phospholipid self-

assembly is broadly utilized in scientific research as a versatile means to generate 

biomimetic model platforms enabling detailed studies of highly complex biological 

cell membranes1-2. Progress made since the first discovery of the successful 

formation of a model membrane mimicking cell membranes1 has opened up a large 

variety of applications ranging from understanding fundamental phenomena of 

cellular membranes to highly advanced biomedical assays, including cell culture 

platforms3, 4, 5, 6, biosensor development3-4, drug screening4-5 and medical 

diagnostics6.  

A large number of model membrane platforms has been explored, including the 

polymer-cushioned lipid bilayer5, 7, tethered lipid bilayer8-9, black lipid bilayer10-

11and planar lipid bilayer12-15. Among the options, the planar supported lipid bilayer 

(SLB) has gained high popularity due to its high stability and the relatively simple 

procedures by which it can be formed12, 15. SLBs are typically produced by either 

Langmuir-Blodgett (LB) deposition16 , solvent-assisted lipid bilayer (SALB) 

formation method17-22 or surface-mediated vesicle fusion23. While LB deposition 

requires advanced equipment and several steps to sequentially transfer lipid 

monolayers to the solid substrate, the vesicle fusion method simply utilizes vesicle 

adsorption, followed by spontaneous rupture when a critical vesicle coverage has 

been reached on certain hydrophilic substrates including mica, glass or other silica-

based surfaces24. For the vesicle fusion method, the pathways to cause vesicle 

rupture-forming lipid bilayers on solid supports are complex, and representative 

parameters responsible for vesicle fusion and rupture are numerous and include 

vesicle size22, lipid composition25, osmotic pressure26, ionic strength27, 

temperature28, solution pH29 and the presence of divalent cations30.  

Based on the aforementioned parameters, the interactions between lipid vesicles and 

solid supports can be tuned in order to promote or inhibit vesicle rupture leading to 

SLB formation. Nevertheless, the quality of the SLB with respect to defect density, 
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lateral mobility and the remaining number of non-ruptured vesicles may vary not 

only from situation to situation but also when attempts are made to perfectly 

reproduce identical experimental conditions. The imperfections may create 

significant fractions of inhomogeneity within the bilayer, which may in turn produce 

short circuits interrupting the measurement of electrical properties of membrane-

bound channels31 and also create artifacts when conducting fluorescence-based 

bilayer related assays. 

Herein, we present a simple method to improve the completeness of supported lipid 

bilayers through a repair step that is aided by the capacity of an amphipathic α-

helical (AH) peptide to induce vesicle rupture32-34. In a series of publications20, 33, 34, 

35, 36, 37, 38 from our groups and others, the capacity of this AH peptide to promote 

SLB formation has been explored, in particular on substrates32-33, 35-36 and lipid 

compositions15, 34, 37-38 that are not compatible with vesicle adsorption-induced SLB 

formation15, 34, 37-38. For example, Hardy et al. succeeded in employing the AH 

peptide to rupture HIV lipid envelope-mimicking vesicles into SLBs containing 

high fractions of cholesterol39, recently extended by exploring concentration-

dependent behaviors of SLB-peptide interactions using atomic force microscopy40. 

It has also been shown that using a tethered unilamellar vesicle assay with single-

vesicle resolution, 100 nM AH peptide caused single zwitterionic lipid vesicles to 

rupture at rates that were inversely related to the vesicle diameter41-43 and similar 

vesicle-rupture behavior was also observed with another related peptide analogue38. 

Inspired by these reports, we have in this work explored the possibility of using the 

AH peptide to repair inevitably occurring imperfections in SLBs generated using 

the vesicle fusion method. The AH peptide-controlled SLB repair process was 

investigated using the quartz crystal microbalance with dissipation (QCM-D) 

monitoring and epifluorescence microscopy techniques. Particular emphasis was 

put on exploring the possibility to generate high-quality and complete supported 

lipid bilayers utilizing lipid vesicles with increasing geometrical dimensions. 

Collectively, this new repair method is anticipated to provide an attractive tool 
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towards creating a defect-free supported lipid bilayer as a broad platform for various 

bioanalytical applications.  

 

4.2. Experimental Methods 

4.2.1. Lipid vesicle preparation 

 

Various populations of lipid vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC) lipid (Avanti Polar Lipids, Alabaster, AL) were prepared 

by the extrusion method44. Vesicles were extruded by using a Mini Extruder (Avanti 

Polar Lipids) through track-etched polycarbonate membranes (Whatman Schleicher 

& Schuell, Dassel, Germany) with pores ranging from 50 to 400 nm diameter. POPC 

lipids dissolved in chloroform were dried under a gentle stream of nitrogen gas and 

kept in vacuum to remove any remaining chloroform residue. To create various sizes 

of unilamellar vesicles, the vesicles were passed through the different-size pore 

membranes between 7 to 27 times by using the Mini Extruder. Each vesicle 

suspension was diluted to 0.2 mg∙mL-1 before experiment. An aqueous buffer 

solution of 150 mM NaCl and 10 mM Tris in 18.2 MΩ∙cm Milli-Q-treated water 

(Millipore, MA, USA) at pH 7.5 was used in all measurements. 

 

4.2.2. Peptide reagent 

 

The amphipathic, α-helical (AH) peptide was synthesized by Anaspec Corporation 

(San Jose, CA). The sequence of AH peptide is H-Ser-Gly-Ser-Trp-Leu-Arg-Asp-

Val-Trp-Asp-Trp-Ile-Cys-Thr-Val-Leu-Thr-Asp-Phe-Lys-Thr-Trp-Leu-Gln-Ser-

Lys-Leu-Asp-Tyr-Lys-Asp-NH2. The peptide was prepared and diluted in Tris 

buffer before the measurements. 
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4.2.3. Dynamic light scattering 

 

Dynamic light scattering (DLS) measurements were conducted on a 90Plus Particle 

Size Analyzer with a 658.0 nm monochromatic laser (Brookhaven Instruments 

Corporation, NY, USA) to measure size distributions of extruded vesicles. Every 

measurement was taken at a scattering angle of 90° at 25 °C. The light scattering 

data were collected by digital autocorrelator software (Brookhaven Instruments 

Corporation). In order to check for multi-modal distributions and to calculate the 

intensity-weighted Gaussian profile of various size distributions including average 

effective diameter and polydispersity, all autocorrelation functions acquired were 

analyzed by CONTIN and Non-Negatively Constrained Least Squares (NNLS) 

algorithms. 

 

4.2.4. Quartz crystal microbalance-dissipation monitoring 

 

Adsorption kinetics and properties of the adsorbed layer were monitored using the 

quartz crystal microbalance-dissipation (QCM-D) technique with a Q-Sense E4 

instrument (Q-Sense AB, Gothenburg, Sweden). In QCM-D experiments, the 

resonance frequency and energy dissipation of the quartz crystal can be 

simultaneously obtained15. Silicon oxide-coated QCM crystal sensor chips (AT-cut 

quartz crystals) (Q-Sense) were used for each measurement. Before experiment, the 

crystals were treated with oxygen plasma using a Plasma Cleaner (Harrick Plasma, 

Ithaca, NY) at 80 W for 5 min. Experimental data were measured at various 

overtones (n = 3, 5, 7, 9 and 11), and corresponding changes in resonance frequency 

and energy dissipation were monitored. The obtained experimental data from the 

third to seventh overtones were fitted to the Sauerbrey model  in order to calculate 

the effective thickness of the adsorbed layer36. 
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4.2.5. Epifluorescence microscopy measurements 

 

Epifluorescence imaging of supported lipid bilayers formed on a glass substrate was 

done with an inverted optical microscope (Eclipse TI-U microscope; Nikon, Japan). 

Imaging was done by using a 60x magnification (NA=1.49) oil immersion objective 

(Nikon) for measurements resulting in a camera pixel size of 0.267 x 0.267µm. iXon 

512x512 pixel EMCCD camera (Andor Technology, Northern Ireland) was used to 

capture the fluorescence images, and a fiber-coupled mercury lamp (Intensilight C-

HGFIE; Nikon) was used to excite the fluorophores. A TRITC filter was used to 

filter out the excitation light and the emission light from the measurements with Rh-

PE fluorophores. 

 

4.2.6. Fluorescence recovery after photobleaching 

 

To conduct fluorescence recovery after photobleaching (FRAP) measurements, a 

circular spot of 20 µm diameter was photobleached for 5 sec by a 532 nm, 100mW 

laser (Klastech, Germany). Fluorescence micrographs were imaged for 90 sec at one 

sec interval, and the corresponding lateral diffusion coefficients were obtained 

based on the Hankel transform method45. 

 

4.3. Principle Outcomes & Discussion 

 

The mechanism of vesicle fusion includes a complex sequence of steps involving 

vesicle adsorption, deformation, fusion, and rupture leading to reassembly that may 

eventually result in SLB formation (Figure 4. 1A and Figure 4. 2).  
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Figure 4. 1  Formation of supported lipid bilayer on glass substrate and its 

experimental defective cases. Schematics of (A) an overall process of supported lipid 

bilayer formation via vesicle fusion method on the glass substrate and its possible results 

after the critical vesicle rupture and following buffer washing. Supported lipid bilayer was 

formed on a glass substrate via vesicle fusion method using 30 nm. sized membrane filtered 

lipid vesicles. Herein, good and defective cases of planar lipid bilayer fluorescence images 

are presented, (B) complete lipid bilayer and (C-E) unruptured vesicles trapped on bilayers. 

After the rupture of the adsorbed vesicles, the lipid bilayer was washed with three different 

solvents, (C) initial Tris buffer (10 mM Tris, 150 mM NaCl and pH 7.5) (D) Milli-Q water 

and (E) Tris buffer (10mM Tris, 1 M NaCl and pH 7.5). Note that fluorescence image traces 

of each washing process were collected for 15 minutes. Each scale bar represents 20 µm.  
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Figure 4. 1B presents a typical fluorescence micrograph of a good-quality SLB 

(Figure S1C). However, even under optimal fabrication conditions, it is our 

experience that there always remain a number of unruptured or entrapped vesicles 

in the SLB, which can be easily visualized using epi- or total internal reflection-

fluorescence microscopy measurements46, as illustrated in Figures 4. 1(C)-(E). 

Upon SLB formation on silica using vesicles with a mean diameter of ca. 91 nm 

composed of POPC lipid, a significant number (1,000 per 136×136 m2) of 

unruptured vesicles remained bound also after extensive rinsing, either in Tris buffer 

or in deionized water, the latter of which induces a large osmotic pressure difference 

that could tentatively aid vesicle removal and SLB repair26 (Figure 4. 1C, D). The 

limited effect obtained by rinsing in deionized water highlights that incomplete 

rupture or imperfect formation of SLB is common not only when there are large 

unruptured vesicles47, but also when SLBs are formed using small vesicles (diameter 

less than 100 nm, See Figure 4. 3 for vesicle size distribution) owing to steric effect 

in saturated adlayers. Hence, a post-assembly repair method that could aid the 

formation of defect-free SLBs would be highly desirable. 



SLB Repair Mediated by AH Peptide  Chapter 4 

75 
 

 

Figure 4. 2  Various characterizations on formation of complete supported lipid 

bilayer. (A-B) QCM-D monitoring of SLB formation on a silicon oxide substrate using 

30nm filtered POPC vesicle fusion method. Changes in resonance frequency and energy 

dissipation were recorded at ~26 Hz and ~0, respectively. (C) Fluorescence recovery after 

photobleaching was conducted on the rhodamine-labeled (0.5 mol %) lipid bilayer. Time-

lapse images before and after the photo bleaching were taken in 30 sec intervals. (D) Atomic 

force microscopy (AFM) image of supported lipid bilayer. AFM height image was taken on 

SLB formed on QCM-D silicon oxide substrate. (E) AFM height image after conducting a 

square test on the SLB. The test was conducted to measure the thickness of SLB by 



SLB Repair Mediated by AH Peptide  Chapter 4 

76 
 

scratching the bilayer SLB with an AFM cantilever tip which the imaging protocol 

described in Wallin et al48. 

 

Figure 4. 3  Intensity-weighted size distribution of extruded vesicles as a function of 

extrusion pore diameter. Dynamic light scattering measurements were conducted on the 

extruded POPC vesicles. (A-G) Intensity-weighted Gaussian distributions and histogram 

are shown as functions of the extrusion pore diameter (50 to 400 nm diameter). While the 

histogram distribution reflects the relative amount of light that scattered by vesicles in 
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different size ranges, the Gaussian distribution assumes that the vesicle size distribution is 

centered on a mean particle size. The numbers with asterisk indicate how many times 

vesicle solutions were passed through the extrusion pore membranes. 

 

4.2.7. Repair of unruptured trapped vesicles within SLBs 

 

Based on the aforementioned studies15, 33-35, 37-38, 41, it may be possible to rupture the 

bound vesicles trapped on the initially formed lipid bilayer by AH peptide. To date, 

AH peptide has been shown to be highly effective towards rupturing vesicles 

composed of any fluid-phase lipid compositions. In fact, Zan et al34 reported that 

formation both positively and negatively charged SLB (tested up to 30 mol % of 

POEPC or POPS lipids) on titanium oxide substrate after the addition of AH peptide. 

Spontaneous SLB formation using highly negatively charged lipid vesicles (20 mol % 

or higher) was not possible on both silicon oxide and titanium oxide substrates 

without using AH peptide. Hardy et al reported that a successful SLB formation is 

containing large amount of cholesterol (45 mol %) using AH peptide39. Specifically, 

vesicles composed of POPC : POPE : POPS : sphingomyelin : cholesterol (9.35: 

19.25: 8.25: 18.15: 45.00) mimicking the native lipid composition of the human 

immunodeficiency virus-1 (HIV-1) were used to form an intact vesicle layer 

adsorbed on silicon oxide substrate, and then AH peptide was introduced to rupture 

the adsorbed vesicle layer transforming them to complete lipid bilayer. Both 

reported studies support that AH peptide can promote bilayer formation via rupture 

process on substrates that are intractable to conventional (spontaneous) vesicle 

fusion methods. Hence, AH peptide can be used to rupture lipid vesicles across a 

wide range of membrane compositions, including highly charged phospholipids, 

large fractions of cholesterol, and sphingomyelin. We have previously proposed a 

mechanism for AH mediated transformation of intact vesicles to the bilayer by 

simultaneous QCM-D and optical reflectometry measurements33. Using the 

combined technique, we could monitor the time-dependent variation in adsorbed 

molecular mass (optical mass), adsorbed molecular mass and solvent mass (acoustic 
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mass), effective thickness, and effective reflective index of lipid adlayer during the 

course of AH interaction with surface-adsorbed lipid vesicles. Briefly, the process 

of AH-induced vesicle to bilayer transformation comprises of three steps: 1) AH 

peptide binding to vesicles, 2) swelling of vesicles 3) desorption of AH peptide and 

lipids resulting in formation of an adlayer with a thickness of ∼5.1 nm and an 

effective refractive index of ∼1.45, which are in very good agreement with expected 

values for a lipid bilayer. In order to explore this possibility, we utilized the QCM-

D technique for tracking the kinetic changes upon addition of AH peptide and 

subsequent interaction with trapped unruptured vesicles. To obtain a sufficient 

number of unruptured vesicles trapped on and within the bilayer, we intentionally 

fabricated large vesicles (~220 nm) for substrate deposition as shown in Figure 4. 

4A and B. 

 

 

Figure 4. 4 SLB formation and its repairing mediated by AH peptide. After the vesicle 

(diameter ~ 222.1 nm) adsorption, initial rupture and AH peptide injection, changes 

in (A) resonant frequency and (B) energy dissipation were monitored. (C) Sauerbrey 

thickness of the adlayer. n = 3 (black line), n = 5 (red line), and n = 7 (blue line) 

overtones. (D) Time-lapse fluorescence micrographs of AH peptide-mediated SLB repair 

formed by 188-nm diameter lipid vesicles. Scale bars are 20 µm. 

Upon injection of large-size vesicles onto the silicon oxide substrate, we typically 
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observed two-step kinetics25 indicative of reaching a critical surface coverage of 

adsorbed vesicles before the fusion and rupture processes were initiated. However, 

during the latter process, vesicles were continuously adsorbed onto the substrate 

which is evidenced by the frequency decrease and dissipation increase after the first 

peak. Upon subsequent injections of Tris buffer, the frequency shift increased from 

-65.3 Hz to -37 Hz and the energy dissipation shift decreased from 12.2 to 4.0×10-6 

(Figure 4. 4A-B), demonstrating suppressed vesicle adsorption and that a significant 

fraction of adsorbed unruptured vesicles were rinsed off. Nevertheless, the final 

changes in f and D still deviated significantly from those corresponding to a 

complete SLB under (f ~ 26 Hz and D ~ 0 x 10-6)15, which indicates that a 

significant fraction of unruptured vesicles remained entrapped on the bilayer. To 

independently verify this suspicion, we employed epifluorescence microscopy to 

visualize unruptured vesicles, which were clearly visible as bright dots surrounded 

by a uniform lipid bilayer (Figure 4. 1C-E). Taking the contribution to the frequency 

shift originating from coupled water into account49, the vesicle coverage estimated 

by the two methods are in good agreement with each other. 

In order to promote complete SLB formation or repair the defects, 8 μM AH peptide 

were added to the bilayer, and time-sequential fluorescence micrographs were 

captured as shown in Figure 4. 4D. In addition, as a result of the peptide injection 

(see arrow 3 in Figure 4. 4A-B), the saturated QCM-D response upon peptide 

injection corresponded to the responses expected for a complete SLB,24 i.e. f ~ -26 

Hz and D ~0×10-6 (Figure 4.3A-B). In order to further characterize the properties 

of the resulting adlayer, we applied the Sauerbrey model36 to compute the effective 

thickness of the adlayer. For the calculations, 1,000 kg·m-3 was assumed as the 

density of the adlayer36. The Sauerbrey thickness for the different overtones reached 

saturation at ~12.7, ~10.9, and ~6.2 nm, respectively (Figure 4. 4C). As a result of 

AH peptide-mediated repair, the end-resulting thickness of the SLB obtained from 

the Sauerbrey was resulted at ~4.2 nm indicating that a complete SLB is formed 

with the aid of AH peptide.  



SLB Repair Mediated by AH Peptide  Chapter 4 

80 
 

Further to confirm the successful repair, the process of AH peptide-mediated 

rupturing of the remaining vesicles was visualized using a small fraction (0.5 mol %) 

of Rhodamine-labeled lipid vesicles imaged using epifluorescence microscopy, as 

shown in time-sequential micrographs (Figure 4. 4C). The AH peptide was injected 

after the vesicle fusion of large size vesicles (ca. ~188 nm diameter) and a 

subsequent buffer washing step. The presented micrographs show time-lapsed 

images after AH-peptide injection. After peptide injection, a vast majority of 

trapped vesicles were ruptured, signaling efficient repair of the SLB. The 

epifluorescence images were captured for a total of ~ 50 min after the injection and 

each frame of the sequential micrographs is shown at an interval of ~ 5.6 min. Note 

that there is a large deviation in time scales between that of QCM-D kinetic profiles 

and epifluorescence imaging, which is attributed to the different measurement 

chamber geometries and corresponding flow conditions and possibly also the 

different substrates (glass versus sputtered SiO2).  

 

To confirm the retainment of lateral diffusivity after AH-peptide addition, FRAP 

measurements were conducted before and after the repair as shown in Figure 4.4. It 

was confirmed that lipid mobility was still retained with a moderate drop of the 

diffusion coefficient from ~2.3 µm2·s-1 to ~0.9 µm2·s-1, but still displaying a mobile 

fraction of 89 % as shown in Figure 4. 5B. The decrease in lateral diffusivity of the 

SLB is likely due to a small fraction of bound AH peptide35. 
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Figure 4. 5  FRAP micrographs of SLB showing pre- and post-repair by AH peptide. 

Each post bleaching micrograph is shown at 30 sec interval. Scale bar represents 10 μm. 

 

As a final verification of the repair process, we investigated if an AH peptide-treated 

zwitterionic SLB remained resistant to nonspecific adsorption of bovine serum 

albumin (BSA)50. Since BSA protein binding was not detectable using the QCM-D 

technique, the orders of magnitude higher sensitivity offered by epifluorescence 

microscopy was used to probe the binding of fluorescently labeled BSA upon 

addition the SLB either without or with prior AH peptide treatment and the amount 

bound was quantified by the fluorescence intensity per unit area (Figure 4. 6A).  

 

Figure 4. 6  Evaluation of nonspecific adsorption of BSA protein to bilayer before and 

after SLB repair. Fluorescence micrographs of (A) bare glass, (B) POPC bilayer and (C) 

POPC bilayer treated with AH peptide, before (top panel) and after (bottom panel) 
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incubation with fluorescein-labeled BSA.  Fluorescein-labeled BSA (0.05 mg/ml) was 

injected and incubated for ~ 15 min. Then, it was followed by Tris buffer washing to remove 

any unbound BSA. Each set of images was normalized by subtracting from background 

fluorescence intensity values. Each scale bar indicates 20 µm. (B) Percentage of average 

fluorescence intensity increments after the BSA treatment. 

 

In both cases, protein adsorption was minimal and is consistent with AH peptide-

mediated vesicle rupture leading to localized SLB formation, which in turn 

improves the completeness of the SLB platform as a whole. As a control, BSA 

adsorption onto the bare glass substrate was also tested and, as expected, there was 

a significantly larger amount of adsorbed protein. There was a greater than 30-fold 

reduction in adsorbed proteins to the SLBs versus the glass substrate, verifying that 

AH peptide treatment preserves the anti-biofouling properties of zwitterionic 

SLBs (Figure 4. 6B). The collective set of measurement data indicates that AH 

peptide-mediated SLB repair acts via converting adsorbed, unruptured vesicles into 

SLB fragments that fill in the defect sites (i.e., the sites of previously unruptured 

vesicles), leading to a complete and homogenous SLB platform. 

 

 

4.2.8. Vesicle size dependent SLB formation and repair 

 

The repair ability of AH peptide was further tested for supported lipid bilayers 

formed using a broad range of lipid vesicles sizes ranging from ~90 to ~800 nm. 

Smaller vesicles with a diameter less than 100 nm were previously demonstrated to 

rupture and form an essentially complete bilayer whereas larger vesicles tend to 

form mixed layers of SLB fragments with a high number of entrapped vesicles24. 

Here, we focus our attention on addition of AH peptide after vesicle adsorption and 

monitored the corresponding changes in the kinetics of vesicle rupture upon the 

addition of AH peptide for different vesicle sizes. In order to explore more detailed 
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effects of differently sized vesicles on AH peptide mediated repair, adsorption 

kinetic profiles from QCM-D measurements were set to zero after the initial vesicle 

adsorption and fusion step and subsequent rinsing in buffer (Figure 4. 7).  

 

 

Figure 4. 7  Influence of vesicle size on AH peptide-mediated SLB repair. Kinetic 

profiles of repairing on various sizes of vesicles were monitored by QCM-D. After the 

rupture of each different size of vesicles, (A) changes in resonant frequency and (B) energy 

dissipation at third overtone were normalized at t = 0 min. Arrows indicate injection of AH 

peptide. 

 

It was shown that the kinetics of AH peptide mediated repairing occurs in a vesicle 

size-dependent manner, displaying a trend in terms of f and D increasing from 

~2.4 to ~20 Hz and ~0.3×10-6 to ~11×10-6, respectively, for vesicles increasing in 

size from ca. 91.1 nm to 785.6 nm (Figure 4. 7 and Table 4. 1).  
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Table 4. 1  Summary table for supported lipid bilayer repair mediated by AH peptide. 

Initial/final changes in resonance frequency and energy dissipation at third overtone before 

and after the repair are reported as a function of extrusion filter size. To note that each 

subscript value 1 indicates before the repair while the value 2 corresponds to the final kinetic 

values after the repair. The numbers with asterisk indicate how many times vesicle 

containing solutions were passed through the extrusion membrane filters. 

 

 

The trend of increasing frequency and dissipation shifts with larger vesicle sizes is 

attributed to both the number of unruptured vesicles which tends to increase with 

vesicle size as well as the size of individual vesicles which leads to a greater 

response per vesicle upon AH peptide-mediated rupture. Indeed, the measurement 

signatures are interpreted as a direct consequence of efficient AH peptide-induced 

rupture of vesicles trapped in the initially formed SLB. Thus, it was demonstrated 

that the AH peptide can act as a broadly applicable repair agent of trapped vesicles 

even in unfavorable conditions for SLB formation. 

 

4.2.9. SLB repair pathway 

 

To gain further insight into the repair process, the vesicle size-dependent repair 

mediated by AH peptide was imaged (Figure 4. 8A-C), and the corresponding 
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numbers of unruptured vesicles before and after repair were estimated based on a 

fluorescence threshold (Figure 4. 8D). 

 

Figure 4. 8 Time-lapse fluorescence micrographs of AH peptide-mediated SLB 

repair. (A-C) Fluorescence micrographs of bilayer repair process as a function of vesicle 

size. Scale bars indicate 20 µm. (D) Number of unruptured vesicles before and after AH 

peptide treatment. 

 

Three different SLBs formed using various sizes of vesicles showed distinctive 

characteristics. For the case of ~ 90 nm (Figure 4. 8A), a much lower number of 

unruptured vesicles was observed compared to the other bilayers formed using 

larger sizes of vesicles. This is consistent with previously reported findings that 

smaller vesicles easily rupture to form a relatively complete bilayer, while larger 

vesicles tend to form a mixed layer of SLB and intact vesicles47. Regardless of the 

size of vesicles used to form the bilayer, all three cases investigated (91.1, 141.6 and 

187.79 nm) resulted in less than ~10 unruptured or trapped vesicles per field of view 

(136×136 m2) on the bilayer after treatment with AH peptide. From the 

fluorescence micrographs, features signaling a structural transformation of the intact 

vesicles upon binding with AH peptide was observed. This experimental finding 

supports the previously reported mechanism32 that vesicle rupture mediated by AH 

peptide is caused by expansion/swelling of intact vesicles, which was here observed 

to include creation of microvilli or finger-like structures on the outer leaflet of the 

vesicles. The kinetic profiles from QCM-D measurements (cf. Figure 4. 4A and 4. 
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5A) are consistent with a structural transformation, although structural details 

cannot be revealed from ensemble averaging data alone. 

 

Figure 4. 9 Physical model of membrane lysis at the critical pore concentration. At 

very low peptide concentrations (c), there is a proportional increase in the amount of bound 

peptide. Above a certain peptide concentration, the bound peptides assemble into pores in 

the lipid membrane. The number of pores in the membrane increases with increasing 

peptide bulk concentration. Above a critical peptide concentration (Ccritical), the number of 

pores in the membrane reaches a sufficiently high density in order to induce membrane lysis. 

Vesicle rupture occurs only at or above Ccritical. The schematic representation is adapted 

from Jackman et al43. 

To complement more of mechanistic discussion on small lipid vesicle lysis via AH 

peptide interaction, following two major points have been reported from the 

literature. First, AH peptide prefers to form pores in highly curved membranes (i.e. 

small unilamellar vesicles) reported by Tabaei et al41. The single vesicle tethered 

experiments revealed that rapid and narrow release profile of the vesicle-

encapsulated dye, which is attributed to pore formation, precedes the release of 

lipids that is induced by membrane destabilization upon vesicle rupturing. This 

suggests an appropriate reasoning to the previously observed structural 

transformation of vesicles, suggesting that the overall vesicle rupture process is 

mainly related to the pore formation step occurring before membrane destabilization 

and eventual lipid release. The initial pore formation likely induces membrane 

destabilization by damaging membrane integrity upon reaching a critical 

concentration of pores. It helps to explain the vesicle size-dependent rupture 
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efficiency observed for supported lipid bilayer repair as shown in Figure 4. 7. 

Secondly, having mentioned the critical concentration of pore as also presented in 

the above figure (Figure 4. 9) showing AH peptide-SUV interaction schematic 

diagram, the vesicle rupture happens once a critical number of pores is formed. As 

AH peptide interacts upon the vesicle, it exerts strains on the membrane which 

eventually leads to rupture via the pore formation process. Regarding pore formation 

rate, the virucidal AH peptide’s pore formation rate increases with decreasing 

vesicle size. This finding well agrees with the observation made in Figure 4. 7 where 

large diameters of vesicles took a longer time to facilitate ruptures of the unruptured 

vesicles trapped on bilayer. 

To note that besides employing foreign materials including AH peptide and other 

antiviral & antimicrobial peptides to promote rupture of the lipid vesicles (liposome), 

there are several other strategies to aid vesicle rupture based on controlling 

experimental parameters. pH-driven SLB formation was reported by Cho et al29 that 

spontaneous vesicle rupture to form self-assembled bilayer on titanium oxide 

surface is achieved under the highly acidic environment (pH 3.5). Specifically, the 

titanium oxide surface’s positive surface charge plays a huge role in promoting 

spontaneous SLB formation through attractive interactions between positively 

charged oxide groups and the slightly negatively charged lipid vesicles. Taken 

together, pH modulations can adjust electrostatic interactions between vesicles and 

titanium oxide shift from repulsive at higher pH to attractive at lower pH promoting 

the SLB formation. Hence, pH-modulation of buffer condition can facilitate the self-

assembly of a lipid bilayer on unfavorable substrate including titanium oxide. 

Inducing a positive osmotic pressure across the vesicle’s bilayer has been reported 

to aid vesicle rupture26. It was reported that positive osmotic pressure promotes the 

rupture of adsorbed vesicles on silicon oxide substrate, while negative osmotic 

pressure facilitates to stabilize the adsorbed vesicles. This finding indicates that the 

modulating ionic strength of buffer used inside and outside of vesicles is one of the 

important factors controlling the adsorption kinetics of adsorbed vesicles forming 

the supported lipid bilayer on the substrate. Another strategy for rupturing adsorbed 



SLB Repair Mediated by AH Peptide  Chapter 4 

88 
 

lipid vesicles is to utilize divalent cations including Mg2+, Ca2+
, and Sr2+ for 

mediating complete rupture of adsorbed vesicles on the substrates51. It was observed 

that the divalent cations promote increased deformation of adsorbed zwitterionic 

lipid vesicles (i.e., phosphatidylcholine lipids) on both titanium oxide and silicon 

oxide surfaces. 

 

4.4. Conclusion 

 

Collectively, the experimental findings and analytical results presented here 

demonstrate a post-assembly repair process mediated by AH peptide allowing the 

generation of a complete and homogenous supported lipid bilayer with somewhat 

reduced but still retained lateral fluidity. This is the first report in which AH peptide 

is reported to repair defects on supported lipid bilayers formed via vesicle fusion, 

demonstrating complete SLBs with a negligible amount of unruptured vesicles. This 

method can be applied to form supported lipid bilayers using large size vesicles 

which typically cause steric hindrance that disrupts complete rupture of absorbed 

vesicles. Although further electrical measurements are needed in order to evaluate 

the insulating properties of AH-treated bilayers, this new SLB repair approach can 

improve the feasibility of supported lipid bilayers as a biosensor platform, 

particularly in cases where high-quality SLBs are needed. It might also be an 

interesting means to form planar supported lipid bilayers from native cell 

membranes, which attracts increased attendance in membrane-protein 

chromatography applications. 
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Chapter 5    

Influence of GUV Membrane Composition on the 

Morphological Responses Induced by an Amphipathic, α-

Helical Peptide 

 

There have been numerous approaches employing giant unilamellar 

vesicles (GUV) composed of purely synthetic lipids as a cell membrane-

mimetic platform to study dynamic membrane morphological responses 

upon interaction with various membrane-active agents. Herein, I 

describe the preparation of GUVs incorporating fractions of human 

liver microsome (HLM) extracts as a biomimetic platform to study the 

interactions between biologically relevant membrane components in 

GUVs and membrane-active agents. In these experiments, I studied the 

interaction between GUVs and an amphipathic, α-helical (AH) peptide 

derived from nonstructural protein (NS5A) of the hepatitis C virus. 

Based on the experimental results obtained at different HLM fractions 

and peptide concentrations, it was determined that HLM-GUVs were 

more resistant to peptide-induced disruption compared to single 

component DOPC-GUVs. Various membrane biophysical responses of 

GUVs were examined by employing spinning disc confocal microscopy 

measurements, conductance measurement studies using tethered 

supported lipid bilayer (tSLB) assembly and kinetics of peptide binding 

onto non-labeled vesicles. The experiment also demonstrates the 

application of tSLB system for bilayer assembly and conductance 

studies in complex lipid mixtures for the first time.  
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5.1. Introduction 

 

AH peptide is sensitive to membrane curvature and ruptures only small vesicles1-2. 

Addition of AH peptide after the formation of supported lipid bilayer on the glass 

or silicon oxide substrates via vesicle fusion method3, un-ruptured vesicles ruptured 

leading to form a complete defect-less lipid bilayer4. This response of the bilayer 

and AH peptide could potentially be developed into a reliable biosensor platform 

for drug-membrane interaction applications5. In order to develop such a platform, a 

thorough understanding of the AH peptide membrane interaction involving 

morphological information and biophysical characterization of the bilayer is 

essential. In this regard, GUVs are a promising model system that has been widely 

explored for membrane-active compounds6-7. 

GUVs have been widely used to study antimicrobial peptides, including AH 

peptide2, melittin8, maginin9, aurein10, mastoparan11, pailiocin12, arenacin-113, 

psacotheasin14 and alamethicin15. The key information obtained from these 

experiments includes pore formations induced by melittin8, mastoparan11, 

pailiocin12 and alamethicin15. In addition, various membrane morphological 

responses were also observed including vesicle shape transformations into prolate 

and connected spheres via a narrow neck induced by magainin9, and membrane 

softening induced by membrane thinning effect from peptide binding16-17. Even 

membrane destabilization leading to vesicle rupture induced by citropin10. Recently, 

Hanson et al. showed that AH peptide induces membrane softening of zwitterionic 

lipid GUVs2. However, how this extends to more complex biologically relevant 

model membranes still remains to be understood. 

One previous study utilizing the supported lipid bilayer platform showed that the 

peptide interacts differentially with synthetic membranes in comparison to 

microsome-based membranes, suggesting the importance of proteinaceous 

components in the peptide-lipid interaction and membrane perturbation18. Small 

unilamellar vesicles are another class of bilayer platform systems that have been 

used extensively for understanding membrane-biomolecule interaction19-21; drug 
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encapsulation and delivery as well as pre-cursors for planar bilayer formation for 

AFM and QCM-D based studies22-23. Despite their wide scale applications, some 

shortcomings such as extraction of cumulative behavior as opposed to single 

membrane interactions, complications due to highly curved membrane structure use 

of SUVs are limited24-26.  So far, the development of microsome - based membranes 

in the GUV format has been mainly limited to membrane protein synthesis and 

incorporation27-28. The potential of applying the GUVs to study membrane-active 

agents, including amphipathic peptides, and corresponding biophysical interactions 

remains unexplored. 

In this chapter, in order to explore membrane interactions of AH peptide against 

more complex biologically relevant membrane compositions, we incorporated liver 

microsome derived from human liver into the bilayer of a giant unilamellar vesicle. 

From the measurements, we find that interactions with of human liver microsome 

(HLM) incorporated into pure DOPC GUVs are significantly different from their 

pure DOPC membrane counterparts. By employing spinning disc confocal 

microscopy measurement technique, changes of vesicle membrane morphologies 

were tracked enabling direct comparisons between GUVs incorporated with and 

without human liver microsome. Comparison of two different concentrations of 

HLM in DOPC revealed that addition of AH peptide has a stabilizing effect on the 

bilayer containing HLM fractions. Further stabilizing effects were analyzed by the 

electrophysiological measurements on tethered supported lipid bilayer (tSLB) 

technique and binding kinetic assessments of fluorescence labeled AH peptide on 

non-labeled GUVs. Taken all together, the presented study demonstrates that the 

interactions of AH peptide with biologically relevant cell-sized model platform 

significantly differs from simple GUV model platforms composed of only synthetic 

lipids. 

 

5.2. Materials & Experimental Methods 

5.2.1. Materials 
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1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Ammonium salt) (Rh-

PE fluorophore) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). 

Human liver microsome pooled from male human liver was purchased from Sigma-

Aldrich (St Louis, MO, USA). Glucose and sucrose were obtained from Sigma-

Aldrich. All solutions were prepared with Milli-Q-treated water (>18 MΩ·cm) 

(Millipore, Billerica, MA). 

 

5.2.2. Giant unilamellar vesicle preparation 

 

Giant unilamellar vesicles (GUVs) were prepared using the electroformation 

method29-30. Stock solutions of lipid mixtures (mol:mol) were prepared at 1 mg/ml 

in chloroform (all lipids were purchased from Avanti Polar Lipids). 20 μL of the 

stock solution were spread onto the ITO-coated glass slides within an area delimited 

by an O-ring and allowed to dry in vacuum for at least 1 hr. Electroformation was 

performed with a 300 mM sucrose solution by using a commercial Vesicle Prep Pro 

(Nanion, Munich, Germany). GUVs were electroformed by applying an AC current 

at 5 Hz, 3 V and at 45°C for 120 min. Then the GUVs were diluted in a 300 mM 

glucose solution for microscopy imaging. Only fresh batch of GUV samples were 

utilized for each experiment. 

 

5.2.3. Human liver microsome-GUV preparation 

 

Human liver microsome incorporated giant unilamellar vesicles (HLM-GUV) were 

prepared using synthetic lipids (DOPC and fluorescence labeled Rh-PE) and 

commercially available human liver extract microsome. HLM-GUV formation was 

conducted based on electroformation method of incorporating membrane proteins 

by Fenz et al28. Briefly, 20 µL of DOPC (20 µg) dissolved in chloroform was 
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deposited onto ITO coated glass slides and completely dried in vacuum for at least 

1 hr. Then, for the actual GUV electroformation involving HLM incorporation was 

conducted by first depositing 2 µL of HLM (stock concentration was 0.5 mg/ml 

diluted in 300 mM of sucrose for 5% HLM-GUV) sample onto the area of dried 

lipid film. Lastly, 300 mM sucrose solution was utilized as a re-hydrating buffer 

solution for 2 hr of electroformation. During the electroformaiton, regular AC 

current at 5 Hz and 3 V was applied. HLM-GUV sample was collected and used 

immediately for the fluorescence microscopy measurements. 

 

5.2.4. Spinning disc confocal microscopy measurements 

 

Spinning disk confocal microscopy measurements were employed using an inverted 

Eclipse Ti-U microscope (Nikon) combined with X-Light spinning-disk confocal 

unit (CrestOptics, Italy) and an Andor iXon+ EMCCD camera (Andor Technology, 

Northern Ireland). For measurements, 60× oil immersion objective lens (NA 1.49) 

was employed, and Rh-DOPE (Excitation/Emission: 560/583) was exposed with a 

50 mW 561 laser line. At least 5 vesicle samples were imaged for each experimental 

trial. 

 

5.2.5. AH peptide preparation 

 

The amphipathic, α-helical (AH) peptide was synthesized by Anaspec Corporation 

(San Jose, CA). The amino acid sequence of AH peptide is H-Ser-Gly-Ser-Trp-Leu-

Arg-Asp-Val-Trp-Asp-Trp-Ile-Cys-Thr-Val-Leu-Thr-Asp-Phe-Lys-Thr-Trp-Leu-

Gln-Ser-Lys-Leu-Asp-Tyr-Lys-Asp-NH2. The peptide was prepared and diluted in 

300 mM of glucose solution before the measurements. 
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5.2.6. Tethered Supported Lipid Bilayer  

 

The changes in the membrane permeability from the result of addition of AH peptide 

were confirmed by measuring the conductance of bilayer using tethered Supported 

Lipid Bilayers obtained from SDX Tethered Membranes device (Australia).   

 

 

5.3. Principal Outcomes 

5.3.1. Concentration-dependent effects of AH peptide against HLM-absent 

Vesicles 

 

To explore the effects of AH peptide on single lipid composition of GUV, DOPC-

GUVs doped with 1 mol% of Rhodamine labeled lipid (Rh-PE) were employed for 

monitoring AH peptide-membrane interactions against various concentrations of 

AH peptide. Similar studies were conducted by Hanson et al2 specifically using AH 

peptide on zwitterionic POPC GUVs, however the effect of various concentrations 

of AH peptide were not thoroughly explored. Here, we tested four different 

concentrations of AH peptide to investigate the effect of the amount of AH peptide 

on vesicles (10-30 µm diameters). 

First, 0.5 µM of AH peptide was administered into a well containing DOPC-GUV 

sample solution. Following figure (Figure 5. 1) presents time-lapse micrographs of 

selected vesicle undergoing morphological changes after the injection of 0.5µM 

peptide. 
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Figure 5. 1  Morphological changes induced by the addition of 0.5 µM AH peptide. 

Spinning disc confocal microscopy images of GUVs consisting of DOPC doped with 

Rho-DPPE upon incubation with 0.5 µM AH peptide in 300 mM glucose. Each labeled 

time corresponds to the peptide injection time. Scale bar represents 10 µm. 

As presented in the recorded micrographs (Figure 5. 1), injection of AH peptide 

initially caused some membrane deformation (Fig 5.1, at 18, 26 min) where the 

spherical membrane became flaccid. However, the vesicle retained its spherical 

geometry after about half an hour and remained spherical for several minutes more 

than an hour (data not shown).   

When the amount of AH peptide is increased to 1µM, the bilayer did not show any 

visible deformations. However, after half an hour of peptide injection, the vesicles 

collapsed (Fig 5.2). Upon further increase in AH peptide concentration to 2.5 µM, 

the vesicle collapsed in less than half an hour (in about 20 minutes) as shown in Fig 

5. 3. Finally an increase to 5 µM of AH peptide, the vesicles started bursting at 13 

minutes. These observations show that addition of AH peptide to pure DOPC 

membrane cause membrane instability in a concentration dependent manner. 
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Figure 5. 2  DOPC-GUV collapse induced by the interaction with 1 µM AH peptide. 

Fluorescence micrographs were captured by SDCM measurements. Each indicated time 

scale corresponds to the peptide injection time. Scale bar is 10 µm.  

 
 

Figure 5. 3  GUV collapse induced by 2.5 µM AH peptide interaction. Fluorescence 

micrographs were captured by SDCM measurements. Note that each indicated time scale 

corresponds to the AH peptide injection time. Scale bar represents 10 µm. 
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Figure 5. 4  GUV collapse induced by 5 µM AH peptide interaction. Fluorescence 

micrographs were recorded by SDCM measurements. Note that each indicated time scale 

corresponds to the peptide injection time. Scale bar indicates 10 µm. 

Next effect of AH peptide on GUVs made from a mixture of DOPC and Human 

Liver Microsome membranes were investigated as described in the next section 

(Section 5.3.2) 

 

5.3.2. HLM concentration effect of against AH peptide (1% and 5% HLM) 

 

In order to explore effects of AH peptide on HLM membranes, human liver 

microsome (HLM) containing GUVs were prepared. The formation of GUVs using 

electroformation was challenging even at concentrations as low as 5%. As a result, 

GUVs with compositions, one containing 1% HLM in DOPC and the second 

containing 5% HLM in DOPC were investigated. First set of HLM-GUV was 1 mol % 

and the other amount was 5 mol %.  
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Figure 5. 5  Membrane fluctuation of 1% HLM-GUV induced by the introduction 

of 0.5 µM AH peptide. Spinning disc confocal microscopy images of GUVs consisting 

of 1 mol % of HLM, 98 mol % of DOPC doped with 1 mol % of Rho-B DPPE upon 

interaction with 0.5 µM AH peptide in 300 mM glucose. Each labeled time corresponds 

to the peptide injection time. Scale bar indicates 10 µm. 

Interaction between 0.5 µM of AH peptide and 1% HLM-GUV (presented in Figure 

5. 5) resulted in membrane fluctuation behavior which was also similar to the 

observed behavior of DOPC-GUV interacting with 0.5 µM of AH peptide. As it was 

observed in DOPC-GUV case, the fluctuating membrane came back to its normal 

tense spherical shape state after going through approximately 10 minutes, 1% HLM 

containing GUVs showed a similar trend. The HLM-GUVs however did not deform 

as much as the pure DOPC vesicles upon addition of AH peptide. 
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Figure 5. 6  Morphological changes of 1% HLM-GUV induced by the interaction 

with 1 µM AH peptide. Fluorescence micrographs were captured by SDCM 

measurements. Each indicated time scale corresponds to the peptide injection time. Scale 

bar represents 10 µm. 

When the amount of AH peptide was increased to 1 µM, HLM containing GUVs 

did not rupture for more than an hour unlike the pure DOPC vesicles where the 

vesicles ruptured in about 37 minutes as shown in Figure 5. 2. The addition of HLM 

to DOPC stabilized membrane against AH peptide addition for this composition. 

Upon further increase in AH peptide concentration to 2.5 and 5 µM the vesicles 

rupture time was not significantly different from that of pure DOPC vesicles. For 

2.5 µM, the vesicles ruptured at 14 minutes after the induction of AH whereas for 5 

µM the rupture time was around 16 min.  
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Figure 5. 7 1% HLM-GUV collapse induced by 2.5 µM AH peptide interaction. 

Fluorescence micrographs were captured by SDCM measurements. Note that each 

indicated time scale corresponds to the AH peptide injection time. Scale bar is 10 µm. 

 

Figure 5. 8  1% HLM-GUV collapse induced by 5 µM AH peptide. Fluorescence 

micrographs were captured by SDCM measurements. Note that each indicated time scale 

corresponds to the peptide injection time. Scale bar indicates 10 µm. 
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Next, we increased the amount of HLM to 5%. GUVs containing 5% HLM were 

subjected to the same experimental conditions as for pure DOPC and 1% HLM-

DOPC lipid mixtures. From the recorded time scales of each event, it indicates that 

higher concentrations of AH peptide reduce the membrane stability as the 

concentration of HLM is increased. From the fluorescence micrographs as shown in 

the below Figure 5. 9, it is observed that addition of small amount of peptide (0.5 

µM) did not affect membrane stability significantly. At a slightly higher 

concentration (1 µM), the stability increases almost in a HLM concentration 

dependent manner. At the highest HLM concentration of 5 %, the vesicles were 

intact for more than 90 minutes. The trend, however, reverses at higher AH peptide 

concentrations where the vesicles containing 5 µM HLM ruptured fastest at a 

maximum of 5 µM of AH peptide used in the current study.   

 

 

Figure 5. 9  Interaction between 5% HLM-GUV with 0.5 µM AH peptide. Spinning 

disc confocal microscopy images of GUVs consisting of 5 mol % of HLM, 98 mol % of 

DOPC doped with 1mol % of Rho-B DPPE upon interaction with 0.5µM AH peptide in 

300mM glucose. Each labeled time corresponds to the peptide injection time. Scale bar 

is 10 µm. 
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 Figure 5. 10  Monitoring an interaction between 5% HLM-GUV and 1 µM AH 

peptide. Fluorescence micrographs were captured by SDCM measurements. Each 

indicated time scale corresponds to the AH peptide injection time. Scale bar indicates 10 

µm. 
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Figure 5. 11  Vesicular collapse of 5% HLM-GUV induced by 2.5 µM AH peptide. 

Fluorescence micrographs were captured by SDCM measurements. Note that each 

indicated time scale corresponds to the AH peptide injection time. Scale bar is 10 µm. 

 

Figure 5. 12  Collapse of 5% HLM-GUV induced by injection of 5 µM AH peptide. 

Fluorescence micrographs were captured by SDCM measurements. Note that each 

indicated time scale corresponds to the AH peptide injection time. Scale bar represents 

10 µm. 

Even though these time-scales are not absolute values for each GUV measurement, 

the time kinetic information can be used as a supportive measure indicating that 

amount of HLM incorporated into bilayers of GUV prevented or delayed membrane 

deformation. The details of the fluorescence assay in presented in the next section. 

 

Circularity of vesicles 

As mentioned in the above discussion, smaller amount of AH peptide induced 

deformation of vesicles. We measured the circularity of the vesicles for each of the 

three cases of bilayers containing 0%, 1% and 5% of HLM. The amount of 

deformation upon addition of 0.5 µM of AH peptide was measured using ImageJ 
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program’s roundness measurement. Here the vesicle edge is detected and the values 

are obtained through the ImageJ software’s inbuilt based on fluorescence intensity 

threshold and contrast measurement algorithm that calculates the circularity of 

selected object. The results are shown in the following Figure 5. 13. For a perfect 

circle, the value of circularity is 1. As seen from the figure, the vesicles with 1% 

and 5% HLM membranes do not show a significant deviation from 1 upon addition 

of the peptide. DOPC vesicle however, is only 40% circular upon addition of AH 

peptide. This indicates that addition of small amounts HLM inhibits membrane 

deformation upon addition of peptide. 

 

 

Figure 5. 13  AH peptide induces shapte deformations of vesicles. Circularity of 

monitoring vesicles were measured based on roundness measurements using ImageJ 

software. 
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5.3.3. Membrane stabilization by HLM against peptide interaction 

 

Adsorption of AH peptide on GUVs was examined by adding fluorescently labeled 

AH peptide (TAMRA-AH) in unlabeled GUVs made of three different 

concentrations of HLM 0%, 1% and 5% in DOPC lipid (see below Figure 5. 14). 

The TAMRA-AH peptide adsorbs well on the GUV surface and can be visualized 

by observing the increase in the intensity of the initially non-fluorescence vesicles. 

For this, the average intensity of the vesicle is obtained within ROI at t = 0. Keeping 

the same ROI, the average intensity as a function of time is calculated for each 

vesicle. At least 10 vesicles of radius up to 20 microns were used to obtain statistical 

data. Each vesicle-intensity is also background subtracted and normalized to the 

initial intensity. From the plot, if the saturation point is taken, as the point after 

which there was not any changes in the intensity of the GUV membrane boundary, 

the following observations can be made (see Figure 5. 14C). For GUVs made from 

pure synthetic DOPC lipid, the intensity of the vesicles increases throughout the 

experiment. However, the rate of change of intensity is much slower after about 40 

min. Up to 40 minutes the intensity increases almost linearly at a rate 0.164. If total 

intensity of fully adsorbed peptide is 1, where every lipid is interacting with AH 

peptide, one can see that about 70% of AH peptide is interacting with DOPC lipid 

of the GUV. As the amount of HLM is increased to 1%, the increase in the intensity 

shows multiple regions. Initially the intensity increases linearly at the rate of 0.07 

for about 20 minutes. After 20 mins, the increase in the intensity is not linear for up 

to 60 minutes. The intensity stabilizes after 60 min. For 1% HLM case, the total 

intensity is around 50% when no further increase in intensity is observed. In 

comparison to pure DOPC, the adsorption of AH peptide is much lower in 1% HLM 

membranes. This further lowers to 38% for 5% HLM-GUV case. The increase in 

the intensity was also non-linear at an overall rate of 0.05 indicating that addition of 

HLM reduces AH-membrane interaction in a concentration dependent manner.  
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Figure 5. 14  Adsorption kinetic measurements using fluorescence labeled AH peptide 

against HLM containing and non-containing GUVs. (A) TAMRA-AH peptide was 

utilized to monitor adsorption kinetics with 0%, 1% and 5% HLM-GUV platforms. Scale 

bars indicate 10 µm. (B) From each corresponding time-lapse image from TAMRA-AH 

interaction measurements, average fluorescence intensities of each monitored vesicle were 

normalized to the initial values and plotted. (C) End point values of normalized fluorescence 

intensities of three GUV platforms were plotted.   

 

From the florescent data (Figure 5. 14), it is observed that AH peptide adsorbs 

differently on bilayers of varying HLM concentration. To understand the membrane 

behavior upon the addition of HLM to membrane before and after the addition of 

AH peptide, electrical impedance measurements were performed. The primary 

motivation of this study was to check if membrane becomes leakier when HLM is 
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included and subsequently subjected to AH peptide interaction. We utilized 2.5 and 

5µm of AH peptide on 1% and 5% HLM membranes. For this study, tethered bilayer 

membrane platform was employed where the tethered supported lipid bilayer 

membrane was formed using the kit provided from SDx Tethered Membranes.  

 

Figure 5. 15  Initial quality of tethered lipid bilayer (tLB) using 0%, 1% and 5% of 

HLM. Stabilized (A) conductance and (B) capacitance values of formed tLBs were 

measured and plotted.  

Tethered membranes are lipid bilayers that are used as model cell membranes for a 

wide range of biophysical and physiological research. Here, a tethering foundation 

is chemically attached to a thin gold film that acts as an inert base and electrode. 

Bilayer can be formed on this substrate through solvent exchange technique31. 

Specifically, lipids are initially dissolved in ethanol and incubated for about 5 

minutes. The ethanol is quickly exchanged with the buffer of choice which leads to 

the formation of stable supported bilayer. Using this technology, membrane 

capacitance and conductance values can be measured as shown in the above Figure 

5. 15. tSLB platform has been widely used in ion channel, toxin and membrane 

studies using electrical and fluorescent data32-34. 

 

The plots of conductance and capacitance as a function of time for bilayers 

containing varying amounts of HLM are shown in Figures 5.15. The conductance 
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of membranes with HLM and without HLM is not significantly different before the 

addition of peptide. After the addition of 2.5 µM of AH peptide, the conductance of 

the membrane increases with increase in HLM concentration. The capacitance 

however decreases with HLM concentration. Increasing the amount of AH peptide 

to 5% shows the conductance increases almost linearly for both 1% and 5% HLM 

containing bilayers. The capacitance however decreases with concentration of HLM. 

 

 

Figure 5. 16  Impedance spectroscopy measurements on varied HLM amount in 

tSLB platforms after the addition of AH peptide. Conductance and capacitance 

measurements before and after the additions of (A) 2.5 µM and (B) 5 µM of AH peptide 

were recorded. 
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5.4. Discussion 

 

From the florescence measurement studies of GUVs in the result section (Figure 5. 

14), two regions can be extracted. At lower concentrations of AH peptide (up to 1 

µM), HLM membranes become more stable with the increased in stability as amount 

of HLM increases. At 2.5 and 5 µM of AH, the membrane is highly unstable and 

ruptures. Comparing the results obtained from the impedance measurements (Figure 

5. 16), the membrane capacitance increases upon the addition of AH peptide to 1% 

and32 5% HLM bilayers. If bilayer is considered as a parallel plate capacitor, the 

thickness of the hydrocarbon chain region of the bilayer is inversely proportional to 

the capacitance35. Based on this, the following observations can be made: a) each 

bilayer is thinning over time upon the addition of AH peptide. The rate of thinning 

of pure DOPC membrane being fastest in both 2.5 and 5 µM AH peptide. b) At any 

given time after the addition of AH peptide, HLM containing membranes are thicker 

than pure DOPC membrane. c) The behavior of membranes with concentration for 

AH peptide is not linear. d) In all the membranes addition of AH peptide increases 

the conductivity. 

First, we will look at pure DOPC membranes. When 2.5 µM AH peptide is added, 

the membrane becomes thinner (showing higher capacitance) as shown in Figure 5. 

16A, while presence of HLM does not seem to alter the thickness of the bilayer. 

This is depicted as similar changes in capacitance upon addition of 2.5 µM AH 

peptide to HLM bilayers and the control experiment on DOPC bilayers as well. The 

addition of 5% AH peptide however causes a dramatic increase in capacitance of 

the control DOPC bilayer indicating a faster rate of membrane thinning as shown in 

Figure 5. 16B. On the other hand, HLM containing membrane shows stable thinning, 

highly similar with the 2.5 µM AH peptide addition case. It has been previously 

shown that peptides can cause membrane thinning in supported bilayer systems36. 

Drawing parallels from the systems in literature, one possible explanation is that 

upon the interaction with the peptide the head groups of lipids become spread, 

forcing the hydrocarbon chains to reorganize to fill the space which causes 
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membrane thinning, and reduction in dielectric barrier thereby increasing the 

conductance. This result explains the instability of pure DOPC bilayer upon addition 

of AH peptide as observed in the florescence experiments. Since the membrane is 

thinning at a faster rate at higher concentrations of AH peptide, the membrane 

becomes leakier eventually disintegrating as confirmed by both capacitance and 

fluorescence measurements. 

Next, we investigated the conductance behavior of the three different membrane 

compositions as presented in Figure 5. 16. Comparing the rate of change of 

conductance of bilayers upon addition of 2.5 µM AH peptide with 5 µM AH peptide 

case, the following observations can be made: a) The conductivity increases with 

increase in peptide concentration, and b) the presence of HLM vary conductance in 

a concentration (of HLM) dependent manner.  

The increase in conductivity indicates an increase in membrane permeability, which 

could be due to either membrane thinning, the presence of defects, or the presence 

of pores in the membrane. Addition of lower concentration of peptide although not 

altering the membrane thickness, it increases the conductance as shown in Figure 5. 

16A. This could be attributed to the interaction of AH peptide with HLM in the 

bilayer, presumably because AH peptide binding can induce membrane thinning 

through its intercalation in the lipid bilayer or cause pore formation—either scenario 

is consistent with the observed increase in conductance37-38. These defects are more 

pronounced as the amount of HLM is increased to 5% as presented in Figure 5. 16B. 

Further, as HLM is increased to 5 %, the defects increased significantly upon the 

addition of higher amount of AH peptide indicating that AH peptide interacts with 

HLM. Lastly, it is worth noting that at higher AH peptide concentration (see Figure 

5. 16B), HLM containing membranes are thicker than the membranes composed of 

pure synthetic DOPC lipid. 

These observations indicate that AH peptide causes instability in bilayers. The 

instability can be caused by two factors that are not synergistic. AH peptide causes 

membrane thinning in pure DOPC membranes and makes them unstable. However, 
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in the presence of HLM, the membrane thinning is not a significant factor, but the 

instability is caused due to defects created upon interaction with HLM in the bilayer. 

Both conductance and capacitance measurements support observations made using 

fluorescence studies. One possible application of such mixed lipid membrane 

systems is in therapeutic applications. We have previously shown that AH peptide 

interacts differently with Huh 7 cell line, which is a human liver tumor derived cell 

line, in comparison to the synthetic lipid bilayers18. In these studies, it was observed 

that AH peptide binding (adsorption) was stronger in the case of Huh 7 cells. The 

study suggested the development of AH binding inhibitors for potential clinical 

applications. In this thesis, it has been shown that the incorporation of small amounts 

of HLM can potentially disrupt peptide adsorption onto lipid membranes in line with 

the suggestions.  

Finally, we investigated the adsorption efficiency of AH peptide on HLM 

membranes as shown in Figure 5. 14. For this purpose, we investigated dye 

adsorption kinetics by employing 5 µM of TAMRA dye labeled AH peptide. The 

amount of TAMRA-AH adsorbed on bilayer of GUVs was measured with time, 

from which the adsorption reaction order and reaction constant is evaluated. For the 

given experimental conditions, following approximations can be made: first, the 

concentration of the adsorbate (TAMRA-AH) does not change in the bulk solution 

throughout the experiment. In other words, the measurements were recorded in 

equilibrium conditions, and the measured fluorescence intensities are directly 

proportional to the concentration of peptide. Second, the temperature for all the 

experiments is kept constant. Lastly, since the size of GUVs is too large to be 

assumed as a small spherical model, the assumption was made that the model 

platform is an infinite bilayer  
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Figure 5. 17  Adsorption kinetics of AH peptide binding to GUVs based on pseudo-

first-order reaction showing linear relationship over measured time. Based on the 

changes in fluoroscence intensity measurments from the different GUV platforms 

including 0 %, 1 % and 5 % HLM upon the addition of 5 µM of TAMRA dye labeled 

AH peptide, the relative linear fitting of adsorption points were plotted. 

From the Figure 5. 17, our initial attempt was to test a simple pseudo first order 

adsorption reaction model. Adsorption reaction models originate from chemical 

kinetics and are modeled as a pseudo first-order system. The rate of fluorescent 

intensity changes upon addition of TAMRA-AH peptide based on the adsorption 

capacity can be given as: 

d𝐼𝑡 

dt
= 𝑘 (𝐼𝑚𝑎𝑥 −  𝐼𝑡 ) 

Where, 𝐼𝑡 is the intensity at any given time t on the vesicle arising from adsorption 

of TAMRA-AH on vesicle, 𝐼𝑚𝑎𝑥  is the amount of TAMRA-AH adsorbed at 

equilibrium and k is the first order rate constant. From the initial conditions when 

the intensity on the vesicle is 0 (It =0 at  t = 0), the above equation can be written as  

ln(𝐼𝑚𝑎𝑥 −  𝐼𝑡 ) = ln(𝐼𝑚𝑎𝑥) − 𝑘𝑡 
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Plotting   [
𝑙𝑛(𝐼𝑚𝑎𝑥− 𝐼𝑡 )

ln(𝐼𝑚𝑎𝑥)
] against the time t and fitting a linear plot will give the rate 

constant from slope. The values of the rate constants (slope) for pure DOPC bilayer, 

1% and 5% of HLM membranes are 0.06 min-1, 0.02 min-1 and 0.01 min-1, 

respectively. Each linear fitting resulted in R-square values of 0.98, 0.97 and 0.98, 

respectively for 0%, 1% and 5% of HLM. The intercept values are -0.07, -0.1 and -

0.2, respectively. The intercept values are close to zero indicating that the first order 

approximation is valid for the current study. From the rate constants, it is evident 

that TAMRA-AH adsorbs on pure DOPC membranes faster than in the case of 

HLM–DOPC membranes. The interaction however is significantly reduced for 

higher HLM membrane (5% HLM). As observed in the impedance studies, addition 

of HLM increases the thickness of the bilayer when subjected to AH peptide. From 

the adsorption kinetic studies, it is observed that higher HLM containing membranes 

also inhibits AH adsorption on the membrane. From these observations, one can 

safely conclude that membrane can be stabilized with the inclusion of small amount 

of HLM into pure DOPC lipid bilayers. At higher concentrations of HLM, the 

behavior is rather complex. On one hand, the conductivity measurements show a 

significant increase in the conductivity that is usually ascertained to defects and 

pores or membrane thinning while the adsorption kinetic result shows less 

adsorption upon increase in the amount of HLM. Hence, the effects of HLM on 

membrane-peptide interactions exhibit a strong dependence on HLM fraction and 

corresponding membrane structural properties (e.g., permeability/molecular 

packing).    

 

5.5. Conclusion 

 

In conclusion, in this chapter, we investigated the interaction of AH peptide with a 

natural membrane extract in artificial bilayer systems. We show that artificial 

membrane bilayer assemblies can be formed using small amounts of HLM 

membrane into DOPC lipids. Further, both adsorption kinetics and impedance 
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spectroscopy show significant effects of addition of HLM to pure DOPC membrane 

when interacting with AH peptide. Addition of HLM causes membrane thickening 

and less binding of AH peptide to the vesicles. These results show promising 

applications of blending natural and synthetic lipid mixtures in GUV platforms in 

order to study interactions involving biomacromolecules such as amphipathic 

peptides and higher-order protein assemblies (e.g., membrane attack complex). 

Indeed, the above experiments emphasize the importance of natural extracts for 

biophysical studies which are otherwise performed on simple one component/two 

component synthetic lipid mixtures. In future, investigation of the impedance 

properties and relation to the binding behavior of AH peptide and other membrane-

active compounds will be explored in detail. 
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Chapter 6    

Controlling Membrane Compartmentation via Glycerol 

Monoglyceride-Induced Fission and Fusion 

 

In an effort to reveal evolution of phospholipid membranes from early 

cells, single-chain lipids including fatty acids have been gaining 

attentions. There have been several studies employing giant unilamellar 

vesicles (GUV) as a cell membrane-mimetic platform to observe 

interactions against various fatty acids. Herein, I present an 

experimental study of interaction between GUVs and glycerol 

monolaurate (GML) which has never been utilized with GUV model 

platforms. Based on the experimental results acquired with both 

micellar and monomeric states of GML, vesicle fission and fusion 

behaviors were observed from confocal fluorescence microscopy time-

lapse measurements regardless of GUV lipid compositions. In contrast, 

structurally similar compounds such as 1-O-dodecyl-rac-glycerol 

(DDG) did not show any fusion or fission behaviors in both high and 

low concentrations. The presented results can provide important cue for 

further understanding the molecular evolution of cellular membrane 

from single-chain fatty acids to modern phospholipids.  
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6.1. Introduction 

 

It is most likely presumed that the very first cellular membranes were risen from 

single-chain lipids including single or triple glycerides and their derivatives which 

have been already existed in the prebiotic environment1-4. Simple lipid chains 

comprise cellular membranes which are highly permeable to nucleotides 

representing dynamic features of spontaneous division processes leading to cell 

growth5-7. It has been reported that the modern cells synthesize phospholipids, 

which is a key building block of membrane, with having hydrophobic tails in a 

prevention of unregulated influx of materials including ions and any polar 

molecules8-11. In this way, the cell metabolic processes can be regulated through 

controlling of influx and efflux of essential cellular nutrients. Therefore, cell 

membranes have been evolved from a simple membrane consisted of single chain 

lipids to a more complex one composed of phospholipids to have more efficiently 

regulations over membrane transportation systems12-15. The evolution or simply a 

transition from single lipid-chains or fatty acids evolved into phospholipids can lead 

us significant insights of origin of life, a very beginning model of cell. 

It has been reported that glycerol esters are able to self-assemble into bilayer 

forms16-18. Since the glycerol head group does react with hydrogen ions, glycerol 

esters or monoglycerides can be spontaneously formed into bilayer forms at various 

ranges of pH4. In contrast, depending on melting points, most fatty acids do not 

spontaneously form into bilayered vesicle at low pH ranges. Even though there is 

no direct evidence that the monoglycerides were found in the pre-biotic environment, 

it is presumed that the monoglycerides were synthesized from the esterification of 

natural carboxylic acids3. This also lead us to take it as a first step of chemical 

evolution transiting from simple carboxylic form of molecules into self-assembled 

amphiphiles. The resistant feature of monoglycerides against various ranges of pH 

strongly supports that the natural esterification was conducted for the better 

evolution19. In addition, most phospholipids share the same glycerol backbone with 

esterified fatty acids20. 
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Among many, compartmentalization is the most essential stage in forming the very 

first cells or protocells in the evolution period of prebiotic chemical environment21-

25. As briefly mentioned above, it is important to note that the building blocks of 

modern cellular membranes, phospholipids, utilize glycerol as a main backbone 

structure. This indicates that the ester bond of glycerol has been the one of the strong 

candidates responsible for the evolution that has led into current form of 

phospholipid layers26. In fact, Simoneit et al reported that the monoglycerides were 

able to spontaneously assemble into membrane like structures featuring multi-

lamellarity along with budding of small liposomes26. In addition, it is importantly to 

note that C-10 and C-12 monoglycerides have been reported to self-assemble into 

vesicle format which are originally budded from multilamellar structures, but any 

longer carbon chains of monoglycerides have not been observed to form any 

spontaneously produced liposomes27. 

Among various cell membrane mimetic model platforms as listed in Chapter 2 

(Literature Review) to study interactions between foreign materials at the cellular 

membrane interface, giant unilamellar vesicle (GUV) is the only model platform 

that can provide microscopy optical resolution of morphological dynamics allowing 

one to observe new changes which is not achievable with small unilamellar vesicles 

or lipid bilayer platforms28-30. In fact, numerous new findings have been reported 

employing the GUV platforms against fatty acids or their derivatives. Some of the 

representative key information obtained from the reported studies includes vesicle 

fission behavior induced by lysophosphatidylcholine (lyso PC 16:0)31-32 and sodium 

dodecyl sulfate (SDS)31, octylglucoside31,  shape transformations induced by lyso 

PC 16:031, burst of vesicles caused by oleic acid33 and tea catechin (EGCg)34, and 

vesicle budding, invagination and evagination phenomena were observed from 

various concentrations of oleic acid33, 35. However, among the listed fatty acids, 

monoglycerides surprisingly never have been tested against GUV model platforms, 

albeit it is one of the key materials that can lead us to reveal the cellular membrane 

origins. Hence, it is necessary to conduct experimental study to observe the 

interactions between GUVs with single-chain monoglycerides. 
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 In this chapter, in order to study membrane interactions of various single 

monoglycerides including glycerol monolaurate (GML), 1-O-dodecyl-rac-glycerol 

(DDG) and lauric acid against cell sized GUV model membrane platforms, 20-30 

µm diameters of GUVs were employed. From the experiments based on confocal 

fluorescence microscopy measurements, we find that interactions with the single 

monoglycerides induced significant changes of vesicle morphology including the 

first time reporting of fission and fusion behaviors based on critical micelle 

concentration (CMC) effects of GML. Hence, exact assessment of micelle forming 

concentrations of each tested single chain monoglycerides were measured by 

fluorescence spectroscopy. Further quantitative analyses were conducted by 

obtaining changes of membrane stiffness and vesicle area derived from recorded 

fluorescence micrographs. Taken together, the presented results herein reported 

dynamic membrane morphological responses from the interactions between GUVs 

and monoglycerides which have never been reported. 

 

6.2. Materials & Experimental Methods 

6.2.1. Materials 

 

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

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Ammonium salt) 

(Rhod-PE fluorophore), cholesterol and sphingomyelin were purchased from Avanti 

Polar Lipids, Inc. (Alabaster, AL). Lauric acid, glucose, and sucrose were obtained 

from Sigma-Aldrich (St Louis, MO). Glycerol monolaurate (GML) was obtained 

from Abcam (Cambridge, U.K.), and 1-O-dodecyl-rac-glycerol (DDG) was 

obtained from Angene International Limited. All solutions were prepared with 

Milli-Q-treated water (>18 MΩ·cm) (Millipore, Billerica, MA). 
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6.2.2. Giant unilamellar vesicle electroformation 

 

Giant unilamellar vesicles (GUV) were prepared using the electroformation 

method36. Stock solutions of lipid mixtures based on defined molar ratios were 

prepared at a mass concentration of 1 mg/ml in chloroform. 20 μL of the stock 

solution was spread onto an indium tin oxide (ITO)-coated glass slide within an area 

delimited by an O-ring and the deposited solution was allowed to dry in vacuum for 

at least 1 hr. Electroformation was performed in a 300 mM sucrose solution by using 

a commercial Vesicle Prep Pro instrument (Nanion, Munich, Germany). GUVs were 

spontaneously formed by applying an AC current at 5 Hz, 3 V and at 45°C for 120 

min. Then, the GUVs were diluted in a 300 mM glucose solution for fluorescence 

microscopy imaging. For GUV microscopy imaging experiments, it is a common 

strategy to conduct electroformation of GUVs using sucrose solution37-40. Then, for 

the microscopy imaging purposes, very small amount of GUV solution (e.g. ~ 5 to 

10 µL) is added to a well containing equimolar concentration of glucose solution 

(volume of 200 ~ 300 µL) in order to allow sedimentation of the vesicles to the 

bottom of the well (or imaging chamber) and to facilitate their localization for 

imaging purposes. Hence, due to a different gravity caused by a density gradient 

between sucrose (1.59 g/cm3) and glucose (1.54 g/cm3), GML, lauric acid and DDG 

were all dissolved in glucose solutions to not to disturb equimolar osmolarity 

pressure between inside and outside of GUVs throughout the measurements. Also, 

all employed fatty acids were initially obtained as powder forms which all have to 

be solubilized in the same solution used to image the GUVs. 

 

6.2.3. Sample preparation of single-chain lipid amphiphiles 

 

Stock solutions of GML and DDG were prepared by dissolving the appropriate mass 

of compounds in ethanol to a stock concentration of 200 mM. Before each 

experiment, an aliquot from the stock solution was diluted 1:100 (v:v) with 300 mM 

glucose solution. The concentration of the diluted compound was 5 mM. To increase 
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the solubility of all test samples, the dissolved samples were heated in a 70 °C water 

bath for 30 min and then allowed to cool before experiment. All samples were 

prepared immediately before experiment. 

 

6.2.4. Spinning disc confocal microscopy measurements 

 

Spinning disk confocal microscopy experiments were carried out using an inverted 

Eclipse Ti-U microscope (Nikon) fitted with an X-Light spinning-disk confocal unit 

(CrestOptics, Italy) and an Andor iXon+ EMCCD camera (Andor Technology, 

Northern Ireland). For measurements, a 60× oil immersion objective (NA 1.49) was 

employed and Rhod-DPPE (Ex/Em; 560/583 nm) was exposed with a 50 mW 532 

nm laser line. A minimum of 5 GUVs were imaged for each experimental condition.  

 

6.2.5. Vesicle fluctuation analysis 

 

The bending modulus of GUV membranes were determined by analyzing membrane 

fluctuations from time-lapse recorded fluorescence micrographs. As mentioned in 

Chapter 3, the edge of a GUV was tracked and its motion was analyzed by using a 

previously reported MATLAB code41. From each selected range of micrograph 

slices, the average bending modulus was calculated for further analysis of 

membrane deformations that were induced by the addition of single-chain lipid 

amphiphiles. 

 

6.2.6. Critical micelle concentration measurement 

 

Measurements of critical micelle concentration (CMC) values for the single-chain 

lipid amphiphiles were conducted by employing a Cary Eclipse fluorescence 

spectrophotometer (Varian, Inc., Australia). 1-pyrenecarboxaldehyde in 300 mM 
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glucose solution was used as the probe for measurement of the fluorescence 

emission spectrum. For each prepared concentration of tested sample, 0.1 µM of 

probe was included. The fluorescence spectrum measurements were conducted a 

minimum of six times in order to compute the average value. 

 

6.3. Principle Outcomes & Discussion 

6.3.1. Shape transformation and fission of DOPC GUVs induced by GML 

 

To investigate the effect of glycerol monolaurate (GML) and other related 

molecules on GUVs, rhodamine-doped zwitterionic DOPC GUVs were prepared 

and utilized as a cell membrane model platform. Throughout the measurements, 

spinning disk confocal fluorescence microscopy was employed to track and record 

any morphological changes of GUVs (~ 20-30 µm diameter) against, its fatty acid 

analogue lauric acid, or its ether-version -O-dodecyl-rac-glycerol (DDG). The 

chemical structures of all three compounds are presented in Figure 6. 1. 
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Figure 6. 1  Chemical structures of target antimicrobial lipids.  

 

All three compounds have a saturated 12-carbon long primary alkyl chain as the 

main backbone. Both GML and DDG are attached to a glycerol backbone (a 

precursor component to form glycerophospholipids) via an ester or ether linkage, 

respectively, and are neutral compounds. By contrast, lauric acid has a carboxylic 

acid functional group and is an anionic molecule under typical solution conditions. 

 

 

Figure 6. 2  GML-induced fission of DOPC GUVs. (A) Confocal fluorescence images of 

GUVs consisting of DOPC doped with Rho-B DOPE upon incubation with 200 µM 

glycerol monolaurate (GML) in 300 mM glucose. GUVs contain 300 mM of sucrose. (B) 

Enclosed area of selected GUV (indicated by white arrow in (A)) was measured based on 

image threshold analysis and plotted over time. (C) DOPC-GUV was incubated with 4 mM 
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of lauric acid. Each time corresponds to after the corresponding fatty acid injection time. 

Scale bar represents 20 µm. 

 

In order to explore the interaction effects of GML on GUVs, a relatively high 

concentration of GML was first tested. Upon incubating DOPC-GUVs with 200 µM 

GML, morphological transformations and subsequent vesicle fission behaviors were 

observed in the confocal fluorescence microscopy measurements (Figure 6. 2A). 

Before fission occurred, various shape transformations such as elongated tubes, 

prolate and adjacent spheres connected by a narrow neck, were observed during an 

intermediate phase (Figure 6. 2A). As presented in Figure 6. 2B, the surface area 

changes of a selected GUV were estimated by utilizing a fluorescence intensity 

threshold feature. It was determined that the vesicle went through a cycle of swelling 

and contraction after fission. Even though the initially monitored GUV (see white 

arrow in Figure 6. 2A) twice experienced the vesicle fission process resulting in the 

creation of two smaller daughter vesicles, the area of the selected GUV did not 

appear to significantly differ from the 1st swelling state (30 minutes after the 

interaction). As for control measurements, lauric acid was utilized to investigate 

whether it can also induce similar morphological changes against DOPC GUVs. As 

can be seen in Figure 6. 2C, even at 4 mM concentration of lauric acid, which is 20 

times higher than the GML concentration used to induce fission (Figure 6. 2A), there 

was no induction of any morphological changes of the vesicle throughout the 1 hr 

period of fluorescence microscopy monitoring. Based on this observation, it can be 

concluded that GML exerts significantly more potent effects against DOPC GUVs 

than its fatty acid equivalent. Based on this result, I decided to test lower 

concentrations of GML in order to determine both the minimum GML concentration 

required to induce morphological effects as well as the dependence of the resulting 

morphological responses on the specific GML concentration.  
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Figure 6. 3  GUV swelling and bursting induced by low concentration of GML. (A) 

Confocal fluorescence time-lapse images were recorded for DOPC-GUV upon incubation 

with 12 µM of GML. Each time corresponds to after the GML injection time. Scale bar 

indicates 20 µm. (B) Changes of GUV membrane softening of DOPC GUVs were measured 

during the incubation with 12 µM of GML, characterized by changes in the membrane 

bending rigidity along with its changes of vesicle diameter during the incubation. (C) 

Changes of the GUV perimeter is plotted showing dynamic size changes of the GUV in (A). 

Perimeter was measured based on fluorescence contrast change for each captured 

micrograph. 
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Interestingly, due to the interaction between 12 µM of GML and DOPC-GUV 

(Figure 6. 3A), similar fission behavior was not observed. At this low concentration 

of GML induced a large degree of membrane fluctuations decreasing the 

membrane’s bending modulus from 7.4 to 0.1 x 10-20 J and the final state of the 

membrane was even more rigid (24.1 x 10-20 J) than before the interaction. The 

vesicle diameter (Figure 6. 3B) and perimeter (Figure 6. 3C) were also measured, 

and it fairly followed the trend of vesicle swelling and bursting cycle42 that increased 

vesicular volume, which was reduced again near to the GUV’s original size from 

about 20 minutes after the incubation began. Instead, vesicle swelling-bursting 

along with mild membrane fluctuations throughout the measurement period was 

observed from fluorescence microscopy monitoring. From the bending modulus 

analysis which allows to assess the rigidity of the GUV membrane throughout the 

incubation period (Figure 6. 3B), the results show similar trends with the bending 

modulus pattern from the GUV-antiviral peptide interaction caused by membrane 

thinning effects, as discussed in the previous chapter43, exhibiting dynamic 

membrane flickering, confirming GML association with the lipid and preceding 

bilayer permeabilization. The interfacial association between GML and membrane 

locally increases the separation between polar lipid headgroups in the proximal 

monolayer creating both perturbation of chain packing44 and area difference 

between the two membrane leaflets45.  

The observation of a cycle of vesicle swelling and bursting as reported by Mally et 

al33 that lower concentrations of oleic acid induced very similar behavior where the 

GUV was going through swelling and burst. During the swelling, the membrane 

strain was increasing up to a critical value, after that the membrane was relaxed by 

a burst for its size dimensions to attain the initial value. This reported behavior is 

well matched with the observed result with a low concentration of GML interaction 

as shown in above Figure 6. 3. It can be concluded that the area of vesicle during 

the swelling stage increases due to the incorporation of the GML molecules into the 

membrane, and that at the burst all the GML molecules being accommodated during 

the growth phase due to membrane strain is dissolved, while all the phospholipid 
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remains in the membrane. The most plausible explanation of the bursting and 

swelling behavior, as described in Mally et al33, the fatty acid partitioning into the 

phospholipid membrane depends on the stretching energy of the membrane. During 

the swelling stage, it is energetically favorable for the GML molecules in partition 

into the lipid membrane reducing the membrane stretching energy. During the burst 

moment, the required energy for the GML molecules in the lipid membrane 

disappears. Hence, the data show that 12 µM GML is sufficient to stiffen 

membranes without causing morphological transformations while 200 µM GML 

induces membrane budding and fission. The intermediate cases between these two 

GML concentrations were further observed. 
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Figure 6. 4  Various morphological changes of DOPC-GUV induced by concentration-

dependent effects of GML. Confocal fluorescence micrographs were recorded for DOPC-

GUV upon incubation with (A) 25 µM, (B) 50 µM and (C) 100 µM of GML. Each time 

corresponds to after the GML injection time. Scale bar indicates 20 µm. Note that (A) 
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micrographs of 25 µM of GML case were enlarged from the original 136 µm x 136 µm 

image. 

Next, three different concentrations of GML in the intermediate range were 

evaluated against DOPC GUVs (Figure 6. 4). Strikingly, at 25 µM GML, fusion 

between two neighboring GUVs occurred within approximately 70 minutes of GML 

introduction (Figure 6. 4A). The two vesicles initially underwent mild shape 

transformations and they were connected via a narrow neck after about 52 minutes. 

Then, the area of the neck became larger from 60 minutes onward, resulting in one 

final prolate shaped vesicle after 70 minutes of the GML-DOPC GUV interaction. 

By contrast, higher concentrations of GML, including 50 µM (Figure 6. 4B) and 

100 µM (Figure 6. 4C), induced fission of vesicle creating multiple smaller daughter 

vesicles. Through comparison between these two different concentrations of GML, 

the length of time that it took to observe the fission behaviors was different 

depending on the GML concentration. While it took around 39 minutes for 50 µM 

GML to induce fission, only 30 minutes was needed for 100 µM GML to separate 

one large GUV into a number of daughter vesicles indicating that a higher 

concentration of GML can reduce the time scale to reach the vesicle fission state. 

Table 6.1. summarizes the experimental observations for the five different tested 

concentrations of GML. 

Table 6.1  Summary of morphological changes of concentration-dependent GML 

interaction with DOPC-GUVs. The recorded times were estimated based on observations 

of the first morphological changes. 
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As mentioned in the Introduction Chapter (Chapter 2), membrane-active surfactants 

such as oleic acid are known to induce GUV fission or fusion but there has never 

been a report of a compound that can induce both fission and fusion depending on 

the concentration.  

 

6.3.2. DOPC GUVs treated by DDG 

 

Given the unique membrane transformation conferred by GML, I next asked 

whether the combination of the primary alkyl chain and the glycerol head-group is 

sufficient or if the specific attachment chemistry matters. To answer this question, I 

investigated the effects of DDG against DOPC-GUVs as shown below in Figure 6. 

5 and Figure 6. 6. While both GML and DDG have a saturated 12-carbon alkyl chain 

as the main backbone, the alkyl chain and glycerol moiety are connected by an ester 

linkage in GML and an ether group in DDG. Of note, like GML, DDG has also been 

explored as an antimicrobial agent with a similar level of biological activity.  
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Figure 6. 5  GUV Interactions with below critical micelle concentrations of DDG. 

Confocal fluorescence micrographs were imaged for DOPC-GUV upon incubation with (A) 

12 µM and (B) 25 µM of DDG. Each time corresponds to after the DDG injection time. 

Each scale bar indicates 20 µm. 

Lower concentrations of DDG (12 µM and 25 µM) were administered against 

DOPC-GUV as presented in the above micrographs (Figure 6. 5). While 12 µM 

DDG concentration did not induce any morphological changes, 25 µM DDG 

induced swelling and bursting as observed with the 12 µM GML-DOPC GUV 

interaction.  
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Figure 6. 6  GUV interactions with above critical micelle concentrations of DDG. 

Confocal fluorescence micrographs were imaged for DOPC-GUV upon interaction with 

above CMC of DDG, (A)100 µM and (B) 200 µM. Each time corresponds to after the DDG 

injection time. Each scale bar indicates 20 µm. 

As shown in the above figure of micrographs (Figure 6. 6), higher concentrations of 

DDG (100 and 200 µM) were introduced to DOPC-GUVs. In marked contrast to 

GML, high DDG concentrations still did not induce any similar fission behaviors. 

Instead, swelling-bursting behaviors were observed showing vesicular volume and 

area changes. In addition, 200 µM DDG induced a network of lipid tubules around 

the vesicle after 17 minutes from the start of DDG introduction as shown in Figure 

6. 6B. Hence, in this higher concentration range, GUVs underwent a mild degree of 

membrane fluctuations after going through tubular structure formation around its 

membrane. Based on the behaviors of GML and DDG, it appears both compounds 

exhibit concentration-dependent effects although the capability of inducing either 

fusion or fission is only exclusively found with GML. Therefore, to further explore 

the concentration-dependent effects of GML and DDG, I investigated the critical 

micelle concentration (CMC) of GML and DDG along with other two control tested 

samples were examined in the following section.  
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6.3.3. CMC effect of GML against DOPC-GUV  

 

To further evaluate the tested compounds as surfactants dissolved in aqueous 

solution (300 mM glucose throughout the experiment), critical micelle 

concentrations (CMC) were examined as shown in the below concentration-

dependent wavelength measurements (Figure 6. 7). From the fluorescence emission 

spectrum measurements of various concentrations of tested compounds dissolved in 

300 mM glucose buffer solution which was also used to dilute GUV sample, it was 

determined that CMC of GML is about 50 µM (Figure 6. 7A). At higher 

concentrations, GML is in the micellar state while it is in the monomer state at lower 

concentrations. The CMC value is consistent with the trend in morphological 

transitions whereby fission occurs above the CMC and fusion occurs below the 

CMC. Furthermore, the CMC of DDG was determined to be approximately 40 µM 

(Figure 6. 7C), and the CMC of lauric acid (Figure 6. 7B) was above the tested range 

of concentrations. Taken together, the results demonstrate that GML exhibits unique 

possibilities for controlling the membrane morphological responses of GUVs based 

on inducing different degrees of membrane strain when partitioning in the micellar 

or monomeric state into the GUV membrane.  
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Figure 6. 7  Critical micelle concentration measurements of tested antimicrobial lipids 

in 300 mM glucose solution. CMC measurements of each tested compound, (A) GML, (B), 

lauric acid and (C) DDG, were conducted by employing fluorescence spectroscopy 

measurements. The pink-colored areas in the plots indicate where CMCs were estimated. 

Hence, the CMC measurements of GML supports the result of GML-DOPC GUV 

interactions that the fission behaviors were only observed from above CMC cases 

as summarized in the Table 6. 1 (GML concentrations that were higher or equal to 

50 µM). In other words, the concentrations of GML play a significant role 

determining the fate of interacting cell-sized vesicles.  

To note that, the only molecular difference between GML and DDG is the existence 

of carbonyl group from the ester linkage in GML while ether linkage of DDG lacks 

the carbonyl center. The carbonyl group can participate in hydrogen bonding as 

hydrogen-bond acceptors so that it can be proposed that GML is able to intercalate 

into lipid membrane more freely inducing higher curvature effect of the external 

monolayer and increased packing-density as well compared to DDG. Because of the 

lack of carbonyl group in ether linkage of DDG molecule, it lacks the same degree 

of hydrogen bonding capacity compared to GML so that much less attractive 

interactions with phosphate groups of phospholipids which would decrease the 

residence time within the bilayer disabling the partitioning of a sufficient number of 

molecules at a given time to cause membrane strain and following membrane 

morphological response (e.g. vesicle fission observed from GML case). 

Interestingly, this factor along with a different packing parameter are the 

distinguishing features and the aggregation properties of GML vs. DDG are similar 

(nearly equivalent CMC values). 

There was a study of CMC of self-assembly of amphiphilic molecules by 

Hadgiivanova et al46 reported the another state of the amphiphilic aggregation called 

‘premicellar aggregation’ which lies between monomeric and micellar states. 

Simply, the study added another state in between the monomer and micelle states 

re-established the CMC states into a sequence of three well separated concentrations: 

C1, a metastable aggregated state starts to be observed but at well below significant 
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amount, C2, above which an appreciable amount of meta-stable aggregates appears, 

and lastly, C3 at which the aggregated micellar state becomes quite stable and 

consistent. Hence, in the premicellar state, both monomer and less stable aggregated 

micelles are present. From the GML concentrations dependent study and its CMC 

measurement, while 50 µM concentration was determined as CMC where the 

vesicle fission started to appear, its 2-fold decreased concentration (25 µM) induced 

vesicle fusion. Hence, at this 25 µM concentration, the coexistence of monomer and 

pre-micellar aggregates of GML induced vesicle fusion between two close 

neighboring GUVS.  

 

6.3.4. Effect of lipid compositions of GUV against GML 

 

In order to explore the lipid composition specificity of GML inducing vesicle fission 

behavior, different lipid compositions of GUVs were prepared. Against the AH 

peptide, it has been reported that multi-phases of lipid compositions of GUVs 

resulted in totally different peptide binding results43, as also discussed in Chapter 5. 

Hence, the same set of GUVs was tested to determine if GML exhibits differential 

activity against various lipid compositions (phase) when inducing fission or fusion 

behavior. The tested composition is a raft-forming lipid composition containing 

GUV which is composed of an equimolar ratio of sphingomyelin, cholesterol and 

DOPC (both sphingomyelin and cholesterol are liquid-ordered phase).  
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Figure 6. 8  GML-induced fission on raft-forming GUVs. Fluorescence micrographs of 

raft-forming GUVs consisting of equimolar concentrations of DOPC, Sphingomyelin and 

cholesterol were presented upon incubation with (A) 25 µM and (b) 200 µM of GML. Each 

time corresponds to after the GML injection time. Scale bars indicate 20 µm. 

 

As presented in the above figure (Figure 6. 8), below (25 µM) and above (200 µM) 

CMCs of GML were introduced against raft-forming GUVs (raft-GUV). Sub-CMC 

concentrations of GML induced shape transformation of GUVs within 56 minutes, 

changing the original spherical shaped vesicle into multiple spherical structures 

connected via narrow necks. By contrast, supra-CMC concentrations of GML 

against raft-GUV, it surprisingly induced the same vesicle fission behavior resulting 

in one large GUV being separated into multiple, daughter vesicles. This indicates 
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that GML is a potent agent for inducing vesicle fission or fusion regardless of phase 

states of lipid membranes highlighting that the attachment chemistry is also 

important because monoglycerides (e.g. ester-linked ones including GML) possess 

such capacity but DDG (ether-linked equivalents) does not induce such 

morphological changes. 

 

6.4. Discussion 

6.4.1. Mechanism of vesicle fission induced by GML 

 

 

Figure 6. 9 Schematic diagram of proposed mechanism of GML induced vesicle fission. 

While blue triangels refer to the interstitial hydrocarbon region in which the free energy of 

chain packing is very large. Red arrows indicate the lateral pressure of the internal 

membranes induced by vesiclular shape changes. Schematic is reproduced from Tanaka et 

al32. 

In order to explain the observation of vesicle fission induced high concentrations of 

GML (above CMC), I discussed a molecular-level mechanism as first proposed by 

Tanaka et al32. As GML molecules intercalates into the external monolayer of GUV, 

the Gibbs free energy of the total system decreases. Then, until the elastic energy of 

the GUV becomes minimum, the GUV shape becomes the two spheres connected 

via a neck structure as it can be observed in various figures presenting fluorescence 
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micrographs of GUV fission induced by GML (Figure 6. 2A, 6. 4B-C), and above 

schematic diagram of fission (Figure 6. 9A(1)) also depicts the narrow neck 

structure. The shape change induces stretching of the internal monolayer allowing 

further intercalation of GML molecules into the external monolayer. Hence, at the 

narrow neck region, its stretching becomes quite significant because of the large 

curvature of the membrane as described in above Figure 6. 9B (2). As the GML 

molecules interact with the external monolayer, the distance between the 

hydrocarbons of neighboring DOPC lipids becomes increased. The resulting 

instability may bring out the linking of the opposing two bilayers at the neck area 

and they become resealed to reduce the high curvature of the internal monolayers 

(see Figure 6. 9B (3)). By lowering the elastic energy of the high curvature region, 

the dimension of neck becomes very narrow with a low-curvature internal 

monolayer as described in Figure 6. 9B (4). Hence, the rearrangement of the 

membranes finally occurs resulting in the vesicle fission. To note that Tanaka et al32 

reported the vesicle fission induced by lysophophatidylcholine (lyso-PC) against 

GUV composed of liquid-ordered phase lipids (e.g. large amount of cholesterol or 

gel-phase lipid of dipalmitoylphosphatidylcholine (DPPC)). However, in this 

Chapter, the main novelty is that depending on the aggregation state of GML, it can 

induce the universal lipid vesicle fission or fusion regardless of lipid phases (e.g. in 

both liquid disordered and ordered phases). 

 

6.4.2. Proposed mechanism of fusion induced by premicellar state of GML 

 

To complement and propose a possible mechanism of the fusion of GUVs, one of 

the famous ‘fusion stalk’ model can be applied47. Indeed, as it was captured in the 

Figure 6. 4A, formation of ‘stalk’ or a narrow neck between the two neighboring 

GUVs was the first step. For the aggregation of two external monolayers forming 

the stalk, the two monolayers need to become partially dehydrated to prevent a 

possible strong repulsion from the bound water molecules. For this reason, we can 

predict that the premicellar state of GML acts to provide the dehydration near the 
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surrounding GUVs. Hence, the deformation of the two GUVs induced the localized 

rearrangement of bilayers causing the full fusion between the giant vesicles. There 

have been a large number studies reported that divalent cations, especially calcium 

ion, playing a great role inducing the membrane fusion against negatively charged 

lipids48-51. Therefore, the novelty of current chapter is that the premicellar state of 

GML can induce the vesicle fission on two closely located GUVs composed of only 

zwitterionic lipids. However, its further experimental and theoretical rationales of 

fission or fusion inducing mechanism need to be further elucidated for the future 

work. For now, it is clear that a single-chain amphiphile compound can induce both 

membrane fission and fusion, the two morphological transformations depend on the 

aggregation state, either micellar or monomeric state. 

 

6.4.3. Platform design approaches between SLB and GUV 

 

As referenced in Chapter 2 (literature review), the same lauric acid and GML 

molecules have been tested against SLB platform composed of same DOPC lipid 

which was employed to form GUV in this current chapter52. Surprisingly, primarily 

due to the confined structural features of SLB (2-dimensional structure), above 

CMC of GML (500 µM) induced morphological changes of SLB creating nucleation 

sites from which entangled tubular structures grow and form spherical caps during 

the course of GML injection. The reported mechanism of this morphological 

transformation of bilayer was that the confined and essentially flat structural 

features of SLB passively regulate the given stress by nucleating and evolving 

protrusions of either tubular or circular shapes53. Hence, the asymmetric insertion 

of GML brings about the increased monolayer curvature strain54 which ultimately 

leading to have a mechanical failure which caused the morphological changes of 

membrane as shown in the below comparison figure with GUV case. Because of the 

3-dimensional structure of GUV, it is able to freely expand and contract which can 

provide new discoveries of overall physical changes of vesicle as it was confirmed 

in the GML-GUV interactions in this chapter. Therefore, the different structural 
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feature of GUV produced totally different morphological changes upon interaction 

with above CMC of GML inducing vesicle fission which is not possible to observe 

with SLB model membrane platform.  

 

6.5. Conclusions 

 

In conclusion, the presented experimental results and quantitative analyses were the 

first study investigating the interactions between monoglycerides and GUV 

platforms including DOPC only and raft compositions. The study specifically 

identified that GML can induce fission or fusion behavior depending on the 

concentration. In contrast, few fatty acids including lyso PC, SDS and 

octylglucoside were observed to induce fission against gel or liquid-ordered phase 

GUVs, but none of any compounds have been reported to induce both fusion and 

fission. Surprisingly, structurally similar compounds such as DDG did not induce 

same fusion/fission behaviors in both micellar and monomeric states. Such obtained 

information is highly important for understanding the molecular evolution of 

membrane components from fatty acids to glycerophospholipids.  
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Chapter 7  

Conclusion & Future Outlook 

 

There is a great interest in understanding how membrane-active agents 

perturb cellular membranes from diverse origins, e.g., mammalian and 

bacterial, as well as other biological entities such as much smaller, 

enveloped viruses. The main objective of the thesis is to examine the 

biophysical interactions between membrane-active agents such as 

amphipathic peptides, fatty acids, and monoglycerides, and model 

membrane platforms in order to distinguish the corresponding 

membrane morphological responses. From the various observational 

studies employing the model membrane platforms, the findings in this 

thesis contribute to a fundamental understanding of how different 

classes of molecules including peptides, fatty acids, monoglycerides 

induce membrane morphological responses in biologically relevant 

model membranes and offer insights into the roles in which these 

morphological responses play in therapeutic applications as well as 

molecular evolution. In addition to the conclusions of presented work, 

reconnaissance studies are suggested as future work in this last chapter 

of thesis. 
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7.1. Conclusion 

 

In this thesis dissertation, the interactions of various membrane active agents with 

two different model membrane platforms were investigated employing various 

experimental techniques. The specific objective was to study dynamic membrane 

morphological responses upon interaction with various membrane-active agents 

such as antiviral peptide and single chain monoglycerides. Under this specific 

objective, the overall hypothesis was that employing the artificial lipid membrane 

platforms provides useful model systems to interrogate changes of membrane 

morphologies upon interacting with membrane-active peptides and surfactants, 

thereby revealing unknown vesicle shape transformations as well as evaluate key 

membrane active agents. Among various artificial lipid membrane model platforms, 

giant unilamellar vesicle platform provides cell sized lipid vesicles that can be 

optically resolved by microscopy measurements. Hence, any morphological 

changes of GUVs upon interaction with membrane active agents can be easily 

followed and analyzed. Corresponding studies were conducted as follows: 

In chapter 4, a new post-assembly repair method of supported lipid bilayer formed 

via vesicle fusion was presented. By employing AH peptide, it allows to create 

defect-free lipid bilayer by rupturing still unruptured lipid vesicles trapped on the 

bilayer. This new repair method enables one to form complete SLB using large size 

lipid vesicles which normally prevent complete rupture of adsorbed vesicles on the 

substrates. From the epifluorescence microscopy and QCM-D measurements, the 

AH peptide mediated repair reduced the amount of unruptured vesicles or defect of 

SLB to less than 1%.  

In chapter 5, human liver microsome (HLM) incorporated GUV model platforms 

were prepared which has never been reported. The new HLM-GUV platform was 

used to study dynamic membrane morphological responses upon interaction with 

various concentrations of AH peptide. Even 1% or 5% amount of incorporated HLM 

significantly affected the stability of the membrane. It was revealed that the 
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incorporated HLM played a significant role in stabilizing the overall vesicle 

structure over susceptible vesicles composed of DOPC lipid only. The findings 

suggest how the stabilization induced from the liver microsome incorporated 

synthetic lipid model platform can be extended to interrogate mechanisms behind 

the viral peptide interactions against more complex cell membrane model platforms.  

In chapter 6, in an effort to reveal evolution of phospholipid membranes from early 

cells, experimental study of interaction between GUVs and glycerol monolaurate 

(GML) which has never been utilized with GUV model platforms was conducted. 

The experimental results identified that GML can induce fission or fusion behavior 

depending on concentration, either in micellar or monomeric state. In the meantime, 

structurally similar compounds such as DDG did not induce same fusion/fission 

behaviors in both micellar and monomeric states. Such obtained information is 

highly important for understanding the molecular evolution of membrane 

components from fatty acids to glycerophospholipids.  

Taken all together, the presented results in this thesis contribute to the fundamental 

understandings of membrane morphology dynamics of newly designed biological 

relevant GUV model platforms induced by key membrane active agents including 

antiviral AH peptide and single chain monoglycerides. 

 

7.2. GUV-ECM Protein Platform Development 

 

In the presented results from the previous chapters, various cell sized liposome 

models were presented, including simple synthetic lipids based GUV and human 

liver microsome incorporated GUV, to mimic the complex nature of cell membranes. 

This bottom-up engineering approach to develop ideal cell model platform can even 

be further extended to more complex platform by conjugating extracellular matrix 

(ECM) protein which is composed of a complex meshwork of proteins and 

polysaccharides which is secreted by animal cells into the spaces around them1-2. 

The ECM contains structural proteins such as collagen and elastin, specialized 
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proteins such as fibronectin and laminin, and proteoglycans3. Because of its diverse 

composition, the ECM serves various functions including providing support and 

anchorage for cells, regulation of cell to cell communication, and segregation of a 

variety of growth factors, acting as a depot for them4-8. This property of the ECM to 

act as a depot enables the rapid activation of cellular functions mediated by growth 

factors, without necessitating de novo synthesis9-10. The composition and physical 

properties of ECM proteins including elasticity and topography features largely 

influence a numerous cellular processes with changes in cell morphology and the 

actin cytoskeleton structures as well11-13. The presence of the ECM is essential for 

processes like cell growth, proliferation and wound healing14-15. Recently, there 

have been several studies trying to mimic the cell membrane attached with ECM 

proteins including collagen type I and fibronectin (FN) by employing supported 

lipid bilayer (SLB) platforms16-17. The ECM proteins conjugated SLB platforms are 

highly useful as a more membrane mimic cell culture platform. Since SLB model is 

2-dimensional platform, it still has some limitations to be considered as a potential 

complete cell model platform in terms of monitoring its membrane dynamics against 

membrane-active agents. Hence, there is a strong potential for developing GUV 

based ECM protein conjugated cell-model platforms.   

 

 

7.2.1. Fibronectin conjugated GUV platform 

 

For the lipid functionalization by Huang et al16, DOPC, 5 mol % of 1,2-Dipalmitoyl-

sn-glycero-3-phosphoethanolamine-N-(glutaryl) (DP-NGPE), and 1 mol % Rh-

DPPE based GUVs are prepared. Then, for the chemical conversion of carboxylic 

head group of DP-NGPE lipids to active ester group, N-(3-Dimethylaminopropyl)-

N’-ethylcarbodiimide hydrochloride (EDC) and sulfo-N-hydroxysuccinimide 

(sNHS) were treated with GUV samples with appropriate Hepes buffer at pH 5.5. 

Then, the chemically activated head group containing GUVs were again treated with 
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FN for the protein conjugation. Following schematic figure (Figure 7. 1) briefly 

explains methodology of fibronectin conjugation onto GUVs. 

 

Figure 7. 1  Schematic representation fibronectin conjugated GUV model 

platform presented along with brief methodology of its preparation.  

In order to confirm the successful conjugation of fibronectin onto GUV membrane, 

spinning disc confocal microscopy measurements were conducted as presented in 

the below representative fluorescence micrographs. 
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Figure 7. 2  Fibronectin conjugated synthetic lipid based GUV platforms. 

Fluorescence micrographs were captured by spinning disc confocal microscopy 

using 60x oil objective lens. While left column images (Rhodamine-Lipid) were 

recorded under TRITC filter used to image rhodamine labeled vesicles, center 

column images (2nd antibody-FN) captured secondary antibody bound onto 

fibronectins conjugated onto GUVs. Right column images represent merged images 

of both different fluorescence filtered micrographs. Each scale bar indicates 20 µm. 

 

As presented in the above fluorescence micrographs, even though the efficiency of 

FN conjugation was not 100%, many of vesicles were confirmed to be hosting the 

FN proteins. This was the first approach of ECM protein conjugation onto the cell-

sized vesicle model platform. 
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7.2.2. Antiviral peptide interaction with fibronectin conjugated GUV 

 

In order to explore membrane interactions of AH peptide against fibronectin protein 

conjugated GUV model platforms, various concentrations of AH peptide were 

tested. For direct comparison with DOPC GUVs and HLM incorporated GUVs, 

same set of concentrations of AH peptide were administered.  

 

Figure 7. 3  Interaction between FN-GUV with various concentrations of AH 

peptide. Spinning disc confocal microscopy images of fibronectin conjugated 

GUVs consisting of 5 mol % of DP-NGPE, 94 mol % of DOPC doped with 1 mol % 

of Rho-B DPPE upon interaction with 0.5, 1, 2.5 and 5 µM AH peptide in 300 mM 
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glucose. Each labeled time corresponds to the peptide injection time. Scale bar is 10 

µm. 

Surprisingly, the tested concentrations of AH peptide did not induce any 

morphological changes on the fibronectin conjugated GUVs (FN-GUV). 

Throughout 1 hr of fluorescence microscopy measurements, the FN-GUVs stayed 

as intact regardless of the administered concentrations of AH peptide. These results 

were significantly different from the cases of DOPC GUVs and HLM-GUVs where 

membrane fluctuation and vesicular collapse were observed from the AH peptide 

interactions. The highly resistant feature of FN-GUV against the lipid membrane 

specific antiviral peptide could possibly due to the coating of fibronectin proteins 

over the membranes.  

The new findings from the preliminary study of AH peptide interaction employing 

fibronectin conjugated GUVs suggests us the need of development of more complex 

model membrane platforms that can closely mimic the intricate nature of cellular 

membrane properties.  

 

7.3. Future Outlook 

 

Based on the main outcomes and conclusions presented in this thesis, the following 

new future directions can be suggested. As presented in Chapter 4, we showed a 

new capability of AH peptide as a SLB post-repair agent to form a complete defect-

free SLB. This method can be further applied to more complex lipid compositions 

rather than using simple one-component lipid membrane platform employed in the 

chapter. For instance, liposomes composed of highly charged lipids usually result 

in incomplete rupture forming bilayer patches instead of creating a complete planar 

lipid bilayer on substrates18-19. To further validate potent vesicle rupturing capacity 

of AH peptide on various phases of lipids, utilizing new lipid composition of vesicle 

including gel-phase or liquid-ordered phase lipids (e.g., large amount of cholesterol 

or sphingomyelin) is suggested for broadening the application possibilities for 
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fabricating high-quality SLB platforms based on AH peptide treatment. Based on 

the results obtained with the HLM-incorporated GUV platform results as presented 

in Chapter 5, there is significant potential to develop more biologically relevant 

platforms using biological membrane components. Indeed, to mimic the more 

complex structural features of the cell membrane, the bottom-up approach employed 

in the study will allow us to add more membrane proteins along with other lipids 

components. With the more complex biologically relevant model platform, one can 

build up explicit kinetic profiles of pore formation and vesicle lysis. Also, 

employing single vesicle method using small unilamellar vesicle tethered platform20 

will be able to reveal more of the membrane stabilizing capacity by HLM especially 

against membrane-specific antiviral or antimicrobial peptide agents and 

comparative analysis across small and large vesicles can aid understanding of 

membrane curvature sensing and its potential utility for designing therapeutic agents. 

Also, for the single GUV model platform and its interactions against several single-

chain amphiphiles as presented in Chapter 6, we can further develop the cell model 

platform by including more complex phospholipid compositions across different 

phase states to check GML’s vesicle fission and fusion ability. Also, by adding 

physiologically significant amounts of cholesterol (up to or exceeding 40 mol %), it 

will be possible to study the effect of regulating membrane stress as governed by 

cholesterol in biological membranes, helping to build more detailed knowledge of 

membrane fusion and fission. The new inclusions will again help to add more 

biologically relevance. Lastly, the striking observation of vesicle fission or fusion 

induced by below and above CMC of GML presented in Chapter 6 reflects the 

strong importance of single-chain amphiphiles to understand compartmentalization 

of early protocell models. This will further contribute to the study of modeling of 

protocell functions in exploring the plausible role of fatty acid molecules in 

facilitating cellular compartmentalization and the emergence of organelles and other 

detailed cellular features. Also, the new results highlighting vesicle fission/fusion 

induced by GML may lead to prevail new insights into how the chemical evolution 

of self-assembled amphiphiles connect to biological evolution from primitive cells 

(or protocell systems) to current complex cells. While drawing such insights into 
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complex biological systems are outside the scope of the present study, it is known 

that, depending on membrane composition and environmental factors, lipid vesicles 

can be exposed to morphological transformations including fusion, fission, growth 

budding, and internal vesicle assembly (creating daughter vesicles)21-24. Therefore, 

the diverse range of membrane morphological responses induced by GML can 

further suggest empirical models of how primitive cellular growth and division 

might have occurred in response to chemical and physical environmental driving 

forces, and this will eventually provide cues to identify pre-biotic constituents of 

primitive cells. 
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