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ABSTRACT 
 

 

 

THE DEVELOPMENT AND CHARACTERIZATION OF SCAFFOLDED VESICLES AS A 

MODEL MEMBRANE 

 

 

 

Michael Grossutti       Advisor: 

University of Guelph, 2013      Professor J. Lipkowski 

 

 

 

 

A novel model biological membrane system was developed and characterized. The general 

structure of the model was that of a giant vesicle supported by a spherical hydrogel scaffold. This 

model has been termed a scaffolded vesicle. Four different scaffolded vesicle systems were 

examined. Scaffolded vesicles consisting of a 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) and cholesterol membrane in a 70:30 molar ratio supported on Sephadex G10 hydrogel 

beads were studied using ATR-IR spectroscopy and fluorescence techniques. The DMPC acyl 

chains were found to have a tilt angle of ~21°-25°, consistent with a bilayer structure. Fluorescence 

microscopy studies revealed that these scaffolded vesicles lacked durability. Fluorescence 

spectroscopic membrane permeability studies found that the DMPC:cholesterol coating acted as a 

permeability barrier to some degree, but exhibited high permeability near the main phase transition 

temperature of the membrane. 

 In order to overcome these difficulties, three scaffolded vesicle systems were also 

developed using Sephadex A50 as the hydrogel support. The membrane compositions were as 

follows: 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), DPhPC with 10 mol% 1,2-

diphytanoyl-sn-glycero-3-phospho-L-serine (DPhPS), and a DMPC, cholesterol, ganglioside 

GM1 membrane in a 40:30:30 DMPC:cholesterol:GM1 molar ratio. Each of these scaffolded 
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vesicles were characterized using ATR-IR spectroscopy, fluorescence microscopy, fluorescence 

quenching, fluorescence recovery after photobleaching (FRAP), and electrophysiological 

techniques. These techniques provided complementary information regarding the structure and 

properties of the membranes studied. 

 The DPhPC scaffolded vesicle coating was found to be a single bilayer. However, this 

bilayer lacked lateral lipid mobility. The 90:10 DPhPC:DPhPS scaffolded vesicles were found to 

have a multibilayer membrane structure with a mobile fraction (0.61) and diffusion coefficient of 

1.4 x 10-9 cm2/s. The 40:30:30 DMPC:cholesterol:GM1 scaffolded vesicle coating was found to 

be a single bilayer, lacking lateral mobility. The molecular order and orientation of the DMPC and 

GM1 acyl chains were in close agreement with one another. The tilt angle of the DMPC acyl chains 

increased ~10° relative to the 70:30 DMPC:cholesterol scaffolded vesicles. 
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Chapter 1 – Introduction 

1.1 Preamble 

Biological membranes are essential to all living organisms (1-2). In eukaryotic cells, the 

fundamental structure of the membrane is provided by the lipid bilayer, which serves as a host 

matrix for other membrane components (1-2). The bilayer also acts as a permeability barrier, 

separating the intracellular and extracellular environments, and thereby defining the boundaries of 

the cell (1-2). A wide variety of molecules may be embedded in the bilayer including proteins and 

glycolipids. Together the lipid bilayer and functional molecules provide for essential cellular 

processes, such as selective permeability, cell transport and communication. Biological 

membranes are also exposed to strong electric fields that can play an important role in membrane 

processes (3-4). 

The complexity of biological membranes makes the direct study of specific components, 

interactions, and processes at the molecular level difficult. Due to the challenges associated with 

membrane complexity, it is desirable to develop model membrane systems, in order to study 

fundamental membrane processes. Many examples of model membranes exist in the literature (5-

8). The incredible properties of biological membranes have also inspired much research on 

biomimetic systems geared towards harnessing membrane properties for technological 

applications. Examples of interesting fields of application include biosensors and drug delivery (9-

12). 

This thesis describes the development of a novel biomimetic membrane, which may serve 

as a model biological membrane, with potential technological applications. This system has been 

termed scaffolded vesicles, the general structure of which consists of a hydrogel sphere acting as 

a scaffold which provides structural support to a phospholipid membrane. The progressive 
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development and characterization of a series of different scaffolded vesicles makes up the bulk of 

this project. The scaffolded vesicles have been characterized using attenuated total reflection 

infrared (ATR-IR) spectroscopy, fluorescence microscopy techniques, and electrophysiological 

techniques. 

 

1.2 Thesis Objective 

The objective of this thesis was to develop a model biomimetic membrane which improves upon 

the degree of realism of past models while retaining the ability to be studied by surface analytical 

and electrochemical techniques. Past work by the Lipkowski research group has led to the 

development and characterization of numerous lipid bilayers supported on a gold electrode (13). 

Supporting a membrane on an electrode allows for the application of a potential, thus allowing 

researchers to mimic the natural potentials found in living cells. By coupling electrochemical 

techniques to surface analytical techniques such as infrared (IR) spectroscopy, atomic force 

microscopy (AFM), scanning tunneling microscopy (STM), one can study, in situ, potential 

induced changes or processes at the molecular level. For instance, electrochemical polarization 

modulation infrared reflection absorption spectroscopy (electrochemical-PMIRRAS) allows for 

the observation of potential induced changes in a model membrane, at the molecular level. 

 A shortcoming of these aforementioned models is the proximity of the inner leaflet of the 

lipid bilayer to the gold electrode. This can cause several problems including stressing the inner 

leaflet, the lack of an aqueous reservoir for transport processes, and the denaturation of 

transmembrane proteins. Attempts to overcome these drawbacks have included the development 

of tethered lipid bilayers. This project moves away from the gold electrode supported model 
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systems in an effort to develop a more realistic model, while retaining the benefits of the ability to 

control the potential drop across the membrane. 

 

1.3 Scaffolded Vesicles 

Giant unilamellar vesicles (GUVs) have served as model biological cells. However their fragility 

has limited their use both as a model system and in technological applications (14). This inspired 

the idea of using a scaffold to provide structural support to a lipid membrane, with the goal of 

making a durable giant vesicle. A schematic of a scaffolded vesicle is shown in Figure 1.1.  

 

 

Figure 1.1 – Schematic of a scaffolded vesicle: lipid bilayer supported by porous hydrogel. 

 

In order to approximate an aqueous internal environment, porous hydrogel beads have been used 

as the scaffold. This provides an aqueous internal environment necessary for the study of 

membrane transport processes, and removes the protein denaturing presence of gold. Several 

different membrane compositions have been studied. The scaffolded vesicles are designed to be 

accessible to attenuated total reflection infrared (ATR-IR) spectroscopy, which is a surface 
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sensitive IR spectroscopic technique. Study by electrochemical techniques is to be accomplished 

by electrophysiological methods such as patch-clamping and intracellular recording. Furthermore, 

fluorescence techniques may now be used, as the quenching effects of gold have been removed 

from the system. 

 A long term goal of this project is to develop a tandem ATR-IR and patch-clamp analytical 

instrument for the study of a scaffolded vesicle. A schematic of the proposed instrument is 

presented in Figure 1.2. Such an instrument would be capable of applying an electrical potential 

and monitoring potential induced changes at the molecular level. This is analogous to the 

electrochemical-PMIRRAS studies currently performed by the Lipkowski research group. 

 

Figure 1.2 – Schematic of an attenuated total reflection infrared (ATR-IR) spectroscopy and patch-

clamp tandem instrument. The scaffolded vesicle is in contact with the internal reflection element 

(IRE) of the ATR-IR set-up. A micropipette and microelectode have electrical access to the 

scaffolded vesicle interior. In this way the scaffolded vesicle may be observed spectroscopically 

while a potential is applied. The bath electrode is not illustrated. 

 

 Scaffolded vesicles are a three dimensional model, with an enclosed internal volume. 

Therefore, they can be used to encapsulate hydrophilic molecules within the porous hydrogel 

scaffold, exploiting the lipid membrane as a permeability barrier. Another aspect to this project 
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has been the study of the permeability characteristics of various SV systems. This work may be 

useful in areas such as controlled release and drug delivery, acting as a system to study controlled 

release schemes with potential drug delivery applications. Ryan Seenath completed a MSc 

characterizing the permeability of scaffolded vesicles, and work is currently being performed by 

the Lipkowski research group on this aspect of the project. Clearly, this work is complementary 

and some results from these permeability studies will be drawn upon in the results and discussion 

sections of this thesis. 

 

1.4 Scope of Thesis 

This thesis is divided in nine chapters. Chapter 1 provides an general introduction to the project. 

Chapter 2 provides a literature review. This chapter first describes the properties of biological 

membranes, and then shifts focus to the many examples of model membranes which are described 

in the literature. Chapter 3 describes the necessary theory for the experimental techniques used in 

this thesis. Chapter 4 details the experimental procedures used in this work, including ATR-IR 

spectroscopy, and various fluorescence and electrophysiological techniques.  

Chapter 5-8 present the results obtained for several different scaffolded vesicle systems. In 

Chapter 5, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and cholesterol were used in a 

70:30 DMPC:cholesterol molar ratio to coat Sephadex G10 hydrogel beads. This chapter focuses 

on establishing a proof of principle for the quantitative ATR-IR spectroscopic work, and presents 

results which served to motivate the research presented in Chapters 6-8.  

The scaffolded vesicles in Chapters 6-8 are characterized using ATR-IR spectroscopy, 

various fluorescence microscopic techniques, and electrophysiological techniques. Chapter 6 

presents the results for scaffolded vesicles composed of a 1,2-diphytanoyl-sn-glycero-3-
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phosphocholine (DPhPC) membrane supported on Sephadex A50 cationic hydrogel beads. 

Chapter 7 introduces 10 mol% the anionic phospholipid 1,2-diphytanoyl-sn-glycero-3-phospho-

L-serine (DPhPS) into the system studied in Chapter 6. In Chapter 8, the ganglioside GM1 was 

included in a three component membrane formulation which also contained DMPC and 

cholesterol. The 40:30:30 DMPC:cholesterol:GM1 molar ratio coating was supported on 

Sephadex A50 cationic hydrogel beads. Chapter 9 summarizes the results obtained in this thesis, 

and suggests future directions for the project. 
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Chapter 2 – Literature Review 

2.1 Introduction 

The objective of this thesis is to develop and characterize a model biological membrane system on 

a spherical support that can be studied by surface analytical and electrochemical techniques. In 

designing this model system, the properties of biological membranes we wish to mimic must be 

taken into account. Naturally occurring biological membranes can also provide insight into the 

construction of this model system. Therefore, this literature review will contain an overview of the 

structure and properties of biological membranes. Much work has been done on the development 

and study of model membranes and biomimetic systems in the literature. A wide variety of 

strategies have been used to construct model membranes. Each of these general classes of model 

membranes have their own characteristics, advantages, and drawbacks. An understanding of these 

existing literature systems is important in guiding the development of this thesis’s model system. 

Therefore, this review will also discuss the major classes of model membrane systems, and 

examine specific details pertaining to their architecture. 

 

2.2 Biological Membranes 

All biological cells are enclosed by a biological membrane (1). Also referred to as a plasma 

membrane, biological membranes define the boundaries of the cell, and serve as the fundamental 

framework upon which cellular structure and function is based (1-2). The general structure 

common to all biological membranes is that of a thin film (~ 5 nm thick) of lipids and proteins, 

which are primarily held together by noncovalent interactions between the constituent molecules 

(1). The lipids are arranged in a bilayer structure which acts as a barrier to water soluble molecules, 

and therefore allows for differences in chemical composition between the internal and external 
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aqueous environments (2). A wide variety of proteins may be embedded in the lipid bilayer, 

providing for the essential functional properties of the cell, including cell transport and 

communication (1-2). Furthermore, biological membranes are exposed to strong electric fields, 

which play important roles in membrane processes (3-5). A description of the structure and 

properties of biological membranes follows. 

The lipid bilayer is the fundamental structure of biological membranes (1). The chemical 

properties of the membrane’s constituent molecules give rise to the bilayer structure. Cell 

membrane lipids are amphiphilic molecules, consisting of a polar hydrophilic region, and a 

nonpolar hydrophobic region. In an aqueous environment these molecules will arrange in such a 

way as to minimize their free energy (1). The polar lipid regions are capable of hydrogen bonding, 

or experiencing energetically favourable attractive electrostatic interactions with the surrounding 

water molecules (1). In contrast, the nonpolar lipid regions cannot interact with water in this 

manner. This ensemble of noncovalent interactions is referred to as the hydrophobic effect. In 

response to these energetic considerations, lipids spontaneously aggregate into structures which 

serve to both hide the hydrophobic molecular region from the aqueous environment, and expose 

the hydrophilic region to the surrounding water (1). A number of different structures can achieve 

this arrangement. If the lipids have a cylindrical-like shape, they will spontaneously self-assemble 

into a bilayer structure (1). This is the case with most cellular membranes (1). 

Phospholipids are the most abundant membrane lipids, and molecules of this class have 

been used to construct the model membranes described in this thesis (1). Phospholipids consist of 

a hydrophilic polar head group, and two hydrophobic nonpolar tails. The polar head group can 

contain charges, and may be cationic, anionic, or zwitterionic. These headgroups interact with the 

hydrogen bonding network of neighbouring water molecules (1). In biological membranes, the 
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hydrocarbon tails are usually between 14-24 carbon atoms in length (1). Often, one of the tails is 

a saturated hydrocarbon chain, while the other is unsaturated, with one or more cis-double bonds 

between carbon atoms (1).  

 The aggregate structure taken by phospholipids in an aqueous environment will depend on 

the shape of the individual phospholipids. The shape of a lipid can be described by a packing 

parameter, p, which is defined as: 

𝑝 =
𝑣

𝑎0𝑙𝑐
 

where v is the hydrocarbon chain volume, ao is the optimal headgroup area, and lc is the critical 

chain length (62). The critical chain length is slightly less than the length of the fully extended 

hydrocarbon chain (62). A packing parameter of ~1 corresponds to a cylindrical shape. 

Phospholipids with p ≈ 1 will form planar bilayers. Spherical and cylindrical micellular structures 

result from lipids with p < ½, which have a cone-like shape (62). Inverted micelle aggregates are 

formed from lipids with p > 1, which have an inverted cone shape (62). 

Membrane phospholipids often have a truncated cone or cylindrical shape (p = ½ - 1), and 

spontaneously self-assemble into bilayers in an aqueous environment (1). The polar head groups 

face outwards towards the water molecules, and define the surface of the bilayer. The nonpolar 

tails point inwards, sequestered from the surrounding water molecules in the interior of the bilayer. 

The general structures of a phospholipid and phospholipid bilayer are illustrated in Figure 2.1. The 

role of phospholipid amphiphilicity and shape in determining the macroscopic structure is 

emphasized. 
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Figure 2.1 – The general structure and shape of a phospholipid, illustrated using DOPC. a) 

chemical structure, b) cartoon representation, c) approximated cylindrical shape, d) the properties 

of an individual phospholipid lead to the adoption of a bilayer structure in an aqueous environment. 

 

The energetic drive to hide the hydrophobic phospholipid tails from the surrounding 

aqueous environment leads to the formation of a self-enclosed bilayer (1). The result is a spherical-

like structure with an enclosed internal aqueous environment, illustrated in Figure 2.2 (1). 

Furthermore, biological membranes display self-healing capabilities (1). If damage to the bilayer 
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exposes the hydrophobic phospholipid tails to water, the phospholipids rearrange in order to shelter 

the tails from the surrounding water (1). This phenomenon further illustrates the organizational 

power of the hydrophobic effect. The physical properties of phospholipids, in combination with 

the presence of an aqueous environment, are responsible for both the bilayer structure of biological 

membranes, and the overall structure of the biological cell. 

 

 

Figure 2.2 – The spherical-like structure of a biological cell hides the non-polar hydrocarbon 

chains from the surrounding aqueous environment. Adapted from Reference 1. 

 

The structure of a biological membrane is provided by the phospholipid bilayer. The phospholipid 

bilayer arises from the properties of individual phospholipids in an aqueous environment. The 

characteristics of this bilayer play a crucial role in cell membrane functions. One such property of 

the bilayer is its impermeability to hydrophilic species. The phospholipid tails present an energetic 

barrier to the diffusion of water soluble species across the bilayer (1,6). This impermeability is 

essential for the maintenance of different chemical species concentrations across the cell 
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membrane. Selective permeability is provided by transport proteins embedded in the phospholipid 

bilayer (1). 

The cell membrane is a dynamic and fluid structure, with the majority of its constituents 

free to move within the plane of the membrane (1, 6). The phospholipid bilayer may be imagined 

as a two dimensional fluid (1, 6). Individual phospholipids are free to migrate within a single 

monolayer or leaflet of the bilayer, displaying lateral diffusion coefficients on the order 10-8 cm2/s 

(1). Phospholipids are also free to undergo rotation along their long axis, and have flexible 

hydrocarbon tails (1, 2). 

The fluidity of the membrane depends on the temperature and composition of the bilayer 

(1). A bilayer composed of a single phospholipid will display phase transitions at well-defined 

temperatures. This transition temperature is a function of the molecular properties of the 

phospholipid. Of greatest biological relevance is the transition from a liquid state to gel state as 

temperature decreases (2). In the liquid state, the phospholipids undergo rapid lateral diffusion and 

the hydrocarbon chains exhibit greater motional freedom, with significant trans-gauche 

isomerization (2). In the gel state, there is little lateral diffusion and the hydrocarbon chains are 

much more ordered, adopting an all-trans conformation (2). Figure 2.3 illustrates the change in 

molecular order between the gel and liquid states. Lipid constituents of biological membranes are 

predominantly in the liquid state (2). 
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Figure 2.3 – Gel to liquid phase transition for a phospholipid bilayer. The transition occurs at a 

characteristic phase transition temperature, Tm. The molecular order of the hydrocarbon chains 

decreases with the transition from the gel to liquid state. The thickness of the bilayer decreases 

when transitioning from the gel to liquid phase, as increased trans-gauche isomerization reduces 

the effective chain length. 

 

However, biological membranes are not composed of a single type of phospholipid. Rather, 

they are complex systems with many different constituent molecules. For instance, in addition to 

several types of phospholipids, eukaryotic membranes contain large quantities of cholesterol, 

which can greatly impact the phase transition behaviour (1). Other lipid classes, such as 

glycolipids, are also present. This variety of composition broadens the liquid to gel phase transition 

temperature of the membrane, and can result in regions of inhomogeneous molecular composition 

within the membrane, referred to as lipid rafts (1). Furthermore, the bilayer acts as a two 

dimensional solvent for numerous membrane proteins, whose functionality can depend on the 

membrane fluidity and lipid composition (1). 

In addition to this structural and compositional complexity, biological membranes are also 

exposed to static electric fields (3-5). The transmembrane potential arises from the differences in 

concentration of ionic species inside and outside of the cell (4). In biological cells the 

transmembrane potential is on the order of 100 mV (4, 7). While this potential may not seem large, 

biological membranes are very thin (~5 nm). A potential difference of 100 mV gives rise to an 

electric field on the order of 107 V/m (4). Biological membranes also have surface and dipole 

potentials. The surface potential arises from the charged lipid head groups and the concentration 

of ions at the membrane surface (4). The dipole potential arises from the alignment of head group 
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dipoles and water dipoles in the head group regions of the lipid bilayer (4). The large electric fields 

present in biological systems play an important role in biological processes. For example, as their 

name suggests, voltage-gated membrane proteins open and close in response to changes in 

potential. 

 Biological membranes may be modelled as a parallel plate capacitor. The bilayer serves 

as a thin insulating barrier separating the aqueous solutions of the internal and external 

environments, which act as the plates of the capacitor. Biological membranes display a specific 

capacitance of ~1 µF/cm2 (5). The specific capacitance is primarily determined by the lipid bilayer, 

it does not vary greatly with composition (8). However, the specific resistance of a biological 

membrane varies greatly with composition. For example, membrane proteins greatly influence the 

membrane resistance. A typical nerve cell membrane can have a specific resistance of 103-105 

Ω∙cm2, while artificial membranes without membrane proteins can have resistances on the order 

of 107-108 Ω∙cm2 (8). A simple equivalent circuit of a biological cell, representing the membrane 

potential, resistance, and capacitance is shown in Figure 2.4 (9). 

 

Figure 2.4 – The equivalent circuit of a biological cell. The membrane resistance (Rm), membrane 

capacitance (Cm), and membrane potential (Em) are represented as an electrical resistor, capacitor, 

and voltage source, respectively (adapted from Reference 9). 
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Biological membranes are complex systems with many impressive properties. The above 

paragraphs have illustrated the contribution of individual molecular characteristics to the overall 

structure and function of biological membranes and cells. It is therefore valuable to study the 

properties of biological membranes at the molecular level, in order to gain a greater understanding 

of their properties, and their role in biological structure and function. However, as membranes are 

incredibly complex, it can be difficult to extract molecular level information from natural 

biological systems. As a result, it is desirable to develop model membranes of controlled, 

simplified composition for the study of molecular level phenomena. The next section of this 

literature review will focus on model membranes. 

 

2.3 Model Membranes 

The previous section provided an outline of the properties of biological membranes. Relationships 

between molecular level properties and those of the bulk biological system were illustrated. An 

emphasis was placed on the importance of studying molecular level interactions in order to better 

understand biological membranes as a whole. However, the direct investigation of biological 

membranes is difficult, due to their great complexity. It is for this reason that model membranes 

have been developed. In developing a model membrane system, a number of important 

characteristics must be taken into consideration. The model must be sufficiently realistic, stable, 

and accessible to the analytical technique of choice. Special consideration must be given to 

electrochemical techniques if one wishes to mimic the naturally occurring electric fields of 

biological systems, and study potential induced membrane processes. 

There are many examples of different model membrane systems in the literature. They may 

be categorized in terms of their general approach to the construction of the model membrane (ie, 
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planar or spherical, supported or free standing). Each of these systems has its own set of advantages 

and disadvantages, with respect to the model’s biological realism, stability, and accessibility to 

analytical techniques. Generally, the most realistic models tend to suffer from poor stability. This 

limits both their ability to be studied, as well their potential use in technological applications. A 

common strategy is to design supported systems, intended to impart stability to the membrane. 

This can of course have other undesired effects on the membrane. To improve the understanding 

of biological membranes, it is important to continue to design and build biomimetic models which 

better reflect natural membranes, while remaining stable enough for study and use in technological 

applications. This section will review a number of model membranes, illustrating the advantages 

and drawbacks of these systems. 

 

2.3.1 Vesicles 

Vesicles are one of the earliest, and most widely used model membranes (10-13). In their simplest 

form, they are relatively easy to prepare (10). The procedure in its simplest form consists of 

dissolving the lipid in an organic solvent, evaporating the solvent in a glass vessel to form a lipid 

film, and then hydrating the resulting lipid film in water or a buffer solution (10). This may be 

followed by sonication of the mixture, which will reduce the size of the vesicles (10). There are 

most certainly variations to this general procedure in the literature, especially when specific size 

control is a goal, but this procedure outlines the general picture. 

Vesicles may be produced across a very wide range of sizes, and may in fact be classified 

by their diameters. Small unilamellar vesicles (SUVs) have diameters on the order of ~10 nm, 

large unilamellar vesicles (LUVs) on the order of ~100 nm, and giant unilamellar vesicles (GUVs) 

in the range of ~1-100 µm (11). The structure and size variation of vesicles is illustrated in Figure 
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2.5. Vesicles are a spherical free-standing model. This is an important advantage in terms of the 

biological realism of these systems. Vesicles can be studied using spectroscopic techniques by 

utilizing fluorescent or spin labelled probes (12), although they are generally not accessible to 

electrochemical or surface analytical techniques. An exception are GUVs, which may have their 

electrical properties studied using the patch clamp technique (12). A downside to GUVs is their 

relatively poor stability (13). 

 

 

Figure 2.5 – The structure of a vesicle, and to-scale illustrations of a large unilamellar vesicle 

(LUV) and giant unilamellar vesicle (GUV). The depicted LUV and GUV have diameters of 100 

nm and 10 µm respectively. Small unilamellar vesicles (SUVs) are an order of magnitude smaller 

than LUVs. Adapted from Reference 11. 

 

An interesting application of vesicles lies in the field of drug delivery (10, 14). Vesicles 

have a number of properties which make them attractive drug delivery vehicles. They are 

biocompatible, capable of entrapping water soluble drugs in the enclosed aqueous environment, 
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and insoluble drugs in the membrane itself (14). The surface properties of vesicles can be modified 

by their composition, and they may offer the possibility of direct, targeted delivery of a drug to 

cells (14). These features and promise have led to much research in this field. 

 

2.3.2 Black Lipid Membranes (BLMs) 

Black lipid membranes (BLMs) were first constructed by Mueller et. al. in 1962 (15). BLMs 

consist of a lipid bilayer formed across a small hole which connects two compartments of an 

electrochemical apparatus, as illustrated in Figure 2.6. As with vesicles, BLMs are a free-standing 

model system, which contributes to their attractiveness as a model. An aqueous environment is 

present on both sides of the membrane, which allows ions access to the membrane. Obviously, 

BLMs are easily studied by electrochemical techniques. Membrane proteins may be incorporated 

into the free-standing bilayer, and studied electrochemically. Most often conductance studies are 

carried out (16). However, BLMs suffer from poor stability, and are susceptible to mechanical and 

high electric field disturbances. This limits their lifetime to roughly 8 hours (12). Furthermore, 

they are not accessible for study by surface analytical techniques. 
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Figure 2.6 – Black Lipid Membrane (BLM) model system: a) the electrochemical apparatus and 

b) the structure of the aperture spanning lipid bilayer. 

 

The issue of BLM stability has been addressed by the work of Jeon et. al (17). By 

encapsulating the BLM, in situ, within a hydrogel, Jeon et. al. were able to drastically increase the 

stability and lifetime of the BLMs. The hydrogel is believed to stabilize the solvent annulus, which 

is crucial for the stability of the membrane itself (17). A hydrogel encapsulated BLM is illustrated 

in Figure 2.7. The hydrogel allows both sides of the membrane access to an aqueous-like 

environment, thus allowing ions access to the membrane (17). 
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Figure 2.7 – Hydrogel encapsulated BLM (Reference 17) 

 

2.3.3 Planar Supported Lipid Bilayers 

Supported lipid bilayers on planar solid supports, illustrated in Figure 2.8, were developed to 

overcome the drawbacks associated with BLMs (10). These systems have attracted significant 

interest in the literature (18-27). The solid support is intended to impart stability to the membrane, 

which was generally lacking in the BLM systems. The trade-off in this approach is the loss of an 

aqueous environment on both sides of the membrane. The inner leaflet is now in very close 

proximity to the solid support. As a result, the solid support can perturb the membrane structure. 

However, there are some significant advantages to the solid supported membrane architecture. 

Confining the membrane to a surface, as opposed to vesicles in solution for instance, allows for 

their investigation by a vast array of powerful surface analytical tools. These techniques allow 

researchers to extract molecular level information. Furthermore, when the solid support is an 

electrode, potentials may be applied which mimic those acting on a biological membrane. When 
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electrochemistry is used in tandem with a surface analytical technique, potential driven membrane 

processes can be studied (27). 

Supported lipid bilayers are most commonly prepared on hydrophilic substrates such as 

glass, mica, quartz, or silica (13, 26, 27). Many other supports have also been used, including 

metals such as gold, platinum, and silver; and metal oxides such as indium tin oxide, aluminum 

oxide, and titanium oxide (12, 25-27). The two most popular preparation methods are vesicle 

fusion and Langmuir-Blodgett/Langmuir-Schaeffer (Langmuir-type) techniques (24). This thesis 

describes the development of a model membrane system on a spherical support, for which 

Langmuir-type deposition techniques are not suitable. Further details regarding the preparation of 

model membranes by Langmuir-type techniques may be found in the literature (28). The simplest 

means of supported lipid bilayer preparation is the self-assembly of lipid bilayers by vesicle fusion, 

first described by McConnell et. al. (29). Vesicle fusion consists of the adsorption, rupture, and 

spreading of vesicles from solution onto the solid support (24, 27). The mechanism and parameters 

effecting vesicle fusion have been studied in great detail in the literature (30). On hydrophilic 

surfaces, a thin water layer of about 1 nm exists between the membrane and support (19, 31-32). 

 

Figure 2.8 – Schematic of a planar supported lipid bilayer (SLB). On hydrophilic surfaces, a thin 

water layer can exist between the membrane and the support. 

 

Despite the presence of a thin water layer between the membrane and substrate, SLBs lack 

a well-defined water reservoir. This leads to a number of problems. SLBs often exhibit reduced or 
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a complete loss of fluidity, an important characteristic of biological membranes. This loss of 

fluidity arises from interactions between the membrane and substrate. The degree to which the 

bilayer is fluid can depend on the substrate, with metals such as gold exhibiting no lipid mobility 

(33). The lack of fluidity and lipid mobility contributes to the existence of defect sites in SLBs, 

which can reduce the insulating effects of the membrane, and is of special concern in electrical 

studies (31). Finally, a significant problem with SLBs lies in the insertion of transmembrane 

proteins into the membrane. The lack of an aqueous space between the membrane and the substrate 

can result in contact between the transmembrane protein and substrate, resulting in the 

denaturation of the protein and loss of biofunctionality (12). As a result, considerable research has 

gone into addressing these issues. The next section of this literature review will discuss strategies 

used to improve upon the basic SLB model. 

 

2.3.4 Tethered and Polymer Cushioned Supported Lipid Bilayers 

In an effort to overcome the problems associated with the proximity of the solid support to the 

membrane, various strategies have been employed to create more space between the support and 

membrane (26, 34). Tethered SLBs use a hydrophilic spacer molecule to separate the membrane 

from the substrate, allowing for a thicker aqueous layer, illustrated in Figure 2.9a. Many different 

strategies and tethering molecules have been used in the literature (26, 34). The most common 

strategy is to use a phospholipid with a modified head group, where the phospholipid tails anchor 

into the membrane (26). The modified head group serves as the hydrophilic spacer, and attaches 

to the substrate (26). A commonly used hydrophilic spacer are polyethylene glycol (PEG) chains 

(35-39). A common substrate linkage strategy is to use a PEG spacer (or some other spacer) with 

a terminal disulfide group (26, 34). When used in conjunction with a gold substrate, PEG serves 
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as the hydrophilic spacer and the disulfide group provides for specific, high affinity anchoring to 

the gold surface (26). These systems can be prepared using self-assembly and Langmuir-type 

approaches (26). 

Another strategy to avoid the influence of the support on the membrane is to use a polymer 

cushion, illustrated in Figure 2.9b (20, 26). Akin to the tethering approach, the polymer cushion 

creates a hydrophilic space between the substrate and the membrane. And as with the tethered 

bilayers, the preparation of these systems also relies on a combination of self-assembly and 

Langmuir-type techniques. A number of different polymers have been used in the literature. 

Examples include cellulose, dextran, hyaluronic acid, PEG, and polyethyleneimine (42-46). The 

polymer can be chemisorbed to the surface, as is the case with water soluble polymers such as 

dextran (20, 26). Alternatively, the polymer may be physisorbed to the surface, as with 

polyethyleneimine where electrostatic interactions are used. (26, 42). The lipid bilayer is deposited 

on top of the polymer cushion. 

 

 

Figure 2.9 – a) Tethered supported lipid bilayer and b) polymer cushioned supported lipid bilayer. 

Both model architectures aim to create an aqueous space between the bilayer and the solid support. 
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Planar SLBs have been characterized by a number of analytical techniques including 

surface IR spectroscopies, atomic force microscopy (AFM), surface plasmon resonance (SPR), 

neutron reflectivity, fluorescence, and quartz crystal microbalance (19, 20, 24, 27, 40). When the 

support is an electrode, electrochemical techniques can be used in tandem with another surface 

technique (27, 47). These tools have allowed researchers to study self-assembly, membrane 

structure, phase transitions, lipid organization, membrane proteins, and membrane-associated 

processes (20, 25). Drawbacks do exist for planar SLBs, and these problems can include membrane 

defects, reduced lipid mobility, reduced protein mobility, and protein incorporation difficulties 

(26). 

Planar SLBs were developed in an effort to improve upon BLMs as a model membrane 

system. They exhibit good mechanical stability, and have allowed researchers to directly 

investigate biological systems using a vast array of analytical techniques. However, in moving 

from a free-standing model to a supported model, certain desirable features have been lost. Much 

work has been done to maintain the advantages associated with the use of a solid support, while at 

the same time minimize the influence of the support on the biologically relevant properties of 

SLBs. This has been evidenced by the research efforts directed at tethered and polymer cushioned 

SLBs. Another area of biomimetic research lies in the use of spherical supports for lipid 

membranes. A discussion of spherically supported membrane systems follows. 

 

2.3.5 Spherical Supported Lipid Bilayers  

Spherical SLBs were developed to combine the advantages of vesicles with those of a support 

(48). This is largely analogous to the development of planar SLBs from BLMs. As with those 

systems, spherical SLBs exhibit good mechanical stability compared to free-standing vesicles. The 
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size and shape of the spherical support dictates that of the system as a whole (48). This allows for 

good size control relative to vesicle systems. A wide range of materials have been used as spherical 

supports, including silica, polymer gels, polyelectrolyte capsules, and various organic and 

inorganic nanoparticles (48-61). The dimensions of the spherical support have covered a wide 

range of sizes, from tens of nanometres to tens of micrometres (48). Figure 2.10 shows the general 

structure of spherical SLBs. 

 

Figure 2.10 – Schematic of a spherical SLB. 

 

Spherical SLBs are generally less accessible to surface analytical and electrochemical 

techniques relative to their planar counterparts (20). This is a disadvantage of spherical SLBs 

compared to planar SLBs, especially in the context of model membranes. However, spherical 

SLBs often have attractive biotechnological applications not present with planar SLBs (20, 48). 

An important feature of spherical SLBs is their three dimensionality (whereas planar SLBs are two 

dimensional systems). When porous supports are used, spherical SLBs have an enclosed internal 

volume, which can allow for the encapsulation of interesting molecules. Examples of potential 

applications include drug delivery, drug screening, biosensing, and biological separations (20, 48-

58). Planar SLBs are most often used as model membranes for the study of membrane structure 
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and function (48). While spherical SLBs are also used as model systems, many have been 

developed with specific biotechnological applications in mind. These potential biotechnological 

applications of spherical SLBs have attracted much research. Several literature examples of 

spherical SLBs will now be discussed. 

As with planar systems, silica has been commonly used as a spherical support of SLBs. 

Membranes can be deposited directly onto silica beads by vesicle fusion (20, 49-50). They may 

also be deposited onto polymer coated silica beads (20). Lipid coated silica beads have found 

interesting biotechnological applications. For instance, they have served as a chromatographic 

support for the separation of protein mixtures (51). These beads have diameters of ~3 µm and pore 

sizes of ~100 nm, and have been covered with a variety of lipid formulations (51). The lipid bilayer 

is a biocompatible coating which prevents the denaturation of the proteins seen in more traditional 

protein separation methods (51). Other silica based systems have been shown to be capable of 

supporting transmembrane proteins within the bilayer coating (50, 51). 

A nanoscale example of a biomimetic particle are Supramolecular Biovectors (SMBVs), 

which were developed as a drug delivery system by Biovector Therapeutics (54). SMBVs consist 

of an ionically charged polysaccharide core which has been coated with a lipid membrane (54). 

The polysaccharide core has a diameter of approximately 60 nm (54).  Figure 2.11 shows a 

schematic of a SMBV. The lipid membrane coating has been shown to exist as a single 

phospholipid bilayer (54). As a drug delivery system, SMBVs are capable of entrapping a diversity 

of compounds. Hydrophilic compounds may be encapsulated within the polysaccharide core, while 

amphiphilic and hydrophobic compounds can be entrapped within the bilayer (54). Furthermore, 

membrane proteins may be inserted into the bilayer. 
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Figure 2.11 – Structural schematic of a Supramolecular Biovector (SMBV), illustrating the drug 

encapsulation capabilities (adapted from Ref. 54) 

 

 

Pennefather et. al. have developed a spherical SLB system which they have termed 

Lipobeads (55). Generally, Lipobeads consist of hydrogel beads coated with a lipid bilayer. They 

have been developed for drug delivery, drug screening, and model membrane applications. The 

initial Lipobead system used poly(vinyl alchohol) (PVA) spheres (diameters between 70 and 90 

µm), which were functionalized with hydrocarbon chains, illustrated in Figure 2.12 (55). These 

hydrocarbon chains are covalently linked to the PVA support and are referred to as lipid anchors 

(55). The anchors are intended to provide stability and aid in the formation of the lipid bilayer. 

Incubation with lipid vesicles resulted in the formation of a bilayer (55). Lipid mobility studies 

revealed lipid diffusion coefficients which were similar to those observed for lipids supported by 

a cell cytoskeleton (55). In a sense, the Lipobeads model a cytoskeleton supported cell membrane. 
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Figure 2.12 – Schematic illustrating the preparation and structure of a PVA supported Lipobead 

(adapted from Ref. 55). 

 

More recently, another class of Lipobeads were developed using poly(dimethylacrylamide) 

(pDMAA) hydrogel spheres, illustrated in Figure 2.13 (55). These Lipobeads have smaller 

diameters on the order of 10 µm (55). The pDMAA beads can be synthesized both with and without 

lipid anchors (55). Both anchored and unanchored systems were successfully coated with lipid 

bilayers by incubating either anchored or unanchored supports in vesicles (55). Lipid mobility was 

found to decrease both when the density of the lipid anchors was increased, and when the hydrogel 

cross-linking was increased (55). Diffusion coefficients on the order of 10-10 cm2/s were measured 

for this system (55). The authors suggest that the relatively slow diffusion coefficients, even in the 

unanchored system, may result from the rigid polymer support. Additionally, the lipid anchored 

Lipobeads exhibited lower permeability compared to the unanchored system (55). 

 

 

Figure 2.13 – a) Anchored pDMAA Lipobead, and b) unanchored pDMAA Lipobead (adapted 

from Ref. 55). 
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Other polymer based systems using so called “smart” polymer hydrogels have been 

developed. These hydrogels undergo changes in their volume in response to environmental 

changes. An example of such a system was developed by Kiser et. al. A self-exploding hydrogel 

(poly(methacrylic acid-co-methylene-bis-acrylamide) is coated with a lipid bilayer via vesicle 

fusion, entrapping doxorubicin, an anticancer drug (56). The lipid bilayer stabilizes the microgel 

in solutions which would otherwise induce a swelling and release of the drug (56). Creation of a 

single pore in the bilayer results in the swelling and disruption of the bilayer, leading to the release 

of the drug (56). This system was developed in hopes of finding an application in signal triggered 

drug delivery. 

Similar work by De Geest et. al. used the biodegradable polymer dextran hydroxyethyl 

methacrylate (dex-HEMA) as the supporting “self-exploding” microgel (~5 µm diameter) (57). 

Charged dex-HEMA microgels were synthesized, and coated with multiple lipid bilayers, 

exploiting attractive electrostatic interactions to drive the fusion of vesicles (57). Vesicles 

containing mixed fractions of neutral and charged lipids were used. The use of mixed fractions of 

neutral and charged lipids is necessary to avoid electrostatic repulsion between lipids within the 

bilayer. Negatively charged vesicles were used to coat positively charged hydrogels and vice versa. 

The dex-HEMA support degrades, resulting in an increase in internal pressure, and the rupturing 

of the system (57). Figure 2.14 shows the structure of the proposed multibilayer coating, with 

discontinuities present within single bilayers. The budding of the outer bilayer is the result of 

hydrogel swelling, leading to coating rupture (57). 
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Figure 2.14 – Multibilayer coating supported on a self-exploding microgel. The swelling of the 

microgel causes membrane swelling and eventual rupture. Adapted from Reference 57. 

 

Lipogels consist of a polymer microgel, about 1 µm in diameter, coated with a single POPC 

bilayer, illustrated in Figure 2.15 (58). The polymer microgel is composed of lightly cross-linked 

poly(N-isopropylacrylamide) (pNiPAM) surrounded by a shell of more densely cross-linked 

pNIPAM-co-acrylic acid (58). The acrylic acid groups are modified with hydrophobic 

hydrocarbon chains intended to assist with bilayer formation (58). The polymer core is thermally 

responsive, undergoing a change in volume at its transition temperature (58). Systems of this type 

have attracted interest for drug delivery and controlled release applications. The coating of the 

microgel is carried out by incubating the microgel with unilammelar vesicles (58). Interestingly, 

measurement of diffusion coefficients revealed a difference in the mobility of the inner and outer 

leaflets. The slower diffusion of the inner leaflet, by two orders of magnitude, was attributed to 

obstruction by the immobile hydrocarbon chains of the support (58). It should be noted that the 

faster diffusing outer leaflet displayed a diffusion coefficient of ~10-9 cm2/s, which is still an order 

of magnitude slower than expected for POPC (58). 
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Figure 2.15 – Schematic showing the preparation and structure of a Lipogel (Reference 58). 

 

 The most predominant means of fabricating spherical SLBs is that of vesicle fusion. 

Strategies to help drive the vesicle fusion process have included making use of electrostatic 

interactions as well as using lipid anchors. Many of these spherical SLBs have been designed with 

biotechnological applications in mind. They are often characterized using fluorescence techniques, 

electron microscopies, differential scanning calorimetry, and various spectroscopies including IR 

and NMR (48). These studies provide information regarding lipid adsorption, composition, 

morphology, and phase transitions (48). Generally lacking from these studies is the molecular level 

information that can be provided by surface analytical techniques, for instance the molecular 

orientation of membrane constituents. 
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2.4 Summary 

Free-standing membranes, such as BLMs and vesicles, have the advantage of being closest 

to natural systems. Unfortunately, these models are mechanically fragile, and difficult to study 

using surface analytical techniques. Planar SLBs are mechanically stable, are very accessible to 

surface analytical tools, and can be designed to be accessible to electrochemical techniques. 

Spherical SLBs are mechanically stable, but are less easily investigated by surface analytical tools 

compared to flat systems. However, like biological cells, spherical SLBs on porous supports 

contain an enclosed internal volume. This feature allows for the encapsulation of molecules, and 

contributes to the many interesting biotechnological applications of spherical SLBs. This thesis 

describes the development of a spherical model membrane on a porous support. A novel aspect of 

this project is the characterization of this spherical model by surface analytical and electrochemical 

tools. 
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Chapter 3 - Theory  

3.1 Fourier Transform Infrared (FTIR) Spectroscopy 

Infrared spectroscopy is a vibrational spectroscopy (1-3). A given molecule will have a number of 

independent vibrational modes depending on its size and shape (1-2). Absorption of incident 

radiation by a vibrational mode results in a vibrational energy level transition (1-3). Vibrational 

modes which can absorb infrared radiation are referred to as infrared active modes (1-3). A 

vibrational mode is infrared active if it possesses a dynamic dipole moment (1-4). That is, the 

dipole moment of the vibrational mode changes in correspondence to the mode’s vibrational 

motion. This selection rule may be expressed as follows, 

(
𝜕𝜇

𝜕𝑥
) ≠ 0        Eq. 3.1 

where ∂µ represents a change in the dipole moment, and ∂x a change in position of the atoms of 

the vibrational mode (4). The intensity of absorption directly depends on the magnitude of the 

transition dipole moment (4). The transition dipole moment will oscillate at a characteristic 

frequency (1). 

A convenient description of the vibrational energy levels for a given vibrational mode is 

provided by the quantum mechanical treatment of a harmonic oscillator (1-6). For a diatomic 

molecule, the system is classically modelled as two masses (the atoms) connected by a spring (the 

bond) with a given force constant (the bond strength) (1-6). The quantum mechanical treatment of 

this simple harmonic oscillator yields the permitted vibrational energy levels described by the 

following equation with the associated conditions, 

𝐸 = (v + 1 2⁄ )
ℎ

2𝜋
√
𝑘

𝑚
       v = 0, 1, 2…       ∆v = ±1        Eq. 3.2 
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where v is the vibrational quantum number, h is Planck’s constant, k is the force constant of the 

bond, and m is the reduced mass of the diatomic molecule (1-6). 

These concepts may be extended to the more complex situation of a polyatomic molecule. 

Each vibrational mode may be modelled as an independent harmonic oscillator, with an associated 

effective mass and force constant (1). The permitted vibrational energy levels (Evib) derived from 

this treatment of a vibrational mode can be described by the following equation, 

𝐸𝑣𝑖𝑏 = (v+
1
2⁄ )
ℎ

2𝜋
√
𝑘𝑣𝑖𝑏
𝑚𝑣𝑖𝑏

       v = 0, 1, 2…       ∆v = ±1        Eq. 3.3 

where kvib is the force constant of the vibrational mode, and mvib is the reduced mass of the 

vibrational mode (1). This relationship is analogous to that of the diatomic system. 

The frequency of the vibrational mode may also be described using the harmonic oscillator 

model, 

𝜈𝑣𝑖𝑏 =
1

2𝜋
√
𝑘𝑣𝑖𝑏
𝑚𝑣𝑖𝑏

               Eq. 3.4 

where νvib is the frequency of the vibrational mode (1). 

Absorption of incident radiation occurs when the energy of the incident radiation matches 

the energy difference between vibrational levels of a vibrational mode (1-6).  

𝐸𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = ∆𝐸𝑣𝑖𝑏 =
ℎ

2𝜋
√
𝑘𝑣𝑖𝑏
𝑚𝑣𝑖𝑏

= ℎ𝜈𝑣𝑖𝑏                 Eq. 3.5 

The energy of the incident radiation is dependent upon its frequency as follows, 

𝐸𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = ℎ𝜈𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛                 Eq. 3.6 
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where νradiation is the radiation frequency. Therefore, the absorption condition may equivalently be 

thought of in terms of frequency. The absorption of radiation will occur when the frequency of the 

incident radiation matches the frequency of the vibrational mode, as shown below. 

𝜈𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 𝜈𝑣𝑖𝑏 = 
1

2𝜋
√
𝑘𝑣𝑖𝑏
𝑚𝑣𝑖𝑏

          Eq. 3.7 

The above discussion has neglected anharmonicities which more accurately describe real 

systems. However, the goal of the above discussion has been to illustrate the relationship between 

the absorption frequency of a vibration to its mass and bond characteristics. Neglecting 

anharmonicities does not harm this purpose, and simplifies the discussion. 

As has been shown above, the characteristic absorption frequency depends on the atomic 

mass and bond strength characteristics of the vibrational mode. Therefore, the absorption 

frequency contains valuable information. Analysis of the absorption frequency of specific 

vibrational modes can reveal structural information about biological molecules. Furthermore, 

isotopic substitution provides a means of manipulating the absorption frequency (by a change in 

mass) for experimental benefits. The research presented in this thesis will utilize these 

relationships. 

Absorption not only depends on the magnitude of the transition dipole moment, but also 

on its direction (4, 7). The absorption depends directly on the scalar product of the vectors 

associated with the transition dipole moment of the vibrational mode, and the electric field of the 

incident radiation (4, 7). This relationship may be expressed as follows, 

𝐴~(�̅� ∙ �̅�)2 = |�̅�|2|�̅�|2cos2𝜃              Eq. 3.8 

where A is the absorption, �̅� is the transition dipole moment vector, �̅� is the electric field vector, 

and θ is the angle between the two vectors (4, 7). The vectors between two parallel bars represent 
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their magnitudes. When the two vectors are parallel, θ equals 0° and the cosine term equals 1, and 

the absorption is at a maximum. When the two vectors are perpendicular, θ equals 90° and the 

cosine term equals 0, and therefore no absorption occurs. At intermediate angles, intermediate 

degrees of absorption occur. This illustrates the inherent sensitivity of absorption to molecular 

orientation. By using linearly polarized light, the inherent sensitivity to orientation of the infrared 

absorption process can be used to probe the orientation of biological molecules (7). Molecular 

orientation information will be reflected in the IR absorption band intensities. This aspect will be 

discussed again later in this theory section. 

 

3.1.1 The Fourier Transform 

The previous section discussed the theory behind the infrared absorption process. The other crucial 

aspect of FTIR spectroscopy is the Fourier transform technique (1, 6). The Fourier transform 

technique allows for the continuous monitoring of the signal, which is then mathematically 

transformed (i.e. Fourier transformed) into its frequency spectrum (1, 6).  This is accomplished by 

using a Michelson interferometer to modulate the infrared radiation. 

The Michelson interferometer, illustrated in Figure 3.1, is at the core of the Fourier 

transform technique (1, 6). The interferometer splits the infrared beam into two components, and 

introduces a variable path length into one of the components. This accomplished by the use of a 

beamsplitter and two mirrors: a stationary mirror and a movable mirror, as shown in Figure 3.1. 

The infrared beam is split into two approximately equal components by the beamsplitter (6). One 

beam proceeds to the stationary mirror and the other to the movable mirror (6). The movable mirror 

introduces a path difference (δ) between the two beams (6). In turn, this path difference introduces 

a phase difference between the two beams when they recombine at the beamsplitter (6).  
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The two components experience constructive or destructive interference upon 

recombination, depending on the path difference (1, 6). When δ = 0, the path lengths are the same, 

the two infrared beams are in-phase, and the signal is at a maximum. At other path differences 

some degree of destructive interference will occur, which will decrease the signal. As a result, the 

detected signal intensity oscillates as the two component beams interfere with one another (1, 6). 

An interferogram plots the signal intensity with respect to the path difference (1, 6). The 

interferometer will convert a particular frequency into a signal that varies in intensity depending 

on the path difference (1, 6). This relationship between the intensity and path difference may be 

expressed as follows, 

𝐼(𝛿) = 2 ∫ 𝐵(�̅�) cos(2𝜋�̅�𝛿) 𝑑�̅�            Eq. 3.9

∞

−∞

 

where 𝐵(�̅�) is the source intensity as a function of wavenumber (�̅�), which takes into account 

distortions which result from the efficiency of the beamsplitter (ie, unequal splitting of the infrared 

beam) and the frequency dependence of detector (6). 

Radiation of a single frequency would appear as a simple cosine function in the 

interferogram (1). However, the signal collected in an FTIR experiment will have a wide range of 

frequencies present, and the interferogram will be a more complex function of signal intensity with 

respect to path difference (1). The Fourier transform converts the variation in signal intensity as a 

function of path difference to a variation in signal intensity as a function of frequency (ie, 

wavenumber). The Fourier transform of Eq. 3.9 is as follows (6), 

𝐵(�̅�) = 2 ∫ 𝐼(𝛿) cos(2𝜋�̅�𝛿) 𝑑𝛿

∞

−∞

               Eq. 3.10 
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The frequency spectrum is the familiar IR spectrum. A major advantage of the Fourier transform 

technique is the simultaneous collection of all radiation (frequencies) (1). The result is the 

acquisition of the complete frequency spectrum with high throughput (1). Another advantage 

provided by the Michelson interferometer relates to the effect of modulation on the frequency in 

the radiation. The mid-IR region of the electromagnetic spectrum has frequencies of ~1013-1014 

Hz, which are too fast to be measurable by infrared detectors. The modulation provided by the 

Michelson interferometer reduces the frequency of the radiation to measurable levels (6). For 

example, a mirror speed of 1.5 cm/s will reduce the frequency of incident radiation from ~1013-

1014 Hz to ~103-104 Hz. A discussion of the theory specific attenuated total reflection (ATR) aspect 

of FTIR-ATR spectroscopy follows. 

 

 

Figure 3.1 – Michelson interferometer (adapted from Ref. 6) 
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3.2 Attenuated total reflection infrared (ATR-IR) Spectroscopy 

The schematic in Figure 3.2 illustrates the general set-up for an ATR experiment. The sample is 

in close proximity to the internal reflection element (IRE). The internal reflection element is an 

infrared transparent material (in the region of interest) of high refractive index, such as zinc 

selenide or germanium. The phenomenon of total internal reflection occurs at the interface between 

the sample and the IRE. An evanescent electromagnetic wave penetrates a very short distance into 

the sample. Absorption of the incident infrared beam occurs via the evanescent wave. As a result 

of this absorption, the reflected infrared beam is attenuated. This is the basis for obtaining an 

infrared spectrum via ATR spectroscopy. A critical aspect of ATR-IR spectroscopy in the 

investigation of biological systems is the short penetration depth of the evanescent wave. This 

limits the absorption by water, which is an essential feature of biological systems, but has often 

been a barrier to studying biological systems by infrared spectroscopy. The following sections will 

discuss the theory behind an ATR experiment. The coordinate system established in Figure 3.2 

will be used consistently throughout the ATR theory discussion. 
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Figure 3.2 – Schematic of a general ATR experiment. The incident beam undergoes total internal 

reflection at the interface between the denser internal reflection element (higher refractive index) 

and the rarer medium (lower refractive index). 

 

3.2.1 Total Internal Reflection 

A reflection at an interface between two media of different refractive index is deemed an internal 

reflection when the incident and reflected light lie in the medium of greater refractive index (8). 

Total internal reflection, as the name implies, means that there is complete reflection of the light 

at the interface. When light strikes an interface between two transparent media of different 

refractive index, the incident light may be partially transmitted and partially reflected (8). The 

angle of reflection is equal to the angle of incidence (8). All angles are defined with respect to the 

interface normal. The transmitted light is refracted, and the angle of refraction is described by 

Snell’s Law, as follows, 

𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2        Eq. 3.11 
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where n1 and n2 are the refractive indices of medium 1 and 2, θ1 is the angle of incidence, and θ2 

is the angle of refraction, with respect to the interface normal (8). Snell’s Law is illustrated in 

Figure 3.3. 

 

Figure 3.3 – Snell’s Law. 

 

The critical angle for total internal reflection is derived from Snell’s Law by setting the 

angle of refraction to 90°, that is, the angle at which there is no longer any transmitted light (8). 

At and above this critical angle, total internal reflection occurs (8). The derivation of the critical 

angle from Snell’s Law is illustrated in Figure 3.4. The critical angle (θc) is defined as follows (8). 

𝜃𝑐 = sin
−1 (

𝑛2
𝑛1
)            Eq. 3.12 
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Figure 3.4 – Derivation of the critical angle from Snell’s Law. 

 

3.2.2 Evanescent Wave 

At the critical angle and above, a standing evanescent wave penetrates into the rarer medium, 

normal to the interface. This is illustrated in Figure 3.5, adapted from Harrick (8). The electric 

field amplitude of this wave decays exponentially with distance from the interface. Harrick 

demonstrated that the evanescent wave electric field amplitudes, in the three spatial directions, 

may be calculated at the interface but in the rarer medium, using the experimental parameters. The 

electric field amplitudes Ex, Ey, and Ez are defined as follows, 

𝐸𝑥 =
2 cos 𝜃1 (sin

2𝜃1 − 𝑛21
2 )

1
2⁄

(1 − 𝑛21
2 )

1
2⁄ [(1 + 𝑛21

2 )sin
2𝜃1 − 𝑛21

2 ]
1
2⁄
        Eq. 3.13 

 

𝐸𝑦 =
2 cos 𝜃1

(1 − 𝑛21
2 )

1
2⁄
           Eq. 3.14 
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𝐸𝑧 =
2 sin 𝜃1 cos 𝜃1

(1 − 𝑛21
2 )

1
2⁄ [(1 + 𝑛21

2 )sin
2𝜃1 − 𝑛21

2 ]
1
2⁄
         Eq. 3.15 

 

where θ1 is the incident angle and n21=n2/n1 (8).  The coordinate system is the same as shown in 

Figure 3.2. The z-axis lies along the interface normal. The x-axis is parallel to the interface and 

the incident plane. The y-axis is parallel to the interface, but perpendicular to the incident plane. 

The incident plane is the plane defined by the incident and reflected beams. 

 

Figure 3.5 – Evanescent wave (adapted from Ref. 8). The evanescent wave decays exponentially 

with distance from the interface. 

 

The penetration depth of the evanescent wave is defined as the distance from the interface 

at which the electric field becomes e-1 its value at the interface (8). As with the electric field 

amplitudes, the penetration depth may be calculated using experimental parameters. The 

penetration depth (dp) of the evanescent wave is described by the following equation, 

𝑑𝑝 =
𝜆

2𝜋𝑛1√𝑠𝑖𝑛2𝜃1 − 𝑛21
2
          Eq. 3.16 

where λ is the incident wavelength, and the remaining terms are defined as before (8). 
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3.2.3 Attenuated Total Reflection (ATR) 

Thus far the discussion has focused on total internal reflection at the interface between two 

transparent, non-absorbing media. However, when the rarer medium is an absorbing medium, the 

reflection at the interface is no longer total (8). An absorbing rarer medium will absorb energy 

from the evanescent wave, and therefore attenuate the incident beam (8). The absorption via the 

evanescent wave is the mechanism for obtaining a surface sensitive IR spectrum by ATR 

spectroscopy. 

 As described, the incident beam is attenuated by a coupling between the evanescent wave 

and the sample. This coupling is described by the concept of effective thickness (8). The effective 

thickness is a measure of the strength of coupling between the evanescent wave and the sample 

(8). It is not a measure of sample thickness (8). The theoretical treatment of ATR spectroscopy 

may be divided over two general experimental conditions. When the thickness of the sample is 

much greater than the penetration depth of the evanescent wave, it is said to be a bulk sample or 

thick film. When the thickness of the sample is much less than the penetration depth of the 

evanescent wave, it is said to be a thin film. As this thesis deals with thin films, the theoretical 

framework for thin films will be the focus of this theory section. 

 In dealing with thin films (d<<dp), the electric field associated with the evanescent wave is 

approximated as being constant over the thickness of the film (8). This is termed the thin film 

approximation. The experimental system is now a three phase system, illustrated in Figure 3.6. For 

thin films, the electric field amplitudes at the interface, in the rarer medium, are now 

𝐸𝑥 =
2 cos 𝜃1 (sin

2𝜃1 − 𝑛31
2 )

1
2⁄

(1 − 𝑛31
2 )

1
2⁄ [(1 + 𝑛31

2 )sin
2𝜃1 − 𝑛31

2 ]
1
2⁄
         Eq. 3.17 
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𝐸𝑦 =
2 cos 𝜃1

(1 − 𝑛31
2 )

1
2⁄
             Eq. 3.18 

 

𝐸𝑧 =
2𝑛32

2 sin 𝜃1 cos 𝜃1

(1 − 𝑛31
2 )

1
2⁄ [(1 + 𝑛31

2 )sin
2𝜃1 − 𝑛31

2 ]
1
2⁄
           Eq. 3.19 

 

where θ1 is the incident angle, n31 = n3/n1, n32=n3/n2, and n1, n2, and n3, are the refractive indices 

of the first, second, and third media respectively (8). 

 

Figure 3.6 – Schematic of a three phase ATR system. The thin film approximation is used when 

d<<dp. The gradient arrow represents the exponential decay of the evanescent wave. 

 

As can be seen, the third medium plays a role in determining the electric field amplitudes. 

Similarly, the critical angle at which total internal reflection occurs is now dictated by the refractive 

index of the overlying layer, with the critical angle now depending on n3 instead of n2 (8). 

𝜃𝑐 = sin
−1 (

𝑛3
𝑛1
)          Eq. 3.20 
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In order to get quantitative orientation information regarding transition dipoles from an 

ATR experiment, the direction of the electric field vectors at the interface must be known. The 

experimenter controls, and therefore knows, the direction of the electric field vectors by using 

linearly polarized light. Light in which the electric field vector lies parallel to the plane defined by 

the incident and reflected beams is termed p-polarized light (4). Light in which the electric field 

vectors lies perpendicular to the plane of incidence is said to be s-polarized (4). With respect to 

the previously defined coordinate system, p-polarized light contains electric field contributions in 

the x and z directions, while s-polarized light only contributes in the y direction (7). Figure 3.7 

illustrates the electric field vectors of linearly polarized light. 

 

Figure 3.7 – Linearly polarized light. The electric field vectors of p-polarized light lie within the 

incident plane. The electric field vector of s-polarized light lies perpendicular to the incident plane. 

 

The penetration depth is equal for both p- and s-polarized light. However, the effective 

thickness for the two polarizations may be different (8). The effective thickness is a measure of 

the strength of the interaction between the evanescent wave and the absorbing medium (8). For 

thin films, the effective thicknesses for p-polarized (de(p)) and s-polarized (de(s)) light are, 
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𝑑𝑒(𝑝) = 4
𝑛21 cos 𝜃1[(1 + 𝑛32

4 )𝑠𝑖𝑛2𝜃1 − 𝑛31
2 ]

(1 − 𝑛31
2 )[(1 + 𝑛31

2 )𝑠𝑖𝑛2𝜃1 − 𝑛31
2 ]
𝑑           Eq. 3.21 

𝑑𝑒(𝑠) = 4
𝑛21 cos 𝜃1

(1 − 𝑛31
2 )
𝑑               Eq. 3.22 

where d is the thickness of the film and the remaining terms are defined as before (8, 9). 

 

3.2.4 Molecular Orientation 

The effective thicknesses for a thin film for both p- and s-polarized light have been shown, and 

may be calculated from experimental parameters. Quantitative orientation information may be 

obtained from an ATR experiment by measuring the dichroic ratio. The dichroic ratio (R) is the 

ratio of the absorption of p-polarized light (Ap) to that of s-polarized light (As). 

𝑅 =
𝐴𝑝

𝐴𝑠
            Eq. 3.23 

The dichroic ratio for a randomly oriented isotropic sample is found by taking the ratio of the 

effective thicknesses for p- and s-polarized light (9). 

𝑅𝑖𝑠𝑜 =
𝑑𝑒(𝑝)

𝑑𝑒(𝑠)
=
(1 + 𝑛32

4 )𝑠𝑖𝑛2𝜃 − 𝑛31
2

(1 + 𝑛31
2 )𝑠𝑖𝑛2𝜃 − 𝑛31

2              Eq. 3.24 

For a given transition dipole moment of a vibration, an order parameter may be calculated using 

the associated dichroic ratio and electric field amplitudes (7, 10-11). The transition dipole order 

parameter (Sdipole) is a quantitative description of the orientation of the transition dipole moment 

with respect to the surface normal. 

𝑆𝑑𝑖𝑝𝑜𝑙𝑒 =
𝐸𝑥
2 − 𝑅𝐸𝑦

2 + 𝐸𝑧
2

𝐸𝑥2 − 𝑅𝐸𝑦2 − 2𝐸𝑧2
         Eq. 3.25 

If the angle between a given transition dipole moment and molecular axis is known, an order 

parameter for the molecular axis (Saxis) may also be calculated as follows, 
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𝑆𝑎𝑥𝑖𝑠 =
𝐸𝑥
2 − 𝑅𝐸𝑦

2 + 𝐸𝑧
2

1
2 (3𝑐𝑜𝑠

2𝛼 − 1)(𝐸𝑥2 − 𝑅𝐸𝑦2 − 2𝐸𝑧2)
              Eq. 3.26 

where α is the angle between the vector associated with transition dipole moment and the molecular 

axis of interest (7, 10-11). The order parameter for a randomly oriented (R=Riso) sample will be 

equal to 0. 

The order parameter Sdipole may be used to find the average angle of orientation of the 

transition dipole moment with respect to the surface normal using the following relationship (7, 

10-11). 

𝜃𝑑𝑖𝑝𝑜𝑙𝑒 = cos
−1√

2𝑆𝑑𝑖𝑝𝑜𝑙𝑒 + 1

3
                  Eq. 3.27 

Similarly, the order parameter Saxis may be used to find the average angle of orientation of a 

molecular axis with respect to the surface normal (7, 10-11). 

𝜃𝑎𝑥𝑖𝑠 = cos
−1√

2𝑆𝑎𝑥𝑖𝑠 + 1

3
               Eq. 3.28 

An average angle of orientation for a randomly oriented sample (S=0) will be equal to 54.7°. In 

this way, molecular orientation information may be extracted from FTIR-ATR spectra. 

The aforementioned theory with respect to molecular orientation assumes a planar 

macroscopic structure for the membrane, parallel to the IRE surface. If the structure of the lipid 

membrane deviates from planarity, the calculated tilt angle will be shifted towards the random 

angle of 54.7° (7). The scaffolded vesicles under study have a spherical geometry. At this point it 

is necessary to consider the dimensions of the main features of the ATR experiment. For the range 

of incident angles and refractive indices of the IREs employed in this thesis, the penetration depth 

of the evanescent wave ranged between 0.2-1.7 µm. The average diameter of the hydrogel 
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scaffolds ranged between ~100-250 µm. The thickness of a lipid membrane is ~5 nm. The radius 

of curvature of the scaffold is very large compared to both the thickness of a bilayer and the 

penetration depth of the evanescent wave. Therefore, the lipid coating is approximated as 

appearing planar to the ATR experiment. The validity of the planar approximation will be studied. 

 

3.3 Fluorescence 

Luminescence is defined as the spontaneous emission of light from an electronically or 

vibrationally excited species which is not in thermal equilibrium with its environment (12, 13). 

Several types of luminescence exist, and they are classified with respect to the manner of excitation 

(13). Photoluminescence occurs when a chemical species is promoted to an electronic excited state 

via the absorption of light, and then subsequently relaxes to a ground state via the spontaneous 

emission of a photon (13). Fluorescence is a photoluminescent phenomenon (13). A fluorescent 

molecule emits longer wavelength light following the absorption of shorter wavelength light (13-

15). This section will discuss the theory associated with molecular fluorescence in solution, which 

is most relevant for work described in this thesis, and biological cells in general. Fluorescence 

techniques can provide valuable information in the study of natural and artificial biological 

systems. Fluorescence microscopy is a very useful technique which allows for the direct 

visualization of fluorescently labelled biological structures and model membranes (16). 

Fluorescence phenomena such as quenching and photobleaching can be used to gain insight into 

the structure and dynamics of membranes (13, 14, 16). The following sections will discuss 

fluorescence theory, as well as the theory behind fluorescence based techniques such as 

fluorescence recovery after photobleaching (FRAP). 
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3.3.1 The Fluorescence Phenomenon 

Electronic transitions occur when a molecule absorbs a photon, resulting in its promotion from its 

lowest energy ground state to a higher energy excited state (13-15). Electronic transitions occur in 

the ultraviolet, visible, and near-infrared regions of the electromagnetic spectrum (13). These 

electronic transitions occur between molecular orbitals. For fluorescence, the most important 

molecular orbitals are the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) (13). Excitation of an electron from the molecule’s HOMO to its 

LUMO results in the molecule transitioning from its ground to excited state (13). An electronic 

state has a spin multiplicity, which depends on the spins of the associated electrons. The spin 

multiplicity (M) is defined as, 

M = 2S +1         Eq. 3.29 

where S is the total spin quantum number, defined as the sum of all the electron spin quantum 

numbers (13). When M=1, a molecule is said to be in a singlet state. In principle, the spin of the 

excited electron does not change (13). Therefore if the ground state is a singlet state, the excited 

state will also be a singlet state. A phenomenon called intersystem crossing may occur, wherein 

the spin of the electron can change after excitation to the LUMO (13). In this case, the spin 

multiplicity now equals 3, and the excited state is said be a triplet state (M=3). Figure 3.8, adapted 

from (13), shows a representation of a singlet ground electronic state, and illustrates the difference 

between a singlet and triplet excited electronic state. 
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Figure 3.8 – Electron configurations of the HOMO and LUMO for singlet and triplet excited states. 

Adapted from Ref 13. 

 

 Electronic states can be represented using their spin multiplicity. A singlet ground 

electronic state is denoted as S0, while singlet excited electronic states are progressively denoted 

as S1, S2 etc. There are a number of vibrational states associated with each electronic state (13-15). 

The energy difference between electronic states is much greater than that between vibrational 

states (13-15). The electronic and vibrational states of a molecule are commonly represented using 

a Jablonski diagram. Figure 3.9 shows a general Jablonski diagram, which illustrates many 

important concepts related to fluorescence. The features of the Jablonski diagram will now be 

discussed. The electronic states are illustrated by the thick horizontal lines, while the vibrational 

states associated with each electronic state are illustrated by the thinner horizontal lines. 
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Figure 3.9 – Jablonksi diagram. Adapted from Reference 13. The diagram illustrates the 

absorption, fluorescence, and phosphorescence processes, as well as internal conversion (IC), and 

intersystem crossing (ISC) phenomena. The electronic states are indicated by the bold horizontal 

lines, the vibrational states associated with each electronic state are indicated by the thinner 

horizontal lines. 

 

At room temperature, the majority of the molecules will be in the lowest vibrational state 

of the ground electronic state, S0. Absorption of a photon is illustrated by the upwards pointing 

vertical arrows. Depending on the energy of the absorbed photon, the molecule will be promoted 

to an excited electronic state (S1, S2…) and vibrational state. If the molecule is excited to an 

electronic state greater than S1, it will usually undergo a nonradiative transition to S1, termed 

internal conversion (13-15). Vibrational relaxation to the lowest vibrational state of S1 will also 

occur (13). 

At this point, several processes are possible. Internal conversion from S1 to S0 may occur. 

However, the energy difference between S0 and S1 is much greater than between the other 

electronic states, making the internal conversion process less efficient (13). Another route to the 

ground state is fluorescence. 
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Fluorescence may be defined as the spontaneous emission of light from an excited species 

without a change in its spin multiplicity (12, 13). Fluorescence is the emission of light associated 

with the S1 to S0 transition (13-15). Since fluorescence nearly always originates from S1, the 

wavelength profile of the emission spectrum is independent of the excitation wavelength (13-15). 

The wavelength of the fluorescence emission is always greater than that of the absorption, with 

the possible exception of some small emission and absorption band overlap due to vibrational 

considerations (13-15). The overlap occurs if some molecules are initially in excited vibrational 

states, which is indeed the case at room temperature (13). 

Finally, instead of fluorescence, it is possible for intersystem crossing to another spin state 

to occur. For a molecule in S1, the intersystem crossing will consist of a transition to a triplet 

excited state, T1 (13). This process is the origin of phosphorescence. Phosphorescence presents 

another means of returning to the ground electronic state. It is clear that a number of different 

relaxation processes may compete with fluorescence. The quantum yield of a fluorophore is a 

measure of the efficiency of the fluorescence process. The quantum yield may be expressed as in 

Eq. 3.28 (16). The greater the quantum yield of a molecule, the more likely it is that fluorescence 

will occur (16). 

Φ =
# 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

# 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
           Eq. 3.30 

The fluorescence intensity of a molecule can be decreased by a number of different 

processes and interactions (14). The decrease in the intensity of fluorescence is referred to as 

quenching (14). A number of different interactions can result in quenching. Collisional quenching 

occurs when there is a collision or contact between an excited fluorescent molecule and a 

quenching species (14). This causes the fluorescent molecule to return to the ground state without 

emitting a photon (14). By providing an alternative pathway to the ground state, quenching 
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decreases the quantum yield of the fluorophore. The mechanism by which collisional quenching 

occurs is specific to a given fluorescent molecule and quenching species (14). Fluorescence 

quenching can be utilized in the study of biological systems. 

 

3.3.2 Fluorescence Microscopy 

Fluorescence microscopy is an important technique in the field of cell biology, used to visualize 

cellular structures and investigate cell processes (16). In order to do this, specific molecules or 

structures in biological cells are labelled with fluorescent probes (16). Analogously, the 

fluorescence studies described in this thesis utilized fluorescently-tagged phospholipids in order 

to probe the model membrane structure and dynamics. 

A fluorescent molecule suitable for fluorescent microscopic studies must emit visible light. 

As described, fluorescence emission takes places at longer wavelength than the corresponding 

excitation. Therefore, fluorescent molecules suitable to serve as fluorescent probes (ie, those that 

will emit visible light) will generally absorb short-wavelength visible light or ultraviolet light (4). 

As a result, a suitable probe must have an electronic transition in the energy range appropriate for 

excitation via short-wavelength visible or ultraviolet light. 

Typically, a fluorescent probe is a highly conjugated, often aromatic, molecule with 

delocalized electrons (14, 16). The degree of electron delocalization affects the energy of the 

electronic states. The greater the conjugation of the system, the lower the energy required to excite 

an electron (13, 14). Therefore, as the conjugation increases, the absorption wavelength will also 

increase. An example of a conjugated fluorescent tag used to label phospholipids is the 

nitrobenzoxadiazole (NBD) fluorophore, shown in Figure 3.10, which is used in this thesis. 
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Figure 3.10 – Phospholipid with a nitrobenzoxadiazole (NBD) fluorescent tag. 

 

An important process which can be easily observed by fluorescence microscopy is 

photobleaching. Photobleaching is the loss of fluorescence intensity due to the degradation of the 

fluorophore (13, 16). The most common photobleaching degradation process occurs via the 

reaction of the fluorophore with oxygen (13, 16). Depending on the experiment, photobleaching 

can be a desirable or undesirable process. The following section describes the technique of 

fluorescence recovery after photobleaching (FRAP), which uses photobleaching as a means of 

probing biological membrane properties. 

 

3.3.3 Fluorescence Recovery After Photobleaching (FRAP) 

An important fluorescence technique which exploits the photobleaching phenomenon is 

Fluorescence Recovery After Photobleaching (FRAP). FRAP was introduced in the 1970s and is 

widely used and powerful tool in cell biology (17, 18). The typical FRAP experiment involves 

photobleaching a small region of a fluorescent sample and observing the recovery, if any, of the 

fluorescence signal to the bleached region (18). Fluorescence recovery occurs if there are mobile 

fluorophores in the photobleached and adjacent unbleached regions (18). FRAP is commonly used 

to measure diffusion coefficients of lipids and proteins in biological cells (18, 19). It may also be 
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used to measure diffusion coefficients in suitable model membranes. The following sections will 

describe key features of the FRAP experiment, the construction of fluorescence recovery curves, 

and provide the theory for extracting kinetic parameters from a FRAP recovery curve. 

 

3.3.3.1 Photobleaching Considerations 

Ideally, the photobleaching event in a FRAP experiment would instantaneously bleach 

each and every fluorophore in the defined bleaching region (18). Instantaneous photobleaching 

prevents any photobleached molecules from leaving, and any unbleached molecules from entering 

the photobleached region (18). Total bleaching allows for the best contrast in the image analysis 

(18). In practice it may be difficult to achieve both instantaneous and total bleaching, as they are 

competing goals. It is obvious that the longer one bleaches, the more total the bleaching, yet the 

less instantaneous the bleaching event becomes (18). Fortunately it is not necessary to have 

complete and total bleaching to extract kinetic parameters from the FRAP experiment. As a rule, 

the bleaching time should not be greater than one tenth the half-life of the recovery process (18). 

Upon bleaching, image acquisition should occur for a period of time that is 10-50 times longer 

than the half-life of the recovery time (18, 20-21). 

 

3.3.3.2 Image Analysis 

In order to comparatively analyse separate FRAP experiments, and extract meaningful data from 

the fluorescence recovery curves, the following analysis procedure should be performed. The 

regions of interest referred to in the discussion correspond to those shown in Figure 3.11, which 

has been adapted from Reference 18, using results from work performed in this thesis. 
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Figure 3.11 – Regions of interest for FRAP image analysis. Adapted from Ref 18. 

 

The average pixel value of the photobleached region is measured and background 

corrected. Background fluorescence contributes to the average pixel value and is subtracted from 

the photobleached region at each time point as shown, 

𝐹(𝑡) = 𝑏𝑙𝑒𝑎𝑐ℎ(𝑡) − 𝐵𝐺(𝑡)         Eq. 3.31 

where F(t), bleach(t), and BG(t) are the time dependent recovery curve, photobleached zone, and 

background fluorescence intensities respectively (18). 

The fluorescence images must also be corrected for factors such as acquisition 

photobleaching and source light intensity fluctuations (18). This is accomplished by dividing the 

background corrected fluorescence by the total cell (or scaffolded vesicle in the case of this thesis) 

fluorescence intensity for each time point (18). This process also corrects for bleached 

fluorophores, which will be helpful in the extraction of kinetic parameters (6). Tot(t) is the total 

fluorescence intensity at each time, t. 

𝐹(𝑡) =
𝑏𝑙𝑒𝑎𝑐ℎ(𝑡) − 𝐵𝐺(𝑡)

𝑇𝑜𝑡(𝑡) − 𝐵𝐺(𝑡)
            Eq. 3.32 
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The final step is the normalization of the fluorescence, typically done by setting the pre-bleach 

intensity to 1, in order to allow for comparison of different experimental runs (18). In practice, this 

is done by the following operation where ti corresponds to the initial, pre-photobleach image. 

 

𝐹(𝑡) =
𝑏𝑙𝑒𝑎𝑐ℎ(𝑡) − 𝐵𝐺(𝑡)

𝑇𝑜𝑡(𝑡) − 𝐵𝐺(𝑡)
×

𝑇𝑜𝑡(𝑡𝑖) − 𝐵𝐺(𝑡𝑖)

𝑏𝑙𝑒𝑎𝑐ℎ(𝑡𝑖) − 𝐵𝐺(𝑡𝑖)
            Eq. 3.33 

 

Figure 3.12, adapted from reference 18, illustrates this treatment of the collected images towards 

the construction of the fluorescence recovery curves. The following section details the methods 

used for extracting kinetic parameters such as the mobile and immobile fractions and the diffusion 

coefficients. 
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Figure 3.12 – FRAP recovery curve construction: a) Plots of the three functions used to construct 

the corrected recovery curve, and b) the corrected and normalized fluorescence recovery curve 

which results from Eq. 3.33. Adapted from Reference 18. 
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3.3.3.3 Kinetic Parameters 

Kinetic parameters can be extracted from a fluorescence recovery curve. Figure 3.13 shows a 

sample fluorescence recovery curve, the key features of which have been labelled. The fraction of 

fluorescent molecules which are mobile, and the rate of their mobility can be found from the FRAP 

experiment (18, 19). The mobile fraction is determined by comparing the initial, photobleached, 

and recovered fluorescence intensities in the region of interest. The mobile fraction is defined by 

the following equation, 

𝑓𝑚 =
𝐹𝑒 − 𝐹0
𝐹𝑖 − 𝐹0

       Eq. 3.34 

where fm is the mobile fraction, and Fi, F0, and Fe are the fluorescent intensities initially, 

immediately after bleaching, and at the recovery equilibrium, respectively (18, 19). The immobile 

fraction (fim) is simply found from the mobile fraction (18, 19). 

𝑓𝑖𝑚 = 1 − 𝑓𝑚       Eq. 3.35 

In biological systems, the mobile fraction can be affected by membrane barriers and domains (19). 

 

Figure 3.13 – Example fluorescence recovery curve, illustrating the key features (adapted from 

Ref 19) 
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The mobility of the fluorescent molecule is expressed in terms of a diffusion coefficient 

(D). Axelrod et. al. developed a two-dimensional diffusion equation, allowing for the 

determination of the diffusion coefficient from the FRAP experiment (20). The diffusion 

coefficient may be calculated from the following equation, 

𝐷 = (
𝑤2

4𝜏1/2
) 𝛾           Eq. 3.36 

where w is the radius of the beam, τ1/2 is the half-time of the recovery curve, and γ is a correction 

factor for the amount of bleaching (20). For circular beams, γ = 0.88, and is independent of the 

amount of bleaching (20). 

Further work by Soumpasis elaborated on the work by Axelrod et. al., examining the 

determination of diffusion coefficients from FRAP experiments performed with circular beams 

(22). An expression for the diffusion coefficient, essentially identical to that derived by Axelrod 

et. al., was derived and is shown below (22). 

𝐷 =
0.224𝑤2

𝜏1/2
             Eq. 3.37 

This approach is valid for the diffusion of a single population, with one diffusion coefficient. 

However, it is possible to have multiple diffusing populations, with different diffusion coefficients. 

Soumpasis also derived a relationship between the diffusion coefficient and the three-quarters 

recovery time (τ3/4), which is shown below (22). 

𝐷 =
0.7386𝑤2

𝜏3/4
          Eq. 3.38 

If the system is best described by single component isotropic diffusion, analysis of the recovery 

curve by both equations 3.34 and 3.35 should yield identical results, within experimental error 

(22). This provides a useful, simple means of confirming single component diffusion. 
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The recovery curve parameters τ1/2, Fe, and F0 can be determined by fitting the recovery 

curve with an exponential function of the form: 

𝐹(𝑡) = 𝑎 + 𝑏 exp (− 𝑡 𝜏⁄ )         Eq. 3.39 

The recovery curve parameters may now be found as follows: 

𝜏1/2 = 𝜏 ln(2)        Eq. 3.40 

𝐹𝑒 = 𝑎        Eq. 3.41 

𝐹0 = 𝑎 + 𝑏     Eq. 3.42 

In this way kinetic parameters can be extracted from the FRAP experiment. 

 

3.4 Electrophysiology 

Electrophysiology developed from the recognition of electrical activity in animal physiology, 

before any knowledge of protein ion channels was available (23). Early experiments used glass 

microelectrodes to puncture the cell membrane of skeletal muscle cells and measure the membrane 

potential (23, 24). These microelectrodes had glass pipette tips with diameters of 2-5 µm. It was 

found that using sharper electrodes (smaller tip diameters) resulted in a greater success rate and 

more consistent measurements (23, 25). This configuration, where the microelectrode penetrates 

the cell membrane in order to gain electrical access to the interior of the cell is referred to as 

intracellular recording (23). 

Later, Neher and Sakmann developed the patch-clamp technique (26, 27). Patch-clamping 

uses microelectrodes with large pipette tips, relative to intracellular recording (23). In contrast to 

intracellular recording, the microelectrode does not penetrate the cell. Rather, a very tight seal is 

made between the pipette tip and the cell membrane (23). Subsequent rupturing of the membrane 

patch under the pipette opening results in electrical access to the cell interior, without breaking the 
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seal between the pipette and cell (23). Figure 3.14 illustrates the physical differences between 

intracellular recording and patch-clamping. These techniques have been used to measure 

membrane potentials in live cells and perform much more complex electrophysiological 

experiments. Patch-clamping in particular has become a powerful tool for the electrical study of 

biological cells. The following sections will discuss the theory associated with these techniques, 

with a focus on those aspects most applicable to work presented in this thesis. 

 

 

Figure 3.14 – a) Intracellular recording uses a sharp pipette to impale a biological cell in order to 

gain electrical access to the cell interior; b) Patch-clamping uses a blunt pipette to seal onto a 

biological cell and rupture a membrane patch in order to gain electrical access to the cell interior. 

 

3.4.1 Intracellular Recording 

Intracellular recording uses a microelectrode with a sharp pipette tip to puncture the membrane of 

a biological cell, gaining electrical access to the cell interior (23). A second electrode is in the bath 

solution which contains the cell, and serves as the extracellular environment (23). Since the two 

electrodes are on either side of the membrane, the difference in potential between the two 

electrodes measures the membrane potential (23). By applying a current and measuring the voltage 
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response, electrical parameters such as the membrane resistance and capacitance may be measured 

(23). The equivalent circuit in Figure 3.15 shows the key electrical parameters in the intracellular 

recording experiment (23). 

 

Figure 3.15 – Equivalent circuit for the intracellular recording configuration. The key electrical 

features illustrated are the pipette capacitance (Cpip), pipette resistance (Rpip), leak resistance 

(Rleak), membrane resistance (Rm), membrane capacitance (Cm), and membrane potential (Em). 

Adapted from Reference 23. 

 

The microelectrode glass pipette has an associated resistance and capacitance (23). The 

pipette resistance results from the very small tip diameters (23). Microelectrodes used for 

intracellular recording have resistances between 15 – 150 MΩ (23, 28). The sharper the pipette tip 

(ie, the smaller the opening), the higher the resistance (23). To measure the membrane potential, a 

differential amplifier measures the voltage difference between its two inputs, the microelectrode 

and bath electrode (23). The differential amplifier (and other circuitry) is commonly referred to as 

the probe (23). The membrane potential is spread over the pipette resistance and probe input 
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resistance (23). In order to accurately measure the membrane potential, the input resistance of the 

probe must be very high relative to that of the pipette (23). The pipette capacitance arises because 

the glass acts as an insulator between the inner pipette volume and bath solutions (23). This 

capacitance is small, and may be neglected depending on the phenomenon under investigation. 

One area of concern regarding the pipette capacitance is the measurement of fast membrane 

potential changes (23). These may be distorted by the pipette capacitance (23). Such investigations 

may require the use of capacitance compensation systems. 

Puncturing the cell with a sharp microelectrode damages the cell membrane. This damage 

can result in a leak between the outer surface of the glass pipette and membrane, giving rise to the 

leak resistance term in Figure 3.15 (23). This leak connects the intracellular and bath solutions, 

which can result in a short circuit and death of the cell (23). Therefore, the membrane damage 

must be kept to a minimum, in order to maximize the leak resistance (23). 

In order to measure the membrane resistance and capacitance, a current is applied (or 

injected) into the cell via the microelectrode and the potential response is monitored (23). Figure 

3.16 shows an example of an injected current and corresponding potential response (23). The 

membrane resistance is determined by Ohm’s Law. When the injected current is constant, the 

potential change may be expressed as is shown in Eq. 3.40, in accordance with the equivalent 

circuit shown in Figure 3.15, where the pipette resistance is in series with the parallel membrane 

and leak resistances (23). 

∆𝑉 = ∆𝐼𝑅 = ∆𝐼 [𝑅𝑝𝑖𝑝 + [
𝑅𝑚𝑅𝑙𝑒𝑎𝑘
𝑅𝑚 + 𝑅𝑙𝑒𝑎𝑘

]]        Eq. 3.43 

If the leak resistance is very high, as it should be, the membrane resistance may therefore be 

expressed as follows, 



71 
 

𝑅𝑚 =
∆𝑉

∆𝐼
− 𝑅𝑝𝑖𝑝           Eq. 3.44 

The pipette resistance is measured before puncturing the cell, and is known. Therefore, by 

controlling the injected current and measuring the voltage change, the membrane resistance may 

be determined (23). 

 

Figure 3.16 – Potential response to injected current for intracellular recording. Adapted from 

Reference 23. 

 

The membrane capacitance may also be determined from the response of the potential to 

the injected current. The pipette resistance and membrane capacitance form an RC circuit with a 

time constant, τ. The time constant is equal to, 

𝜏 = 𝑅𝑝𝑖𝑝𝐶𝑚        Eq. 3.45 

In this treatment, the pipette capacitance is neglected, which is valid if it is small relative to the 

membrane capacitance (23). The pipette resistance is known from preliminary experiments, and τ 

is found from the voltage decay illustrated in Figure 3.16, allowing for the determination of the 

membrane capacitance (23). As mentioned in the Literature Review discussion of biological 

membranes, the specific capacitance of biological membranes is ~ 1 µF/cm2, and varies little with 
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composition. Therefore, by measuring the total cell capacitance, the researcher can estimate the 

surface area of the cell (23). Intracellular recording experiments are current clamp experiments, 

meaning that the experimenter controls the injected current, and monitors the potential response 

(23). In contrast, voltage clamp, where the experimenter controls the membrane potential, cannot 

be performed using a single sharp electrode. Voltage clamping with sharp electrodes requires the 

use of multiple pipettes (23, 26-30). Voltage clamping will be encountered in the discussion of the 

patch-clamping technique. 

 

3.4.2 Patch-clamping 

The patch-clamp technique uses a microelectrode with a relatively large pipette (patch pipette) to 

make a very tight seal to the surface of a biological cell (23, 26-30). The strength of this seal is 

measured in terms of its electrical resistance, and should be on the order of a gigaohm (23, 26-30). 

The seal between the patch pipette and membrane is commonly referred to as a gigaseal, in 

reference to its high resistance. Patch pipettes typically have diameters of a few micrometres, and 

resistances between 1-5 MΩ (28). 

An important advantage of patch clamping compared to intracellular recording is that patch 

clamping easily allows for both voltage and current clamp experiments (23). Voltage clamp means 

that the membrane potential is controlled by the experimenter (23). Voltage clamp utilizes an 

electronic feedback system where the measured potential is compared to a holding potential set by 

the experimenter (23). If the potential deviates from the set holding potential, current is applied in 

order to compensate and maintain the holding potential (23). Voltage clamping requires measuring 

a voltage and applying a compensatory current feedback using a single pipette (23). This requires 
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low resistance pipettes, and is therefore not possible in intracellular recording where sharp, high 

resistance pipettes are used (23). 

Patch-clamp experiments may be performed in several different configurations. Figure 

3.17 illustrates the different patch-clamp experimental configurations (23, 28-30). In the cell-

attached (on-cell) configuration, a gigaseal is formed between the patch pipette and the cell (23, 

27-30). The configuration allows for the study of ion channels present in the membrane patch 

which lies underneath the pipette tip opening (23). All patch-clamp experiments begin in the cell-

attached configuration. 

Once in the cell attached configuration, the experimenter may pull the patch pipette away 

from the cell (Fig. 3.17c). This separates the membrane patch from the cell, and is referred to as 

the inside-out excised patch configuration (23). The inside-out is used because the inside of the 

biological cell now faces outwards, with respect to the patch pipette. 

 

Figure 3.17 – Patch-clamp configurations, a) on-cell configuration, b) whole cell configuration, c) 

inside-out excised patch configuration, d) outside-out excised patch configuration. 
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Whole-cell mode (Fig. 3.17b) is obtained from the cell-attached configuration by rupturing 

the membrane patch (23, 27-30). The outside-out excised patch configuration (Fig. 3.17d) is 

obtained by pulling away while in the whole-cell configuration. Now the outside of the biological 

cell faces out with respect to the patch pipette, and thus the term outside-out.  

The whole-cell mode is the only configuration which allows for the control of the 

membrane potential of the entire cell (23). As the work in this thesis seeks to characterize the 

scaffolded vesicle model as whole (and apply a potential), the whole-cell configuration will 

primarily be discussed. The equivalent circuit for the whole-cell configuration is shown in Figure 

3.18 (23). The whole-cell configuration is very similar to that of intracellular recording (23). The 

primary difference between the two is the ability to voltage clamp with whole-cell patch-clamp 

(23). 

 

Figure 3.18 – Equivalent circuit for the whole-cell patch-clamp configuration. Adapted from 

Reference 23. 
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Examination of the equivalent circuits shown in Figures 3.15 and 3.18 highlights the 

differences between intracellular recording and whole-cell patch-clamping. With intracellular 

recording, the natural membrane potential is retained upon puncturing the cell. With whole-cell 

patch-clamping, the natural membrane potential is lost due to a wash out of the cytoplasm by the 

pipette electrolyte (23). This occurs with whole-cell patch-clamping, but not with intracellular 

recording, due to the use of larger pipettes (23). Secondly, there is an additional resistor in the 

whole-cell patch-clamping configuration termed the access resistance (23, 27-30). The access 

resistance (Raccess) arises from bits of membrane that may still be obstructing the pipette opening 

following patch rupture (29). The pipette and access resistances are in series, and are often 

considered as a single resistor termed the series resistance (Rseries) (23). The membrane resistance 

is in series with the series resistance, and should be much larger, which allows for the measurement 

of current across the membrane (23). As with intracellular recording, the leak resistance should be 

very high, as it presents an alternative path to ground (23). 

In an ideal, conventional whole-cell patch-clamp experiment, the pipette capacitance is 

often compensated or neglected. Assuming a high leak resistance, a simplified equivalent circuit 

may be presented, as shown in Figure 3.19 (23). The current response to an applied voltage pulse 

(whole-cell, voltage clamp) is shown in Figure 3.20 (23). The current response is analyzed with 

respect to the equivalent circuit in Figure 3.19, in order to extract the membrane resistance and 

capacitance (23). 
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Figure 3.19 – Simplified whole-cell patch-clamp equivalent circuit. Adapted from Reference 29. 

 

The current transient that results from the applied voltage pulse can be described by the 

following function of time, 

𝐼(𝑡) = (𝐼0 − 𝐼𝑠𝑠) exp(
−𝑡

𝜏⁄ ) + 𝐼𝑠𝑠          Eq. 3.46 

 

where Io is the initial current, Iss is the steady-state current, and τ is the time constant (29, 31). The 

series resistance may be found from the initial current, and the membrane resistance subsequently 

found from the steady-state current as follows (29, 31). 

𝑅𝑠 =
∆𝑉

𝐼0
           Eq. 3.47 

𝑅𝑚 =
∆𝑉 − 𝐼𝑠𝑠𝑅𝑠

𝐼𝑠𝑠
         Eq. 3.48 

 

The membrane capacitance may be found by analysis of the time constant. The circuit in Figure 

3.19 shows an RC circuit consisting of the series resistance and membrane capacitance. Thus, one 
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might expect the time constant to simply be equal to RsCm. However, in practice the circuit behaves 

as if the series and membrane resistances are in parallel. (29) As a result, the time constant is 

determined by the parallel resistance, as is shown below (29). 

𝜏 =
𝑅𝑚𝑅𝑠

(𝑅𝑚 + 𝑅𝑠)
 𝐶𝑚            Eq. 3.49 

The time constant may be found by fitting the current transient. As Rm and Rs are known, the 

membrane capacitance may be found. It should be noted that when Rm is very large compared to 

Rs, the time constant may be expressed RsCm. Alternatively, the current transient may be integrated 

to give the charge, and then the capacitance from the following relationship, 

𝐶𝑚 =
∫𝑑𝑖 𝑑𝑡⁄

∆𝑉
=
𝑄

∆𝑉
         Eq. 3.50 

In this way, whole-cell patch clamping can be used to determine the electrical properties of a 

biological cell. 

 

Figure 3.20 – Current response to an applied potential pulse in the whole-cell patch-clamp 

configuration. Adapted from Reference 23. 
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3.4.4 Intracellular Recording, Patch-clamping, and Scaffolded Vesicles 

The theory described in this section relates directly to the use of intracellular recording and patch-

clamping on biological cells.  This section has described how the electrical parameters of a cell, 

such as the membrane resistance and capacitance can be determined using these techniques. Such 

experiments would often be considered preliminary in an electrophysiological research setting 

investigating live biological cells. For example, the aforementioned whole-cell patch clamping 

method used to measure the membrane resistance and capacitance can be done quickly at the start 

of a more ambitious live cell experiment (perhaps the investigation of ion channels) in order to 

assess the quality of the system. At the stage of the research described in this thesis, these 

electrophysiological techniques are to be employed to study the basic electrical properties of the 

scaffolded vesicle model systems. For example, measuring the capacitance of a scaffolded vesicle 

would provide insight on the quality of the lipid coating. Natural biological cells have a specific 

capacitance of ~1 µF/cm2. Comparing the specific capacitance of a scaffolded vesicle to that of a 

natural biological cell would provide a measure of the quality of the model system. Assessing the 

ability of these electrophysiological techniques to study the scaffolded vesicle model is an 

important aspect in the development of this model. 
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Chapter 4 - Materials and Experimental Methods 

This chapter describes the materials and experimental methods used in the research presented in 

this thesis. 

 

4.1 Chemicals and Solutions 

Several different lipids have been used in this research. 1, 2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), deuterated 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC-d54), 

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), and 1,2-diphytanoyl-sn-glycero-3-

phospho-L-serine (DPhPS) were purchased from Avanti Polar Lipids (Alabaster, AL, 99%) in 

powder form, and used without further purification. The sphingolipid, Ganglioside (GM1) was 

also purchased from Avanti Polar Lipids (Alabaster, AL, 99%) in powder form. The fluorescent 

tagged phospholipids 1-myristoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-

glycero-3-phosphocholine (DMPC-NBD),  1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-

N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DMPE), and 1,2-diphytanoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPhPE) were purchased from 

Avanti Polar Lipids (Alabaster, AL, 99%) in chloroform. Cholesterol was purchased from Sigma 

Aldrich (St. Louis, MO, 99%) in powder form. Sephadex G10 and Sephadex A50 were purchased 

from Sigma Aldrich. All aqueous solutions were prepared using Milli-Q (Millipore) water with a 

resistivity of 18.2 MΩ cm. 

All phosopholipid and cholesterol stock solutions were prepared in chloroform (Sigma 

Aldrich). GM1 stock solutions were prepared in a mixed solvent consisting of a 4:1 volume ratio 

of chloroform to methanol. 
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4.2 Sample Preparation 

All scaffolded vesicle samples were prepared via vesicle fusion. This involved the preparation of 

a vesicle solution, followed by the incubation of the hydrogel support in the vesicle solution. The 

specific details for each system studied are described below. The names of the different scaffolded 

vesicles will follow a “membrane-scaffold” form. The hydrogel support was always incubated in 

a significant excess of vesicles, above the main phase transition temperature of the phospholipid. 

The vesicle sonication time was limited to ~5 minutes, as longer sonication times were found to 

inhibit vesicle fusion. 

 

4.2.1 70:30 DMPC:cholesterol-Sephadex G10 Scaffolded Vesicles 

Vesicles were prepared for ATR experiments by combining in a test tube DMPC-d54 and 

cholesterol stock solutions in chloroform, at a 70:30 molar ratio. For fluorescence experiments, 

DMPC, cholesterol, and NBD-DMPC were combined in a test tube at a DMPC:cholesterol:NBD-

DMPC molar ratio of 69:30:1. The chloroform solvent was then slowly evaporated under a stream 

of argon while vortexing. The test tubes were then stored in a dessicator under vacuum for at least 

24 h prior to use. A volume of Milli-Q ultrapure water was then added to the dry lipid film such 

that a ~ 5 mg/mL solution was obtained. This mixture was sonicated for ~ 5 min. at 45 °C to form 

vesicles. The vesicles were then added to hydrated Sephadex G-10 beads (Sigma-Aldrich) which 

served as the hydrogel scaffold. This mixture was incubated at ~45 °C for ~1 h, with constant 

vortexing. After ~1 h the scaffolded vesicles were allowed to slowly cool to room temperature and 

were then thoroughly rinsed to remove excess vesicles in solution. They were then used for 

fluorescence or ATR-IR experiments. 
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4.2.2 DPhPC-Sephadex A50 Scaffolded Vesicles 

Vesicles were prepared by combining in a test tube DPhPC and NBD-DPhPE stock solutions in 

chloroform, at a 99:1 molar ratio. The same scaffolded vesicle preparation procedure was used as 

previously described. The scaffolded vesicles were used for fluorescence and ATR-IR 

experiments. For electrophysiological and quenching experiments, the above procedures were 

followed using 100 mM NaCl in the place of Milli-Q water. 

 

4.2.3 90:10 DPhPC:DPhPS-Sephadex A50 Scaffolded Vesicles 

Vesicles were prepared by combining in a test tube DPhPC, DPhPS and NBD-DPhPE stock 

solutions in chloroform, at a 89:10:1 molar ratio. The same scaffolded vesicle preparation 

procedure was used as previously described. The scaffolded vesicles were used for fluorescence 

and ATR-IR experiments. For electrophysiological and quenching experiments, the above 

procedures were followed using 100 mM NaCl. 

 

4.2.4 40:30:30 DMPC:cholesterol:GM1-Sephadex A50 Scaffolded Vesicles 

For ATR experiments, vesicles were prepared by combining in a test tube DMPC-d54, cholesterol, 

and GM1 at a 40:30:30 molar ratio. The same scaffolded vesicle preparation procedure was used 

as previously described. For fluorescence experiments, DMPC was used in the place of DMPC-

d54. The fluorescent lipids DMPC-NBD or DMPE-NDB were included in the formulation at 1 

mol%. The resulting molar ratios were 39:30:30:1 DMPC:cholesterol:GM1:NBD-DMPC (or 

NBD-DMPE). For electrophysiological and fluorescence quenching experiments, the above 

procedures were followed using 100 mM NaCl in the place of Milli-Q water. 

 



84 
 

4.3 ATR-IR Spectroscopy 

4.3.1 General Aspects 

The most basic quantitative attenuated total reflection infrared (ATR-IR) experiment involves the 

collection of four single beam spectra: a p-polarized background spectrum, s-polarized background 

spectrum, p-polarized sample spectrum, and s-polarized sample spectrum. To ensure that no 

changes with respect to time were occurring, one additional p-polarized sample spectrum and one 

additional s-polarized sample spectrum were collected, for a total of six spectra. The collection of 

these additional spectra, also allows for the removal of spectral contributions from water vapour, 

which will be described later. 

 

4.3.2 ATR-IR Variable Angle Studies 

FTIR-ATR spectra were collected at room temperature (18 ± 1 °C) on a Nicolet Nexus 870 

spectrometer (Madison, WI) equipped with an MCT-D* detector, a VeeMax II variable angle 

specular reflectance accessory (Pike Technologies, Madison, WI) and a ZnSe wire-grid polarizer 

(Pike Technologies, Madison, WI). Scaffolded vesicles were prepared as described. Following 

gentle rinsing with Milli-Q ultrapure water, a layer of scaffolded vesicles was placed on either a 

zinc selenide or germanium internal reflection element (IRE) with a 45° face angle (Pike 

Technologies, Madison, WI) for collection of the sample spectra. Water was used for collection of 

the background spectra. The incident angle was set to achieve the desired evanescent wave 

penetration depth. For each sample, 5000 scans were collected and averaged using an instrumental 

resolution of 4 cm-1. The reported spectra at each penetration depth are averages of 3 independent 

experiments. A new batch of scaffolded vesicles was prepared for each experiment. 



85 
 

The variable angle VeeMax II FTIR-ATR system, illustrated in Figure 4.1, was used in the 

study of 70:30 DMPC-d54:cholesterol-Sepahdex G10 scaffolded vesicles.  

 

 

Figure 4.1 – Schematic of the variable angle VeeMax II FTIR-ATR accessory. The IRE has a 20 

mm sampling surface diameter. 

 

The incident angle may be set between 30-75°, however the effective angle of incidence is 

modified by the face angle of the IRE. Figure 4.2 illustrates the relationship between the effective 

angle (angle of incidence at which total internal reflection occurs) and the set angle (angle set on 

the FTIR-ATR accessory). The angle of incidence may be calculated from the set-angle using the 

following relationship, 

𝜃𝑒 = 𝜃𝑓 + 𝑠𝑖𝑛
−1 [

𝑠𝑖𝑛(𝜃𝑠 − 𝜃𝑓)

𝑛1
]            Eq. 4.1 
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where θe is the effective angle, θf is the face angle of the IRE, θs is the set angle, and n1 is the 

refractive index of the IRE (1). 

 

 

Figure 4.2 – Schematic illustration of the relationship between the set and effective angles of 

incidence. The Ge and ZnSe IREs both have 45° face angles. The incident beam is refracted at 

the air-IRE interface. The effective angle may be found from the set angle via Eq. 4.1. 

 

For the quantitative molecular orientation calculations, the following refractice index values were 

used. The refractive index n1 corresponds to the first phase (the IRE) and is either 2.44 (ZnSe) or 

4.0 (Ge) depending on the choice of IRE (2). The refractive index n2 corresponds to the second 

phase (the lipid bilayer), and is equal to 1.42 (2). The refractive index n3 corresponds to the third 

phase (the hydrated hydrogel), and is equal to 1.33 (3). Note that the refractive index of the 

hydrated hydrogel has been taken to be the same as water. The impact of this choice on the results 

will be discussed later in the results sections of this thesis. 

4.3.3 ATR-IR Pressure Clamp System 



87 
 

ATR-IR spectra were collected on a Varian 660-IR spectrometer equipped with an MCT-A 

detector, a Pike MIRacle ATR accessory (Pike Technologies, Madison, WI) and a ZnSe wire-grid 

polarizer (Pike Technologies, Madison, WI). Scaffolded vesicles were prepared as previously 

described. A layer of scaffolded vesicles was placed on either a zinc selenide-diamond or 

germanium internal reflection element (IRE) for collection of the sample spectra. Sephadex A50 

was used for collection of the background spectra. A pressure clamp equipped with a concave tip 

was used to achieve good contact between the sample and IRE. This was found to improve the 

signal to noise ratio, compared to the variable angle system. Typically, 5000 scans were collected 

and averaged using an instrumental resolution of 4 cm-1. The reported spectra are averages of at 

least four independent experiments. This experimental set-up was used in the study of the DPhPC-

Sephadex A50, 90:10 DPhPC:DPhPS-Sephadex A50, and 40:30:30 DMPC:cholesterol:GM1-

Sephaex A50 scaffolded vesicles. Figure 4.3 illustrates the experimental configuration of the 

FTIR-ATR set-up. 

 

Figure 4.3 – Schematic of the Pike MIRacle FTIR-ATR accessory. The incident angle for this 

system is 45°. 
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Table 4.1 lists the refractive index values used for the quantitative molecular orientation 

calculations for the DPhPC-Sepahdex A50 and 90:10 DPhPS:DPhPS-Sephadex A50 scaffolded 

vesicle systems 

 

Table 4.1- Refractive index values used for quantitative molecular orientation calculations. The 

refractive index of the second medium, n2, is that of DPhPC at the corresponding wavenumber. 

The refractive index of the overlying third medium, n3, is taken to be that of water at the 

corresponding wavenumber (3). The refractive index of the IRE (n1) is either 2.4 for zinc selenide-

diamond, or 4.0 for germanium. 

 

 

†n3 values from Ref. 3 

 

The refractive index values used for the quantitative molecular orientation calculations for the 

40:30:30 DMPC:cholesterol:GM1-Sephadex A50 scaffolded vesicles are as follows. A refractive 

index of 1.42 was used for the hydrocarbon chains of DMPC-d54 and GM1 (2). A refractive index 

of 1.42 was used for the hydrated hydrogel in the C-H stretching region of the infrared spectrum, 

and 1.33 in the C-D stretching region of the infrared spectrum (3). 
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4.4 ATR-IR Data Treatment 

4.4.1 Dichroic Ratio 

The experiments described above have yielded the following single beam spectra: p-polarized 

background spectrum (𝐼0𝑝(�̅�)), the s-polarized background spectrum (𝐼0𝑠(�̅�)), the p-polarized 

sample spectrum (𝐼𝑝(�̅�)), and the s-polarized sample spectrum (𝐼𝑠(�̅�)). The dichroic ratio, which 

contains the molecular orientation information, is determined in the following manner. First, the 

absorbance spectra for both p- and s-polarized light are obtained as follows, 

𝐴𝑝(�̅�) = − log (
𝐼𝑝(�̅�)

𝐼0𝑝(�̅�)
)              𝐴𝑠(�̅�) = − log (

𝐼𝑠(�̅�)

𝐼0𝑠(�̅�)
)                 Eq. 4.2 

where Ap(�̅�) and As(�̅�) are the absorbance of p- and s-polarized light at each wavenumber, �̅�. These 

absorption spectra are baseline-corrected using the PeakFit software program, typically with a 

quadratic function, before further analysis. This requires knowledge of the position of the 

absorption bands to be baseline-corrected. The function is generated by fitting the regions of the 

spectrum, on either side of the absorption band of interest. This function is interpolated though the 

region of the spectrum where the absorption bands are located, and then subtracted from the 

spectrum. 

The dichroic ratio at each wavenumber may be determined as follows, 

𝑅(�̅�) =
𝐴𝑝(�̅�)

𝐴𝑠(�̅�)
            Eq. 4.3 

where R(�̅�) is the dichroic ratio at each wavenumber (3). The dichroic ratio for a given absorption 

band is determined by taking the value of R(�̅�) at the wavenumber corresponding to the peak 

centre. 

An alternative means of determining the dichroic ratio may be accomplished by the Fourier 

self-deconvolution and fitting of the p- and s-polarized absorbance spectra. Fourier self-
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deconvolution was performed using OMNIC software in order to determine the number and 

approximate position of the infrared bands. Typically a bandwidth of 10 cm-1 and an enhancement 

factor of 1.5 were used. Subsequent fitting of the spectrum by the component bands was done 

using PeakFit software, employing a Lorentzian fit. The dichroic ratio for a given absorption band 

may then be found by taking a ratio of the respective areas of the p- and s-polarized absorbance 

bands. 

For the ATR-IR spectroscopic studies presented in this thesis, both methods for the 

determination of the dichroic ratio were used. The two methods were found to give the same 

results, within experimental error. The techniques were most likely to disagree when relatively 

complex spectral fittings with many bands were being analyzed. For these cases, the determination 

of the dichroic ratio from the R(�̅�) plot proved to be far more consistent, and was deemed best. 

Another virtue of this method is that it involves significantly less data manipulation. Therefore, 

the dichroic ratio reported in this thesis were determined using the value of R(�̅�) at the wavenumber 

corresponding to the peak centre of the absorption band. 

 

4.4.2 Removal of Water Vapour Spectral Contributions 

Water vapour contributes to the ATR-IR spectra in the low wavenumber polar headgroup region. 

The following method was used to remove these contributions from this region, in order to better 

analyze the polar headgroup region. The discussion will consider p-polarized spectra, but the 

procedure is identical for s-polarized spectra. 

The two p-polarized absorbance spectra may be defined as follows, 

𝐴𝑝(�̅�) = − log (
𝐼𝑝(�̅�)

𝐼0𝑝(�̅�)
)          𝐴𝑝′(�̅�) = − log (

𝐼𝑝′(�̅�)

𝐼0𝑝(�̅�)
)                         Eq. 4.4 
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where 𝐴𝑝(�̅�) is the absorbance spectrum resulting from the first single beam sample spectrum, 

𝐼𝑝(�̅�); and 𝐴′𝑝(�̅�) is the absorbance spectrum resulting from the second single beam sample 

spectrum, 𝐼′𝑝(�̅�). The only difference between 𝐼𝑝(�̅�) and 𝐼′𝑝(�̅�) is the time at which the spectra 

were collected. Therefore, 𝐴𝑝(�̅�) and 𝐴′𝑝(�̅�) should be identical, unless changes with time have 

occurred. The difference between these two absorbance spectra may be expressed as follows, 

∆𝐴𝑝(�̅�) = 𝐴𝑝
′ (�̅�) − 𝐴𝑝(�̅�)           Eq. 4.5 

 

= − log (
𝐼𝑝′(�̅�)

𝐼𝑝0(�̅�)
) − (− log (

𝐼𝑝(�̅�)

𝐼𝑝0(�̅�)
))         Eq. 4.6 

 

= −log

(

 

𝐼𝑝′(�̅�)
𝐼𝑝0(�̅�)
⁄

𝐼𝑝(�̅�)
𝐼𝑝0(�̅�)
⁄

)

            Eq. 4.7 

 

= − log (
𝐼𝑝′(�̅�)

𝐼𝑝(�̅�)
)              Eq. 4.8 

∆𝐴𝑝(�̅�) contains no contributions from the sample, if it is stable with respect to time, which is 

indeed the case. Therefore, ∆𝐴𝑝(�̅�) is flat with the exception of water vapour contributions from 

air in the beam path. ∆𝐴𝑝(�̅�) is essentially a water vapour spectrum. ∆𝐴𝑝(�̅�) may be used to 

remove water vapour contributions from 𝐴𝑝(�̅�) as follows, 

𝐴𝑝
†(�̅�) = 𝐴𝑝(�̅�) − 𝑘 ∆𝐴𝑝(�̅�)               Eq. 4.9 

where 𝐴𝑝
†(�̅�) is the corrected spectrum, and k is a proportionality constant. By adjusting the value 

of k, water vapour contributions may be removed from the spectrum. This process is illustrated 
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with actual spectra in Figure 4.4a. Figure 4.4b shows an overlay of the initial and corrected spectra. 

The improvement in the appearance of the spectrum is clearly evident, while the character of the 

absorption band has not been altered. 

 

 

Figure 4.4 – a) Example of the removal of water vapour contributions from an asymmetric 

phosphate stretching absorption band. b) An overlay of the original and modified spectra, The 

dotted line signifies the original spectrum, the solid line signifies the water vapour corrected 

spectrum. 
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4.5 Fluorescence Microscopy 

Fluorescence microscopy was performed on an Olympus BX51 microscope equipped with a FITC 

filter and a QImaging Retiga 2000R camera. An Olympus U-RFL-T mercury burner served as the 

light source. Fluorescent scaffolded vesicles were dropped onto a microscope slide and allowed to 

settle. Fluorescence images were then obtained. 

 

4.6 Fluorescence Quenching 

The fluorescent scaffolded vesicles used for fluorescence quenching experiments were prepared 

as described above. Fluorescent scaffolded vesicles were dropped onto a microscope slide and 

initial fluorescence images were obtained. The CoCl2 quenching solution was then added to obtain 

the desired concentration of Co2+. After waiting for ~ 500 s, fluorescence images were collected. 

Generally, 10-20 scaffolded vesicles were deposited onto the microscope slide. Addition of the 

quenching solution changed the position of the scaffolded vesicles. However, the pre- and post-

quenching images were taken such that all of the scaffolded vesicles were present in the field of 

view. Therefore, analysis of all of the scaffolded vesicles in an image reflected the average 

fluorescence intensity, before and after quenching. The fluorescence intensity was quantified using 

ImageJ software. The average pixel intensity of each scaffolded vesicle was measured before and 

after quenching. The percent quenching was calculated as follows, 

% 𝑞𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 = [1 −
𝐹

𝐹0
] × 100                Eq. 4.10 

where F0 and F are the fluorescence intensities measured before and after the addition of Co2+, 

respectively (4). At least three independent experiments were performed for each quenching study. 
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For analysis of a single scaffolded vesicle, a suction micropipette was used to hold the 

scaffolded vesicle in place. This prevented any change in position upon the addition of the Co2+ 

quenching solution. 

 

4.7 Fluorescence Recovery After Photobleaching (FRAP) 

The scaffolded vesicles used for FRAP experiments were prepared as described above. The 

fluorescent scaffolded vesicles were deposited onto a microscope slide and allowed to settle. A 

single scaffolded vesicle was selected for study and an initial fluorescence image was obtained 

using the 5x objective, low source intensity, maximum aperture setting. The photobleaching was 

carried out using a 50x distance objective, maximum source intensity, and minimum aperture 

setting. The scaffolded vesicle was typically exposed to these conditions for ~10 s. Photobleaching 

resulted in a ~60 µm diameter bleached spot. Subsequent images were acquired using the 5x 

objective, at low source intensity, with a maximum aperture setting. 

 

4.7.1 Image Analysis 

The average pixel values of the bleached, background, and total scaffolded vesicle regions of 

interest are obtained using the software program ImageJ. Equation 4.11 shows the mathematical 

treatment of this data for the construction of each point (at time, t) on the fluorescence recovery 

curve (R(t)) (5). Normalization is carried out by using the fluorescence intensity values of the 

initial image (ti). The theory behind this image treatment is discussed in Chapter 3. 

𝑅(𝑡) =
𝑏𝑙𝑒𝑎𝑐ℎ(𝑡) − 𝐵𝐺(𝑡)

𝑇𝑜𝑡(𝑡) − 𝐵𝐺(𝑡)
×

𝑇𝑜𝑡(𝑡𝑖) − 𝐵𝐺(𝑡𝑖)

𝑏𝑙𝑒𝑎𝑐ℎ(𝑡𝑖) − 𝐵𝐺(𝑡𝑖)
                      Eq. 4.11 
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4.7.2 Curve Fitting 

Analysis of the FRAP results were carried out in accordance with the theory described in Chapter 

3 (5-8). The fluorescence recovery curve was fitted by a single exponential function of the form, 

𝐹(𝑡) = 𝑎 + 𝑏 exp(− 𝑡 𝜏⁄ )         Eq. 4.12 

which allows for the extraction of kinetic parameters. The diffusion coefficient was calculated 

using Equation 4.13 (7), 

𝐷 =
0.224𝑤2

𝜏1/2
              Eq. 4.13 

where D is the diffusion coefficient, w is the radius of the beam, τ1/2 is the half-time of the recovery 

curve. The mobile (fm) and immobile (fim) fractions were determined as follows, 

𝑓𝑚 =
𝐹𝑒 − 𝐹0
𝐹𝑖 − 𝐹0

        Eq. 4.14 

𝑓𝑖𝑚 = 1 − 𝑓𝑚        Eq. 4.15 

where Fi, F0, and Fe are the fluorescent intensities initially, immediately after bleaching, and at the 

recovery equilibrium, respectively (5, 7). At least three different batches were examined for each 

scaffodled vesicle system studied by FRAP. The average diffusion coefficient calculated in 

Chapter 7 is the product of seven FRAP experiments from three different scaffolded vesicle 

batches. 

 

4.8 Electrophysiology 

Figure 4.7 shows a schematic of the experimental set-up for the electrophysiology experiments. A 

HEKA EPC10 USB patch clamp amplifier was used for the electrophysiological experiments. The 

probe of the patch clamp amplifier was mounted on an EXFO Burleigh PCS-6000 

micromanipulator. The probe holds the patch clamp micropipette assembly. A second 
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micromanipulor, an EXFO Burleigh PCS-4100, was used to control a suction pipette. Suction was 

provided by an Eppendorf CellTram. The suction pipette was used to hold the scaffolded vesicle 

in place during the electrophysiological experiments. A Nikon SMZ1500 microscope was used to 

visualize the manipulation of the micropipette and sample. 

 

 

Figure 4.7 – Schematic of the electrophysiologcal experimental set-up. The bath electrode is a 

chloride silver wire which is connected to the ground terminal of the probe. The pipette electrode 

is a chloride silver wire connected  to the probe, which is in turn connected to the EPC10 amplifier. 

Details of the pipette holder assembly are shown in Fig. 4.8. The microscope and Faraday cage 

(not shown) are also grounded. 

 

Figure 4.8 shows a schematic of the patch clamp micropipette assembly. Pre-pulled patch pipettes 

(with capillaries) were purchased from FIVEphoton Biochemicals. These patch pipettes have tip 

diameters ~2-3 µm. The patch pipettes were securely mounted in a polycarbonate pipette holder. 

The patch pipette electrode was a chloride silver wire which was soldered directly onto a pin which 

connects to the BNC connector of the probe. The patch pipette filling solution was typically 100 
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mM – 150 mM NaCl. The EPC10 probe has a high quality ground terminal. A chloride silver wire 

served as the bath electrode, and is connected to the probe’s ground terminal. The bath electrolyte 

was typically 100 mM – 150 mM NaCl. 

For some experiments, freshly pulled patch pipettes were provided by Prof. Craig Bailey, 

of the University of Guelph. Additionally, some experiments were performed in Prof. Bailey’s 

laboratory. 

 

 

Figure 4.8 – Pipette holder schematic. The chloride silver wire electrode is soldered to the pin of 

the BNC connector, which connects to the probe. A side outlet allows for the application of suction 

or pressure. Teflon tubing (not shown) connects the outlet to a syringe for this purpose. Adapted 

from Reference 9. 

 

The following section describes the procedures followed to perform the 

electrophysiological measurements. 
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4.8.1 Patch-clamp Experiments 

A typical patch clamp experiment was carried out as described in the following section. These 

procedures were developed using several sources (9-12) and with advice from Prof. Craig Bailey 

of the University of Guelph. The patch pipette is back-filled with the electrolyte solution and 

securely mounted in the pipette holder. A small amount of positive pressure is applied to the patch 

pipette when entering the bath solution. This is intended to keep the tip of the pipette free of any 

contaminants present at the air-water interface. The positive pressure is lifted and the pipette 

resistance is recorded (typically 1-3 MΩ). The patch clamp system continuously applies a short 

voltage test pulse (5 mV applied for 5 ms) and monitors the resulting current response. In this way 

the resistance of the pipette is continuously monitored throughout the experiment. 

A slight positive pressure (~0.2 mL of air) is applied to the pipette when approaching the 

scaffolded vesicle. This is intended to keep the pipette tip free of contaminants. The approach is 

done by visually monitoring the position of the pipette through the microscope and by observing 

the current response to the test pulse. The pipette is pressed against or positioned very close to the 

scaffolded vesicle and the positive pressure is then released and an increase in pipette resistance 

(ie, decrease in current) is typically observed. Suction is then applied to the pipette (typically ~0.1 

mL of air, but many increments of suction were tried up to 5 mL of air). Ideally this should result 

in the formation of a gigaseal, however this was never observed with the scaffolded vesicle 

systems. This configuration of the pipette and scaffolded vesicle will be referred to as the “attached 

configuration”. 
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4.8.2 Intracellular Recording using Sharp Pipettes 

Intracellular recording experiments using sharp pipettes were performed by Prof. Craig Bailey in 

his laboratory at the University of Guelph. Pipettes with resistances ~20-30 MΩ were freshly 

pulled and used for these experiments. The approach procedure is the same as described for the 

patch-clamp experiments. The scaffolded vesicle is impaled by the sharp pipette in order to achieve 

the intracellular recording configuration. 
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Chapter 5 – 70:30 DMPC cholesterol – Sephadex G10  

Scaffolded Vesicles 
5.1 Introduction 

The objective of this thesis was to develop a novel spherical model membrane system which could 

be characterized by both surface analytical and electrochemical techniques. The ultimate goal of 

this work is to develop a tandem instrument which can simultaneously use a surface analytical and 

electrochemical technique for the in situ study of the model membrane. A tandem instrument of 

this type would be able to probe molecular level changes induced by an applied electrochemical 

potential or current. 

Electrochemical polarization modulation infrared reflection absorption spectroscopy 

(PMIRRAS) is an example of such a tandem technique for the study of a model membrane. 

PMIRRAS is a surface sensitive infrared spectroscopy experimental configuration, which can be 

used to study potential induced changes in a model membrane, at the molecular level. 

Electrochemical-PMIRRAS is used to perform in situ studies on flat model membranes supported 

on gold electrodes. It has been shown to be a powerful tool for biomimetic research (1). Part of the 

motivation for this project is the idea of transferring the analytical abilities of electrochemical- 

PMIRRAS to study spherical instead of planar supported membranes. However, the spherical 

model membrane geometry requires the use of different surface sensitive IR spectroscopic and 

electrochemical techniques. In a sense, this is a transition from a two dimensional model 

membrane to a three dimensional model membrane.  

Both the characteristics of the model membrane and the analytical tools must be considered 

in the design of such a system. For this work, a spherical model system was to be studied. This 

fact imposes limitation on what surface analytical and electrochemical tools can be used to study 

the model. 
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Attenuated total reflection infrared (ATR-IR) spectroscopy was selected as the surface 

analytical technique. ATR-IR spectroscopy can provide molecular level information about model 

biological systems (2, 3). Electrophysiological methods such as intracellular recording and patch-

clamping were selected as the electrochemical technique. These techniques are commonly used to 

examine biological cells, and can be used to apply potentials and currents (4). Therefore, they are 

compatible with spherical systems. 

The development of a novel model membrane system and novel tandem instrument (FTIR-

ATR spectrometer and electrophysiological set-up) is an ambitious undertaking. The work toward 

achieving these goals has been approached in a stepwise fashion. This chapter describes the 

development of the first scaffolded vesicle system, and explores its characterization by FTIR-ATR 

spectroscopy and fluorescence microscopy. Ryan Seenath (MSc) performed fluorescence 

spectroscopic based permeability studies on this system, and some of his results, which provide 

complementary information, will also be presented in this chapter. 

The first scaffolded vesicles to have been developed were composed of a biomimetic 

membrane consisting of a 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and cholesterol, 

supported on Sephadex G10 hydrogel beads. DMPC is a neutral, zwitterionic phospholipid. The 

head group consists of the positively charged choline group, and negatively charged phosphate 

group. The hydrocarbon tails are 14 carbons in length, with no unsaturations. Cholesterol is an 

important component of eukaryotic cell membranes, affecting membrane permeability and fluidity 

(5, 6). When in the liquid crystalline phase, cholesterol serves to increase the order of the 

hydrocarbon chains (5, 6). The rigid fused ring system of cholesterol decreases the trans-gauche 

isomerization of the phospholipid hydrocarbon chain (6). In contrast, when the membrane is in the 

gel phase, cholesterol disrupts the hydrocarbon chain packing leading to increased disorder (5, 6). 
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For this work, a molar ratio of 70:30 DMPC:cholesterol was used to construct the membrane. The 

packing parameter of a 70:30 DMPC:cholesterol system is close to 1, which favours the formation 

of a planar lipid bilayer (7, 8). Previous atomic force micrsocopy (AFM) studies performed in this 

laboratory have shown that a 70:30 DMPC:cholesterol ratio produces a high quality bilayer, which 

exhibits fewer membrane defects and increased membrane thickness relative to a pure DMPC 

bilayer (9). Increased membrane thickness is expected as a result of decreased trans-gauche 

isomerization (6). The chemical structures of these molecules are shown in Figure 5.1. 

 

 

Figure 5.1 – The chemical structures of a) DMPC and b) cholesterol 

Sephadex was selected as the scaffold for several reasons. Sephadex is a hydrogel 

composed of cross-linked (with epichlorohydrin) dextran, which is a polymer of glucose (10). 

Dextran is commonly used as a hydrophilic cushion in solid supported bilayer model systems (11). 

Hydrophilic polymers are also frequently used as supports in spherical biomimetic systems. 

Furthermore, the commercial availability of many Sephadex products of varying size, porousity, 

and chemical functionalization was considered an attribute. Sephadex beads are porous, and 

commonly used as a gel filtration media. Sephadex G10 beads have pore sizes of ~1 nm and 

average diameters of ~100 µm (12). Several types of Sephadex beads are commercially available. 
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They can vary in diameter, porosity, and chemical functionalization. An illustration of the cross-

linked dextran network of Sephadex is shown in Figure 5.2. 

 

Figure 5.2 – Sephadex chemical structure (13). 

 

The following sections will describe the characterization of the 70:30 DMPC:cholesterol-

Sephadex G10 scaffolded vesicles. 

 

5.2 Fluorescence Microscopy 

The preparation of the scaffolded vesicles described in this chapter was reviewed in Chapter 4. 

The fluorescently tagged phospholipid 1-myristoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-

yl)amino]hexanoyl]-sn-glycero-3-phosphocholine (NBD-DMPC) was used for these fluorescence 

experiments. The tag is located at the end of one of the hydrocarbon chains. The chemical structure 

of NBD-DMPC is shown in Figure 5.3.  
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Figure 5.3 – The chemical structure of NBD-DMPC 

The Sephadex G10 hydrogel beads were coated using vesicles made from a 69:30:1 molar 

ratio of DMPC:cholesterol:NBD-DMPC stock solution. The early work for this project was 

focused on developing a procedure for the preparation of the scaffolded vesicles. Fluorescence 

microscopy was used as an initial evaluator of the success of a given scaffolded vesicle preparation 

procedure.  Fluorescence microscopy is well suited for this purpose, as it is able to quickly provide 

visual images of fluorescent scaffolded vesicles. Figure 5.4 shows fluorescence images of the 

scaffolded vesicles. These images provide direct visual evidence of an association between the 

lipid coating and hydrogel scaffold. Furthermore, the coronal appearance of the fluorescence 

suggests a vesicle-like structure, with the phospholipids confined to the outer surface of the 

hydrogel support. However, it should be noted that the fluorescence microscopy images do not 

provide information as to the architecture of the lipid coating. The images do not readily 

differentiate between a number of possible lipid coating architectures, which include single 

bilayer, multiple bilayer, or adsorbed vesicles coatings. 

 

Figure 5.4 – Fluorescence microscopy image of scaffolded vesicle containing 1 mol% NBD-

DMPC. 
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Rinsing of the scaffolded vesicles is necessary to remove extraneous unfused/unbound 

vesicles from solution. A dark fluorescence background was achieved by repeated rinsing the 

scaffolded vesicles, suggesting the removal of unfused/unbound vesicles. However, continued 

rinsing and/or agitation results in the progressive loss of fluorescence intensity from the scaffolded 

vesicles. This suggest the removal of the lipid coating. 

 

5.3 Fluorescence Spectroscopy: Permeability Studies 

Ryan Seenath (MSc) performed fluorescence spectroscopic permeability studies on 70:30 

DMPC:cholesterol-Sephadex G10 scaffolded vesicles. A membrane permeability fluorescence 

assay developed by Wimely et. al. was used to probe the permeability of the scaffolded vesicles 

(14). The assay exploits the fluorescence characteristics of the terbium (III) cation, Tb3+. An 

aqueous Tb3+ solution is not strongly fluorescent, but when Tb3+ is complexed by dipicolinic acid 

(DPA), very strong green fluorescence is observed. Both Tb3+ and DPA are not permeable through 

the membrane. The assay works by encapsulating Tb3+ within the scaffolded vesicles followed by 

the addition DPA to the external environment. A high quality lipid membrane would act as a 

diffusion barrier, preventing the formation of the Tb3+/DPA complex. A low quality lipid 

membrane would allow for Tb3+ efflux from the scaffolded vesicle resulting in the formation of 

the complex. Therefore, the Tb3+/DPA complex fluorescence serves as a sensitive measure of the 

membrane permeability.  

Monitoring the fluorescence of the Tb3+/DPA complex with respect to time can allow for 

the extraction of permeability rate constants (8). A schematic of the experimental set-up used for 

these permeability studies is shown in Figure 5.5.  
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Figure 5.5- Experimental configuration for fluorescence spectroscopic permeability studies. The 

Tb3+ diffuses from the bed of scaffolded vesicles, and is then chelated by dipicolinic acid, 

resulting in a strongly fluorescent complex. Adapted from Reference 4. 

 

 

Figure 5.6 illustrates a typical fluorescence profile, and corresponding rate constant. Also 

shown, as a control, is the leakage profile for uncoated Sephadex G10. Fitting the fluorescence 

profiles shown in Figure 5.6 with a first order rate equation allows for the extraction of a 

permeability rate constant (8). In this way the permeability of scaffolded vesicles may be 

quantified (8). These rate constants provide a means of quantifying the membrane permeability, 

which can be seen as a measure of the coating quality (8).  
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Figure 5.6 – Fluorescence profile fits for uncoated Sephadex G10 beads (solid line) and 70:30 

DMPC:cholesterol-Sephadex G10 scaffolded vesicles (dashed line). The rate of fluorescence 

intensity increase is a measure of the permeability of the system. The vertical error bars represent 

the standard deviation of the measurement. This figure was taken from Reference 8. For more 

information regarding the permeability characteristics of scaffolded vesicles, please see Reference 

8. 

 

The permeability rate constants were measured at several temperatures. Figure 5.7 shows the 

dependence of the rate constant on temperature. As is evident, the permeability rate constant goes 

through a maximum at the gel to liquid phase transition temperature (~23 °C) for a 70:30 

DMPC:cholesterol lamellar film. A maximum in permeability is expected to occur at the phase 

transition temperature due to a maximum in the number of domain boundaries in the membrane 

(15). Therefore, these results suggest that the lipid coating of the scaffolded vesicles has a lamellar 

structure, as opposed to a film of adsorbed vesicles. 
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Figure 5.7 – Permeability rate constants (k) as a function of temperature for 70:30 

DMPC:cholesterol-Sephadex G10 (solid line) and DPPC-Sephadex G10 scaffolded vesicles. Both 

scaffolded vesicle system display maxima in their leakage rate constants at their respective main 

phase transition temperatures (DMPC ~23°C, and DPPC ~41°C). The vertical error bars represent 

the standard deviation of the measurement. This figure was taken from Reference 8. 

 

5.4 ATR-IR Spectroscopy 

The ATR-IR spectroscopic results presented in this chapter focus solely on the hydrocarbon chains 

of the DMPC. The permeability data presented in Figure 5.7 shows that the membrane 

permeability is low at 20 °C, which is below the main phase transition temperature. This suggests 

that the quality of membrane is relatively high. Therefore, the ATR-IR experiments were 

performed at ~20 °C, where the bilayer is in the gel state. 

The C-H stretching region of the infrared ATR spectrum is located between 3000 and 2800 

cm-1, and contains information regarding the molecular conformation, order, and orientation of the 

phospholipid hydrocarbon chains. In order to avoid spectral interference from cholesterol and the 

hydrogel scaffold, DMPC with deuterated hydrocarbon chains was used. The deuterated DMPC is 
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termed DMPC-d54, as the 54 hydrocarbon chain hydrogens have been replaced with deuterium. 

The chemical structure of DMPC-d54 is shown in Figure 5.8. This shifts the region of interest in 

the ATR-IR spectrum to the C-D stretching region, which is located between 2300 and 2000 cm-

1. This region of the spectrum is free of overlapping bands from other vibrations. 

 

Figure 5.8 – The chemical structure of DMPC with deuterated hydrocarbon chains (DMPC-d54) 

  

Figure 5.9 shows the C-D stretching region of the ATR-IR spectrum of a 70:30 DMPC-

d54:cholesterol scaffolded vesicle. The Fourier self-deconvolution and band fitting of this spectral 

region was carried out as described in Chapter 4. This region of the spectrum contains four 

stretching vibrations which arise from deuterated hydrocarbon chains of the DMPC-d54. These are 

the asymmetric methyl (νas(CD3) at ~2215 cm-1), asymmetric methylene (νas(CD2) at ~2195 cm-1), 

symmetric methyl (νs(CD3) at ~2150 cm-1), and symmetric methylene (νs(CD2) at ~2090 cm-1) 

stretching vibrations. Also present in this region are two Fermi resonance bands located at ~2210 

cm-1 and ~2070 cm-1. The νs(CD2) and νas(CD2) bands will be the focus of the analysis presented 

in this chapter. These bands contain information regarding the conformational order and molecular 

orientation of the phospholipid chains. 
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Figure 5.9 – Fourier self-deconvolution of the of the C-D stretching region for DMPC-d54. The 

symmetric CD2 and CD3, and asymmetric CD2 and CD3 stretching bands appear in this region, as 

do two Fermi resonance (FR) bands. 

 

The peak maxima of the νs(CD2) and νas(CD2) bands are well defined in the C-D stretching region 

of the infrared spectrum, and may be used to estimate the conformational order of the hydrocarbon 

chains. The frequencies of the methylene stretching vibrations are sensitive to the number of trans 

and gauche conformers present in the DMPC-d54 chains. The νs(CD2) and νas(CD2) peak positions 

for the all-trans conformation of the hydrocarbon chains are 2088 and 2191 cm-1, respectively (16). 

The presence of gauche conformers causes these frequencies to increase. In this work, the νs(CD2) 

and νas(CD2) bands are centred at 2090 and 2195 cm-1 respectively, and do not change with 

penetration depth. These frequencies are greater than those expected for a chain with an all-trans 

conformation. Therefore, the positions of the νs(CD2) and νas(CD2) bands suggest the presence of 

gauche conformers in the scaffolded vesicle coating. 
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Quantitative Molecular Orientation Information 

The ATR-IR system under investigation has been modelled as a three phase system consisting of 

the IRE (medium 1), the phospholipid bilayer (medium 2), and the overlying hydrated hydrogel 

(medium 3). The thin film approximation has been used for the following quantitative molecular 

orientation calculations. For details regarding a three phase ATR system or the thick film 

approximation, please see Chapter 3. 

As discussed in Chapter 3, the theory relating the dichroic ratio to molecular orientation 

applies directly to planar films. In order to get quantitative molecular orientation data from the 

ATR-IR studies, the lipid coating of scaffolded vesicles is approximated as appearing planar to the 

ATR experiment. This approximation is made due to the large radius of curvature of the scaffold 

compared to the penetration depth of the evanescent wave, and the thickness of a lipid membrane. 

This is analogous to the earth appearing flat to us, due to its large radius of curvature relative to 

our size. The validity of the planar approximation has been tested.  

In order to test the validity of the planar approximation, the scaffolded vesicles were 

observed at four different penetration depths. Table 5.1 lists the studied penetration depths and 

their corresponding experimental parameters. The refractive indices used for the quantitative 

calculations are reported in Chapter 4. 

 

 

 

 

 

 



113 
 

Table 5.1 – Experimental parameters used to obtain the four different penetration depths used in 

this chapter. The penetration depths are calculated using an incident wavelength of 4.7 µm, which 

corresponds the central frequency of the C-D stretching region. 

 

 

 

Figure 5.10 depicts to-scale the four penetration depths. The penetration depths are calculated 

using an incident wavelength of 4.7 µm, which corresponds to the central frequency (2150 cm-1) 

of the C-D stretching region of the infrared spectrum. As the penetration depth of the evanescent 

wave decreases, the planar approximation should become increasingly valid. If the planar 

approximation is completely valid for the range of penetration depths studied, one would expect 

the apparent tilt angle to remain constant with respect to penetration depth. Conversely, if the 

planar approximation is not entirely valid, one would expect to see variation in the apparent tilt 

angle for different evanescent wave penetration depths. As the penetration depth is decreased, the 

apparent tilt angle should approach the true tilt angle. It should be noted that the term “apparent” 

tilt angle is used to indicate that the true tilt angle is not a function of penetration depth. The 

variation of penetration depth merely changes how the system is observed. 
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Figure 5.10 – A to-scale representation of the four penetration depths used in this chapter. The 

gradient within the arrows represents the exponential decay of the electric field of the evanescent 

wave. The different penetration depths are obtained by varying the incident angle and internal 

reflection element material (and therefore the refractive index of the IRE). These experimental 

parameters were listed in Table 5.1. 

 

Figure 5.11 shows the C-D stretching region of the ATR-IR spectra collected for both the 

p- and s-polarizations at each of the studied penetration depths. The dichroic ratios for the νs(CD2) 

and νas(CD2) bands, as well as the resulting molecular orientation data at each penetration depth, 

calculated using the procedure described in Chapter 4.5, are shown in Table 5.2. The theory 

regarding the calculation of order parameters and orientation angles is described in Chapter 3.2.5.  
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Figure 5.11 – FTIR-ATR spectra of 70:30 DMPC-d54:cholesterol-Sephadex G10 scaffolded 

vesicles, at each penetration depth a) 1.27 µm, b) 0.76 µm, c) 0.53 µm, and d) 0.30 µm. The p- 

and s-polarized traces are indicated. 

 

At a given penetration depth, the dichroic ratio, Sdipole, and θdipole values for the νs(CD2) and 

νas(CD2) bands agree closely with one another and display clear ordering with respect to the surface 

normal. The ordering with respect to the surface normal is most immediately evidenced by the 

deviation of the experimental dichroic ratio from the isotropic dichroic ratio (Riso). However, the 

isotropic dichroic ratio is different for each penetration depth. As discussed in Chapter 3.2.5, Riso 

is a function of effective thickness, and is therefore dependent on the incident angle and IRE 

refractive index. The incident angle and IRE are varied to achieve the different penetration depths 
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used in this study. Therefore, it is easier to compare results in terms of order parameters and 

orientation angles. There parameters are both functions of the dichroic ratio. However, the numeric 

values of the order parameter and orientation angle which correspond to an isotropic sample do 

not change with incident angle and IRE refractive index.  When the experimental dichroic ratio is 

equal to that of Riso, the order parameter will equal zero. Similarly, the orientation angle will equal 

54.7°, with respect to the surface normal, for an isotropic sample. It is conceptually easiest to 

describe the orientation of a transition dipole moment or molecular axis in terms of an angle (with 

respect to the surface normal). Therefore, the discussion regarding these results will mostly make 

reference to orientation angles. 

 

Table 5.2 – Molecular orientation data. Riso is the isotropic dichroic ratio. Deviation from this value 

is indicative of ordering with respect to the surface normal. Sdipole and Schain are the order 

parameters of the transition dipole moment and hydrocarbon chain molecular axis, respectively. 

θdipole and θchain are the average tilt angles of the vectors associated with the transition dipole 

moment and hydrocarbon chain axis, respectively. θavg is the average tilt angle of the hydrocarbon 

chain axis as determined from the vs(CD2) and vas(CD2) absorption bands. 
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Figure 5.12 – The apparent tilt angle of the transition dipole moment vector associated with a) 

vs(CD2) and b) vas(CD2). The vertical error bars show the standard deviations of the measurement. 

The dashed line represents the angle of random orientation, 54.7°. 
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The observed ordering of the νs(CD2) and νas(CD2) transition dipole moments, with respect 

to the surface normal, increases as the penetration depth decreases. Figure 5.12 shows a plot of the 

apparent tilt angles θs and θas as a function of evanescent wave penetration depth. The apparent 

νs(CD2) transition dipole moment tilt angle increases from ~64° to ~77° as the penetration depth 

is decreased from 1.27 to 0.30 µm. The apparent νas(CD2) transition dipole moment tilt undergoes 

a similar trend, increasing from ~64° to ~74° as the penetration depth is decreased from 1.27 to 

0.30 µm. 

The νs(CD2) and νas(CD2) bands can each be used to independently determine the 

orientation of the hydrocarbon chains. The transition dipole moments of both vibrations are 

oriented perpendicular (α = 90) to the molecular axis defined by an extended all trans hydrocarbon 

chain (2). This relationship is illustrated in Figure 5.13. As a result, information regarding the 

molecular axis of the hydrocarbon chains can be extracted. Please refer to equations 3.26 and 3.28 

for details. 
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Figure 5.13 – The orientation relationship between the molecular axis of the hydrocarbon chain 

and a) the transition dipole moment vector of vs(CD2), and b) the transition diploe moment vector 

of vas(CD2); c) shows the location of these transition dipole moments in the DMPC-d54 molecule. 

The transition dipole moment vectors lie in the plane defined by the CD2 group. The hydrocarbon 

chain molecular axis vector is normal to this plane. 

 

For each of the studied penetration depths, there is close agreement between the θchain 

values determined from the νs(CD2) and νas(CD2) bands. Figure 5.14 shows the apparent tilt angle 

of the hydrocarbon chain with respect to the surface normal as a function of penetration depth. The 

presented chain angles are averages of those found from the νs(CD2) and νas(CD2) bands. The 

average apparent θchain values were found to be 21°, 25°, 31°, and 38° for penetration depths of 
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0.30, 0.53, 0.76, and 1.27µm, respectively. The apparent tilt angle of the hydrocarbon chains 

displays a clear decrease with decreasing penetration depth. 

 

 

Figure 5.14 – Average apparent tilt angle of the hydrocarbon chains. The vertical error bars 

indicate the standard deviation in the measurement. The dashed line shows the angle of random 

orientation, 54.7°. 

 

The νs(CD2) and νas(CD2) bands can also provide information regarding the twist of the 

DMPC-d54 chains. For a given penetration depth, the orientation of the νs(CD2) and νas(CD2) 

transition dipole moments are the same, within experimental error. This suggests that there is no 

preferential twisting of the DMPC-d54 chains. The twist angle (θtwist) of the trans segment of the 

chain is defined as the angle between the -C-C-C- plane and the plane formed by the chain axis 

and the surface normal (17). The -C-C-C- plane bisects the deuterated methylene group. The 

νs(CD2) and νas(CD2) transition dipole moments are oriented 90° with respect to one another. The 
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θs and θas angles are both defined with respect to the surface normal. These geometric relationships 

are shown in Figure 5.15. 

 

 

Figure 5.15 - The νs(CD2) and surface normal, the νas(CD2) and surface normal, and the νs(CD2) 

and νas(CD2) transition dipole moments each form a right angle triangle. Knowing θs and θas allows 

for the calculation of θtwist using basic trigonometry. 

 

As a result, the trigonometric relationship shown in Equation 5.1 may be used to find the twist 

angle, θtwist (17). 

θtwist=
cos  θas
cos θs

            Eq. 5.1 

The θtwist values were found to be 51°, 43°, 46°, and 45° for penetration depths of 0.30, 0.53, 0.76, 

and 1.27 µm, respectively. A twist angle of 45° is referred to as the trivial angle, and corresponds 

to no preferential chain twist (17). At each penetration depth, the twist angle is close to the trivial 

angle (within experimental error). Therefore there is no preferential twist of the DMPC-d54 chains. 
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Figure 5.16 - Twist angle (θtwist) of the DMPC-d54 chain. The -C-C-C- plane bisects the deuterated 

methylene group. The plane formed by the chain axis and surface normal cuts the -C-C-C- plane. 

The twist is the angle between these two planes. The νs(CD2) and νas(CD2) transition dipole 

moments are also illustrated in relation to θtwist. 

 

It has been evident in both Figures 5.12 and 5.14 that the error bars associated with the 

standard deviation of the measurement increase in magnitude as the penetration depth decreases. 

This is a characteristic inherent to the measurement. Figure 5.17a shows the relationship between 

θchain and the dichroic ratio for each of the four penetration depths. Figure 5.17b shows the first 

derivative of these functions, which represents the sensitivity of θchain with respect to changes in 

the dichroic ratio. As is evident in Figure 5.17b, the sensitivity of θchain to changes in the dichroic 

ratio increases as the penetration depth decreases, for the range of dichroic ratios observed in this 

chapter. Therefore, the same uncertainty in the dichroic ratio will produce progressively greater 

uncertainty in θchain, as the penetration depth decreases. 
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Figure 5.17 – a) The relationship between θchain and the dichroic ratio for each of the penetration 

depth studies. A) 1.27 µm, B) 0.76 µm, C) 0.53 µm, D) 0.30 µm. b) The first derivative of the 

functions presented in a). 
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 As outlined in Chapter 4, the refractive index of the hydrogel support was taken to be the 

same as water, n3 = 1.33, in the C-D stretching region. This is another source of potential error. 

However, a change in n3 by ±0.05 changes the tilt angle by 2° or less. Therefore any error 

introduced by the choice of n3 has little impact on the conclusions.  

 It is useful to compare the results of this work to literature studies of oriented lipid films 

deposited directly onto the IRE. Polarized ATR studies performed on hydrated multibilayer DMPC 

films supported directly on an IRE have shown that the hydrocarbon chains have a tilt angle of 

~25°, at temperatures below the main phase transition temperature of DMPC (18, 19). When 

cholesterol is included in the film at a 75:25 DMPC-d54:cholesterol molar ratio, the acyl chain tilt 

angle is found to decrease to ~20°, at temperatures just below the main phase transition temperature 

of DMPC (20). These results are consistent with those found in the present study. 

In the present work, average tilt angles of 21° and 25° were observed for the two smaller 

penetration depths (ie, where the planar approximation is more valid). These values lie within the 

range of tilt angles established in the previous ATR spectroscopic studies on planar supported 

bilayers (18-20), and are much smaller than the 54.7° tilt angle expected for a randomly oriented 

structure, such as adsorbed vesicles. This suggests that the lipid coating of the scaffolded vesicle 

is in the form of a bilayer, rather than adsorbed vesicles. The apparent tilt angle appears to be 

leveling off as the penetration depth is decreased, which may suggest that the measurement is 

approaching the true tilt angle. 

 

5.5 Summary and Conclusions 

Fluorescence microscopy, fluorescence spectroscopy, and ATR infrared spectroscopy were used 

to characterize the 70:30 DMPC:cholesterol – Sephadex G10 scaffolded vesicles. Quantitative 
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information regarding the orientation of the DMPC-d54 hydrocarbon chains was obtained. The 

lipid coating of the scaffolded vesicles was approximated as appearing planar to the ATR-IR 

experiment. The validity of the planar approximation was tested by varying the penetration depth 

of the evanescent wave. Figure 5.18 provides a visual summary of the apparent tilt angles of the 

DMPC hydrocarbon chains, for each penetration depth. At the smaller penetration depths, the 

apparent hydrocarbon chain tilt angle with respect to the surface normal was found to be 21° and 

25°, appearing to level off as the penetration depth decreased. These angles are in agreement with 

previous bilayer studies performed in this laboratory and in the literature, suggesting a bilayer 

structure for the scaffolded vesicle lipid coating, as opposed to adsorbed vesicles (18-20). No 

significant preferential twisting of the chains is observed. 

 

 

Figure 5.18 – Cartoon representation of the change in apparent tilt angle as a function of 

penetration depth. No orientation information was obtained for the headgroup region of DMPC. 

For ease of representation the DMPC-d54 is simply shown as DMPC. 
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Permeability studies revealed that the bilayer, to a degree, acted as a permeability barrier. The 

observed maximum permeability at the phase transition temperature offers further evidence 

supporting a lamellar bilayer structure. 

The examination and subsequent support for the validity of the planar approximation 

achieved in this work is important for the FTIR-ATR spectroscopic results which will follow in 

this thesis. However, fluorescence microscopy revealed that repeated washing and/or agitation of 

the scaffolded vesicles could remove the bilayer. Furthermore, while the membrane was observed 

to act as a permeability barrier to some degree, significant leakage was observed over time. The 

following Results chapters of this thesis will detail the work done to try to overcome these 

problems. 
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Chapter 6 – DPhPC – Sephadex A50 Scaffolded Vesicles 

6.1 Introduction 

The scaffolded vesicle system presented in this chapter was designed in an effort to build and 

improve upon the 70:30 DMPC:cholesterol-Sephadex G10 scaffolded vesicles described in 

Chapter 5. The shortcomings of the work presented in Chapter 5 were related to the quality of the 

lipid bilayer. This was manifested in the mechanical durability, as well as the permeability 

characteristics of the 70:30 DMPC:cholesterol-Sephadex G10 scaffolded vesicles.  In order to 

address these problems, several new concepts were included in the scaffolded vesicle design. This 

necessitated a change in the composition of both the hydrogel scaffold and lipid coating. 

The spherical scaffolds used in the work described in this chapter were Sephadex A50 

hydrogel beads. Like Sephadex G10, Sephadex A50 is commonly used as a gel filtration media. It 

is an anion exchanger consisting of cross-linked dextran functionalized with positively charged 

diethyl(2-hydroxypropyl) quaternary aminoethyl groups, illustrated in Figure 6.1. The functional 

groups are attached to the glucose units of the dextran (1). These cationic functional groups provide 

the hydrogel with a positive charge, which has been shown to promote adhesion and formation of 

supported lipid bilayers, providing an attractive electrostatic interaction between the support and 

bilayer (2-6). This is intended to improve the durability of the model system. 

 

Figure 6.1 – The diethyl(2-hydroxypropyl) quaternary aminoethyl functional group of Sephadex 

A50. These cationic groups are attached to the dextran framework via ether linkages. 
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The average diameter of the hydrated Sephadex A50 beads is ~225 µm, which is more than 

twice that of Sephadex G10.  The larger diameter of the Sephadex A50 hydrogel beads should 

further improve the validity of the planar approximation, discussed in Chapters 3 and 5. The pore 

size of Sephadex A50 is ~10 nm, compared ~1 nm for Sephadex G10 (7). The pore size is related 

to the degree of dextran cross-linking. The greater the cross-linking density, the smaller the pore 

size, and the less porous the hydrogel. Sephadex A50 is more porous than Sephadex G10. Using a 

porous hydrogel as the scaffold is intended to provide the inner leaflet of the bilayer with access 

to an aqueous-like environment. An internal aqueous environment is important for promoting the 

mobility of membrane components, the insertion of membrane proteins into the host lipid matrix, 

and the investigation of membrane transport processes. 

The synthetic phospholipid 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was 

used for the construction of the biomimetic membrane. The chemical structure of DPhPC is shown 

in Figure 6.2.  The phytanoyl chains of DPhPC are 16 carbons long with branched methyl groups. 

The phosphocholine headgroup is the same as that of DMPC discussed in Chapter 5. DPhPC has 

been shown to form high quality, stable model membranes and has been used as a matrix for the 

reconstitution of membrane proteins (8-15). This stability has been attributed to the interdigitation 

of the branched methyl groups of the hydrophobic tails (16). The phophocholine headgroup has 

been shown to have an affinity to positively charged supports (17-18). In fact, this cationic 

Sephadex has previously been coated with dipalmitoylphosphocholine (DPPC) in order to serve 

as a macroscopic proof of structure model for a nanometer-scale drug delivery vector (17). 
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Figure 6.2 – The chemical structure of DPhPC. 

In addition to serving as a model membrane, the spherical geometry, and porosity of the 

hydrogel scaffold in conjunction with the barrier properties of a lipid bilayer can allow for the 

encapsulation of appropriate molecules. As a result, the scaffolded vesicles can also be used to 

study strategies for the controlled-release of the internal contents, with potential applications in 

fields such as drug and nutraceutical delivery (19). Chapter 5 detailed the permeability 

characteristics of the 70:30 DMPC:cholesterol-Sephadex G10 scaffolded vesicles. The 

permeability studies performed by Ryan Seenath (MSc) on scaffolded vesicles composed of a 

DMPC/cholesterol bilayer and a Sephadex G10 hydrogel scaffold demonstrated a maximum 

permeability at the main phase transition temperature of DMPC (20). DPhPC does not exhibit a 

phase transition between -120 and +120 °C, and therefore avoids the permeability spike associated 

with phospholipid main phase transitions (21). This improvement to the system design will aid 

further controlled-release studies on DPhPC-Sephadex A50 scaffolded vesicles. 

The DPhPC-Sephadex A50 scaffolded vesicles have been characterized using fluorescence 

microscopy, fluorescence quenching, fluorescence recovery after photobleaching (FRAP), FTIR-

ATR spectroscopy, and electrophysiological techniques. Fluorescence microscopy was used to 

evaluate the coating of the hydrogel scaffold and stability of the lipid membrane. A phytanoyl lipid 

labeled with a fluorescent tag was used as the fluorescent probe.  Fluorescence quenching 

experiments were performed in order to obtain structural information for the phospholipid coating. 

The mobility of fluorescently tagged phytanoyl phospholipid within the membrane was probed by 
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FRAP experiments. Lipid mobility is a measure of membrane fluidity, an important feature of 

biological membranes. 

ATR-IR spectroscopy, a surface sensitive infrared spectroscopic technique, was used to 

examine the order and orientation of the hydrophobic phytanoyl chains and polar headgroup. A 

novel aspect of this research is the collection of quantitative lipid order and orientation information 

for a spherical model using ATR-IR spectroscopy. To the best of our knowledge, quantitative lipid 

orientation studies have not previously been performed on model membranes with a spherical 

geometry. The accessibility of the scaffolded vesicles to ATR-IR spectroscopy is important 

because these measurements can provide valuable insight into the membrane structure. 

Furthermore, when studying controlled-release from scaffolded vesicles, it may be possible to 

correlate the controlled-release properties of the system with the membrane structure. 

In addition, electrophysiological techniques were employed to probe the electrical 

properties of the scaffolded vesicles. 

 

6.2 Fluorescence Microscopy 

The lipid coating of the DPhPC-Sephadex A50 scaffolded vesicles was initially evaluated using 

fluorescence microscopy. The fluorescently tagged phospholipid, 1,2-diphytanoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPhPE) was used at a 

concentration of 1 mol%. The chemical structure of NBD-DPhPE is shown in Figure 6.3. NBD-

DPhPE has phytanoyl chains and a fluorescent tag located on the headgroup. 
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Figure 6.3 – The chemical structure of NBD-DPhPE 

 

Figure 6.4 shows a fluorescence image of the DPhPC-Sephadex A50 scaffolded vesicle. There is 

clearly an association between the phospholipids and hydrogel scaffold. The coronal appearance 

of the fluorescence suggests a vesicle-like structure, with the phospholipids confined to the outer 

surface of the hydrogel support. The scaffolded vesicles were able to withstand thorough rinsing 

and agitation without loss of fluorescence.  

 

Figure 6.4 – Fluorescence image of DPhPC-Sephadex A50 scaffolded vesicle containing 1 mol% 

of the fluorescent probe NBD-DPhPE. 

 

6.3 ATR-IR Spectroscopy 

The FTIR-ATR spectroscopy experiments were performed on both Ge and ZnSe-diamond IREs. 

This was done in order to confirm the validity of the aforementioned planar approximation. The 

FTIR-ATR experimental results should be independent of the penetration depth of the evanescent 

wave if the planar approximation is valid, as discussed in Chapter 5. Table 6.1 shows the 



133 
 

penetration depths and corresponding experimental parameters used in this study. It should be 

noted that the penetration depth is approximate and is used as a means of comparison between 

experimental conditions. The validity of the planar approximation was examined and supported in 

Chapter 5, in which a scaffold diameter of ~100 µm was used. In this work, the average diameter 

of the scaffold is ~225 µm, which should further increase the validity of the planar approximation. 

As the following results will show, the molecular orientation data obtained is independent of the 

penetration depth of the evanescent wave. Combined with the results from Chapter 5, this supports 

the validity of the planar approximation. 

Table 6.1 – Experimental parameters used to obtain the two different penetration depths used in 

this chapter. The penetration depth depends on the incident wavelength, and therefore incident 

frequency. The penetration depth is lower in the higher frequency regions of the spectra. The range 

of penetration depths listed correspond to the range observed for the experiments performed in this 

chapter. 

 

 

 

6.3.1 Phytanoyl Chains 

Sephadex A50 consists of cross-linked dextran functionalized with diethyl(2-hydroxypropyl) 

quaternary aminoethyl groups. In Chapter 5, where Sephadex G10 was used as the hydrogel 

scaffold, it was necessary to use deuterated hydrocarbon chains in order to avoid spectral 

interference from the scaffold. However this is not necessary for the Sephadex A50 system, as the 

IR band intensity in the C-H stretching region of the IR spectrum is sufficiently weak. To illustrate 

this point, Figure 6.5 shows the C-H stretching region of the raw p-polarized FTIR-ATR spectra 

for hydrated Sephadex G10, A25, and A50, collected on a ZnSe-dimaond IRE where water was 
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used as the background. These conditions correspond to the greatest penetration depth used in this 

study, and therefore represents the strongest contributions from the hydrogel scaffold. Sephadex 

G10 is the most highly cross-linked, followed by Sephadex A25, and Sephadex A50. The IR 

intensity in the C-H stretching region progressively decreases as the degree of cross-linking 

decreases. For Sephadex A50, the C-H stretching region is essentially flat. Therefore the IR bands 

from the phytanoyl chains present in this region, may be freely analyzed. The s-polarized spectra 

display the same behaviour. 

 

Figure 6.5 – Raw FTIR-ATR p-polarized spectra of the C-H stretching region of Sephadex G10, 

A25, and A50. 

 

The C-H stretching region of DPhPC contains information regarding the order and orientation of 

the phytanoyl chains. This is a complex spectral region, which contains many absorption bands. 

The Fourier self-deconvolution and band fitting of the C-H stretching region of DPhPC, performed 

as described in Chapter 4.5.1, is shown in Figure 6.6. The band assignments are made in 

accordance with Reference 22. The bands at ~2960 cm-1 and ~2954 cm-1 correspond to the terminal 

and middle chain asymmetric methyl vibrations (νas(CH3-t) and  νas(CH3-m)). The νas(CH2) band 
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is well-defined and located at ~2926 cm-1. The C-H stretching vibrations adjacent to the middle 

chain methyl groups exhibit a band a ~2915 cm-1. The bands at 2870 cm-1 and 2845 cm-1 

correspond to the middle chain and terminal symmetric methyl vibrations (νs(CH3-m) and  νs(CH3-

t)) respectively. The νs(CH2) band is located at ~2856 cm-1. Two Fermi resonance bands are located 

at ~2940 cm-1 and 2900 cm-1. 

 

Figure 6.6 – Fourier self-deconvolution and band fitting for the C-H stretching region of DPhPC. 

The νs(CH2) and νas(CH2) bands are found in this region. They contain molecular orientation 

information for the phytanoyl chains. The middle chain νs(CH3-m) band is also present, and 

contains orientation information. The terminal symmetric methyl stretch is indicated by νs(CH3-t). 

Asymmetric methyl stretching vibrations, νas(CH3), and bending Fermi resonance bands, δs(CH2) 

and δs(CH3) are present in this region. 

 

Figure 6.7 shows the C-H stretching region of the ATR-IR spectra collected for the DPhPC-

Sephadex A50 scaffolded vesicles on both Ge and ZnSe-diamond IREs. The νas(CH2), middle 

chain νs(CH3-m), and the νs(CH2) bands are observed at ~2926, ~2870, and ~2856 cm-1, 
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respectively (22). These bands contain information regarding the orientation of the DPhPC 

phytanoyl chains. The dichroic ratios and molecular orientation data for these bands, calculated 

using the procedure described in Chapter 4.5, are tabulated in Table 6.2. Chapter 3.2.5 describes 

the necessary theory for the determination of molecular orientation from the infrared spectra. 

Chapter 4 details the refractive indices used for the quantitative analysis of the infrared spectra. 

The maximum of the νas(CH2) band is very well defined in the C-H stretching region, and 

the position of this band may be used to estimate the conformational order of the phytanoyl chains. 

The peak position of the νas(CH2) band is observed at 2926 cm-1, and does not change with 

penetration depth. This very high wavenumber position for the νas(CH2) band suggests that the 

DPhPC phytanoyl chains are highly disordered with significant trans-gauche isomerization, which 

is consistent with previous studies of phytanoyl phospholipids (23). 

 

Figure 6.7 – FTIR-ATR spectra of the C-H stretching region for DPhPC-Sepahdex A50 scaffolded 

vesicles on a) Ge and b) ZnSe-diamond IREs. The p- and s-polarized spectra are indicated. 
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Table 6.2 – Molecular orientation data for the DPhPC phytanoyl chains. R is the dichroic ratio of 

each band. θdipole and θchain are the tilt angles, with respect to the surface normal of the 

corresponding transition dipole moments and phytanoyl chain molecular axis vectors, respectively. 

The standard deviation of θchain does not exceed ±3°. 

 

 

For the ATR-IR data obtained on the Ge IRE, the orientation of the νs(CH2), νas(CH2), and 

νs(CH3-m) transition dipole moments were found to be 60°, 61°, and 62°, respectively. All angles 

are reported with respect to the surface normal. For the ATR-IR experiments performed on the 

ZnSe-diamond IRE, the orientation of the νs(CH2), νas(CH2), and νs(CH3-m) transition dipole 

moments were found to be 61°, 61°, and 60°, respectively These results are the same within 

experimental error, and therefore no difference is observed between the two penetration depths. 

The νs(CH2), νas(CH2), and middle chain νs(CH3-m) bands can each be used to 

independently determine the orientation of the DPhPC phytanoyl chains, with respect to the 

surface normal. The transition dipole moments of each of these vibrations are oriented 

perpendicular to the extended all trans phytanoyl chain molecular axis (α = 90°). This is illustrated 

in Figure 6.8. Using equations 3.26 and 3.28, the orientation of the phytanoyl chains may be 

calculated. It is important to note that there is very significant trans-gauche isomerization for the 

phytanoyl chains, and the membrane is in a liquid crystalline state. Therefore, the orientation 

angles that are found from these experiments are best be described as the average tilt angle of the 

trans fragments of the chains. The space occupied by the trans-gauche isomerization motions may 
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be represented as a cone (42). The tilt angle found by the ATR-IR experiments describes the angle 

of this cone with respect to the surface normal (42). The width of the cone represents the degree 

of trans-gauche isomerization. A wide cone signifies more trans-gauche motion than a narrow 

cone. 

 

Figure 6.8 - The orientation relationship between the molecular axis of the phytanoyl chains and 

a) the transition dipole moment vector of νs(CH2), b) the transition diploe moment vector of 

νas(CH2), c) the transition dipole moment vector of νs(CH3-m), and d) the structure of DPhPC. The 

general locations of the transition dipole moments depicted in a), b), and c) are depicted in d). For 

a) and b) the transition dipole moment vectors lie in the plane defined by the CH2 group. For c) 

the transition dipole moment vector lies along the axis of the C-C bond. The hydrocarbon chain 

molecular axis vector is normal to these planes. 
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 For the ATR-IR experiments performed on the Ge IRE, the νs(CH2), νas(CH2), and νs(CH3-

m) bands yield phytanoyl chain tilt angles of 45°, 44°, and 41°, respectively. Similarly, for the 

ATR-IR experiments performed on the ZnSe-diamond IRE, the νs(CH2), νas(CH2), and νs(CH3-m) 

bands yielded phytanoyl chain tilt angles of 44°, 43°, and 46°, respectively. For each penetration 

depth, an average chain tilt angle may be calculated using the θchain values determined from each 

of the νs(CH2), νas(CH2), and νs(CH3-m) bands. The average θchain values for the Ge and ZnSe-

diamond IRE experiments were found to be 43° and 44°, respectively. The close agreement 

between θchain values for the different evanescent wave penetration depths supports the validity of 

the planar approximation for this region of the ATR-IR spectrum. 

The νs(CH2) and νas(CH2) bands can also provide information regarding the twist of the 

phytanoyl chains. For both penetration depths, the orientation of the νs(CH2) and νas(CH2) 

transition dipole moments were found to be the same within experimental error. This suggests that 

there is no preferential twisting of the phytanoyl chains. The twist angle (θtwist) of the trans segment 

of the chain is defined as the angle between the -C-C-C- plane and the plane formed by the chain 

axis and the surface normal (43). The trigonometric relationship shown in Equation 6.1 may be 

used to find the twist angle, θtwist (43). 

θtwist=
cos  θas
cos θs

            Eq. 6.1 

The geometric basis for this was described in Chapter 5. The, θtwist values were found to be 44° 

and 45° for the Ge and ZnSe-diamond IREs, respectively. A twist angle of 45° is referred to as the 

trivial angle, and corresponds to no preferential chain twist (43). Therefore, there is no preferential 

twisting of the phytanoyl chains. 
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6.3.2 Polar Headgroup Region 

The polar headgroup region of the ATR-IR spectra contains important information regarding the 

orientation, conformation, and hydration of the phospholipid molecule. As with the C-H stretching 

region, potential spectral interference from the hydrogel scaffold must be considered. Figure 6.9 

shows the 1300 – 800 cm-1 region of the raw ATR-IR p-polarized spectra of hydrated Sephadex 

A50 and DPhPC-Sephadex A50 scaffolded vesicles collected on a ZnSe-diamoned IRE. 

The Sephadex A-50 scaffold exhibits a broad band extending from ~1190 cm-1 to 970 cm-

1, which presents a difficulty in the analysis of the polar head group region of DPhPC. The band 

displays a flat “ledge” on the large wavenumber side, with a more intense “peak” occurring at the 

low wavenumber side of the band. The maximum of this peak is observed at 1014 cm-1. A weak 

band is observed at 1014 cm-1 in the scaffolded vesicle spectrum, which arises from the incomplete 

cancellation of the Sephadex A50. This peak can act as a measure of the degree of cancellation. 

The s-polarized spectra exhibit similar features. 

 

Figure 6.9 – Top trace: raw p-polarized spectrum of Sephadex A50 (water background spectrum). 

Bottom trace: raw p-polarized spectrum of DPhPC-Sephadex A50 scaffolded vesicles (Sephadex 

A50 background spectrum). The νas(PO2
-), νs(PO2

-), and νas(CN+(CH3)3) bands are indicated. The 

dashed lines highlight the contribution from uncancelled Sephadex A50 bands, in the bottom trace. 



141 
 

For the DPhPC-Sephadex A50 scaffolded vesicles, three IR bands of interest are observed 

close to this region: the νas(PO2
-), νs(PO2

-), and νas(CN+(CH3)3). It should be noted that the 

νas(COC) is also expected in this region at ~1180cm-1, but not clearly resolved, most likely due to 

its relatively weak intensity and Sephadex A50 band overlap (24,25). There are also convoluted 

ν(PO(C)) vibrations which overlap with the νs(PO2
-) band which are not analysed (25). 

The νas(PO2
-) band is observed at ~1230 cm-1, and tails into the large wavenumber side of 

the Sephadex A50 band (24). The νas(CN+(CH3)3) band is observed at ~970 cm-1, and tails into the 

low wavenumber side of the Sephadex band (24). Given that the intense “peak” of the Sephadex 

band is observed as a weak band in the scaffolded vesicle spectra, it is reasonable to neglect this 

band overlap in the analysis of the νas(PO2
-) and νas(CN+(CH3)3) bands. 

The νs(PO2
-), band is observed at 1086 cm-1, and predominantly occurs on the flat “ledge” 

of the Sephadex band (24). The intensity of the “peak” at 1014 cm-1 suggests that this “ledge” will 

be very weak. Furthermore, upon baseline correction, the flat “ledge” will not contribute to the 

absorbance (and therefore the dichroic ratio) of the νs(PO2
-) band. 

The molecular orientation data for the polar headgroup region of the DPhPC:Sephadex 

A50 scaffolded vesicles is tabulated in Table 6.3. The following sections show and discuss the 

spectra used to obtain this molecular orientation information, and make reference to the data 

tabulated in Table 6.3. 
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Table 6.3 – Molecular orientation data. R is the dichroic ratio of each band. θdipole and θOPO are the 

tilt angles, with respect to the surface normal of the corresponding transition dipole moments and 

–O-P-O- molecular axis vectors, respectively. The standard deviation of the θ values do not exceed 

±3° 

 

 

 

6.3.2.1 Phosphate Group 

The νas(PO2
-) and νs(PO2

-) bands of the phosphate group provide hydration and orientation 

information. Band deconvolutions for these regions of the infrared spectrum are shown in Figures 

6.10. 

 

Figure 6.10 – Fourier self-deconvolutions and band fitting for the a) νas(PO2
-) and b) νs(PO2

-) 

regions. The νas(COC) is expected ~1180 cm-1, however it is not observed in the experimental 

spectra, likely due to its relatively weak intensity. It is not shown in a). 
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Figures 6.11 and 6.12 show the ATR-IR spectra of the νas(PO2
-) and νs(PO2

-) vibrations obtained 

for the DPhPC scaffolded vesicles. The position of the νas(PO2
-) band can vary greatly depending 

on the degree of hydration (26). Increasing hydration of the phosphate results in a decrease in the 

frequency of the νas(PO2
-) band due to hydrogen bonding with water (24, 25). The νas(PO2

-) band 

is observed at 1230 cm-1, which suggests that the phosphate group is well hydrated (25). The 

position of the νs(PO2
-) band also depends on the degree of hydration, but the variation is not as 

pronounced as with the νas(PO2
-). The νs(PO2

-) band is observed at ~1086 cm-1, which is also 

consistent with a high degree of hydration (25). 

 

 

Figure 6.11 – FTIR-ATR spectra of the νas(PO2
-) band for DPhPC-Sepahdex A50 scaffolded 

vesicles on a) Ge and b) ZnSe-diamond IREs. The p- and s-polarized spectra are indicated. 
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Figure 6.12 – FTIR-ATR spectra of the νs(PO2
-) band for DPhPC-Sepahdex A50 scaffolded 

vesicles on a) Ge and b) ZnSe-diamond IREs. The p- and s-polarized spectra are indicated. 

 

 

 For the ATR-IR experiments performed on the Ge IRE, the orientation of the νas(PO2
-) and 

νs(PO2
-) transition dipole moments were found to be 58° and 57°, respectively. Similarly, for the 

ATR-IR experiments performed on the ZnSe-diamond IRE, the νas(PO2
-) and νs(PO2

-) transition 

dipole moments were found to be 54° and 58°, respectively. The νas(PO2
-) and νs(PO2

-) bands may 

each be used to calculate the tilt angle of the vector of the O-P-O esterified phosphate group, with 

respect to the surface normal. The transition dipole moments of these vibrations are oriented 

perpendicular to the O-P-O esterified phosphate segment (α = 90). This geometric relationship is 

illustrated in Figure 6.13. 
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Figure 6.13 - The orientation relationship between the molecular axis of the hydrocarbon chain 

and a) the transition dipole moment vector of νs(PO2
-), b) the transition diploe moment vector of 

νas(PO2
-), and c) the location of the phosphate group in the DPhPC molecule. The transition dipole 

moment vectors lie in the plane defined by the PO2
- group. The O-P-O molecular axis vector is 

normal to this plane. 

 

For the ATR-IR experiments performed on the Ge IRE, the νs(PO2
-) and νas(PO2

-) bands yield θOPO 

values of 49° and 51°, respectively. For the ATR-IR experiments performed on the ZnSe-diamond 

IRE, the νs(PO2
-) and νas(PO2

-) bands yield θOPO values of 56° and 48°, respectively. For each 

penetration depth, an average θOPO may calculated using the θOPO values determined from each of 

the νs(PO2
-) and νas(PO2

-) bands. The average θOPO values for the Ge and ZnSe-diamond IRE 

experiments were found to be 50° and 52°, respectively.  These angles are close to the angle of 
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random orientation (55°). As is evident, the orientation of the O-P-O vector displayed little change 

with respect to changes in penetration depth. 

 The νs(PO2
-) and νas(PO2

-) transition dipole moments exhibit the same geometric 

relationship to one another and the surface normal as the νs(CH2) and νas(CH2) dipoles. Therefore, 

a twist angle, which is defined as the angle between the O-P-O plane and the plane formed by the 

chain axis and the surface normal, may be calculated using Equation 6.2 (43). 

θtwist=
cos  𝜃(𝑣𝑎𝑠(PO2

- ))

cos 𝜃(𝑣𝑠(PO2
- ))

            Eq. 6.2 

The, θtwist values were found to be 46° and 42° for the Ge and ZnSe-diamond IREs, respectively. 

A twist angle of 45° corresponds to no preferential chain twist (43). Therefore, there is no 

preferential twisting of the O-P-O plane of the phosphate group. 

 

6.3.2.2 Choline Group 

Figure 6.14 shows the 1000 – 800 cm-1 region of the DPhPC-Sephadex A50 scaffolded vesicles 

ATR-IR spectrum.  

 

Figure 6.14 – FTIR-ATR spectra of the νas(CN+(CH3)3) and νs(CN+(CH3)3) bands for DPhPC-

Sepahdex A50 scaffolded vesicles on a) Ge and b) ZnSe-diamond IREs. The p- and s-polarized 

spectra are indicated. 
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The νas(CN+(CH3)3) and νs(CN+(CH3)3) bands are observed in this region (25, 27). The orientation 

data for the νas(CN+(CH3)3) band is summarized in Table 6.3. The θdipole orientation angle for the 

νas(CN+(CH3)3) was found to be 57° and 54° for the Ge and ZnSe-diamond experiments, 

respectively. The transition dipole moment of the νas(CN+(CH3)3) vibration is illustrated in Figure 

6.15. These angles are very close to the angle of random orientation (55°), which may suggest the 

choline group is free to rotate. 

 

Figure 6.15 – The transition dipole moment of the νas(CN+(CH3)3) vibration (24, 25). 

 

The band position of the νs(CN+(CH3)3) provides information regarding the conformation 

of the O-C-C-N framework of the choline group. The trans conformation of the O-C-C-N 

framework exhibits bands at ~925 cm-1 and 875 cm-1 (24, 25, 27). In contrast, the gauche 

conformation exhibits bands at ~900 cm-1 and ~860 cm-1 (24, 25, 27). Figure 6.12 clearly shows a 

band at ~925 cm-1. No band is observed at 875 cm-1, likely due to an insufficient signal to noise 

ratio. This suggests that the choline O-C-C-N framework adopts a trans conformation. 

The trans conformation of the O-C-C-N chain may suggest that the positively charged 

choline group is tucked back behind the negative phosphate group, away from the positively 

charged hydrogel support. Such a conformation would maximize the electrostatic attraction 

between the negative phosphate group and the positive scaffold, while minimizing the electrostatic 
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repulsion between the positive choline group and the positive scaffold. This conformation is 

consistent with literature studies which suggest that the phosphate group, not the choline group, is 

predominantly responsible for electrostatic interactions with charged surfaces (18, 28). This 

behaviour may be due to the greater negative charge density on the smaller phosphate group 

compared to the lesser positive charge density on the larger choline group (18). Furthermore 

vesicles composed of phosphocholine (PC) headgroup phospholipids (such as DMPC and DPPC), 

have been shown to have negative zeta potentials in solutions of low ionic strengths over a wide 

range of temperatures (29). A negative zeta potential for the zwitterionic PC head group suggests 

that the positive choline group is tucked back behind the negative phosphate group. This 

orientation of the phosphocholine group is consistent with an electrostatic attraction between the 

positively charged Sephadex A50 scaffold and the zwitterionic DPhPC. 

Figure 6.16 illustrates the molecular orientation of DPhPC, as determined from the ATR-

IR spectroscopic studies. 

 

Figure 6.16 – The orientation of specific functional groups of DPhPC in the scaffolded vesicle 

coating. No preferential twisting of the phytanoyl chains or phosphate group is observed. The 

overlayed cone represents the space occupied by the phytanoyl chains as a result of the trans-

gauche isomerization motions. 
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6.4 Fluorescence Quenching 

Fluorescence quenching studies were performed on the DPhPC-Sepahdex A50 scaffolded vesicles 

in order to further examine the structure of the phospholipid coating. Again, NBD-DPhPE was 

used as the fluorescent probe. The fluorescence of the NBD fluorophore is known to be quenched 

by Co2+ (30-32). The NBD fluorophore is located on the headgroup of the phospholipid. Assuming 

a bilayer structure, the NBD tag of phospholipids located in the outer leaflet will be exposed to the 

external solution. The NBD tags of phospholipids located in the inner leaflet will be hidden from 

the external solution. The presence of Co2+ ions in the external solution should readily quench the 

fluorescence of NBD-DPhPE located in the outer leaflet of a phospholipid bilayer. 

The fluorescence behaviour of the scaffolded vesicles was observed upon the addition of 

Co2+ (such that the scaffolded vesicles were exposed to ~30mM Co2+). The fluorescence behaviour 

with respect to time for a single scaffolded vesicle is shown in Figure 6.17. As is evident, there is 

a rapid decrease in the fluorescence intensity, which then levels off with time. 

 

Figure 6.17 – Fluorescence quenching profile for a single scaffolded vesicle, with respect to time. 
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 In order to determine the average percent quenching of many scaffolded vesicles, 

experiments were performed as described in Chapter 4. Briefly, 10-20 scaffolded vesicles were 

deposited on a microscope slide and pre- and post-quenching images (after waiting ~500 s to reach 

a steady response as Figure 6.17 suggests) were obtained and analysed. This allowed for the time 

efficient high throughput analysis of the quenching behavior of the scaffolded vesicles. An average 

fluorescence quenching of 53 ± 3% was measured. The significance of this value will now be 

discussed. 

For lipid vesicles of small diameters (on the order of nm’s), more lipid molecules will be 

located in the outer leaflet of a bilayer than in the inner leaflet, due to bilayer curvature 

considerations. However, for large diameter vesicles, such as scaffolded vesicles, the curvature is 

less pronounced and the number of lipid molecules in the inner and outer leaflets will be roughly 

equal. Therefore, the number of fluorophores present in the inner and outer leaflets should also be 

roughly equal. For a single lipid bilayer with an equal distribution of flourophores between the 

inner and outer leaflets, one would expect to observe a 50% quenching of the fluorescence 

intensity. The observed 53% fluorescence quenching suggests that the phospholipid coating is a 

single bilayer. 

It should be noted that Co2+ is slightly membrane permeant with time (33). Therefore, even 

if a perfect phospholipid bilayer coated the Sephadex A50, one would expect to eventually see 

complete fluorescence quenching. This was not observed for the scaffolded vesicles. This 

behaviour may be attributed to the positive charge of the scaffold. Since both the Sephadex A50 

and the quencher (Co2+) are positively charged, one may expect an electrostatic repulsion between 

the two. Therefore, the NBD tags of inner leaflet phospholipids may be sheltered from the Co2+ 
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quencher by the cationic scaffold. This would explain why complete quenching is never observed, 

even at higher Co2+ concentrations. 

There is another implication which results from this argument. The observed ~50% 

quenching suggests that the phospholipid coating has the structure of a single bilayer. However, it 

does not provide information regarding the quality of the bilayer. If the cationic scaffold shelters 

the inner leaflet fluorophores from the quencher, nothing can be learned about the permeability of 

the bilayer from this experiment. 

 

6.5 Fluorescence Recovery After Photobleaching (FRAP) 

The mobility of the NBD-DPhPE fluorescent probe was studied using FRAP. FRAP is used to 

measure the mobility of fluorescent probes in biological membranes. The fluorescence recovery 

of a photobleached region is monitored with respect to time, and quantitative information can be 

extracted from the characteristics of the recovery curve. For more details please see Chapters 3.3.4 

and 4.8. 

No fluorescence recovery was observed for the DPhPC-Sepahdex A50 (1 mol% NBD-

DPhPE) scaffolded vesicles. Figure 6.18 shows a fluorescent DPhPC-Sephadex A50 scaffolded 

vesicle with a 60 µm diameter photobleached spot. Figure 6.19 shows the fluorescence recovery 

curve. There is no evidence of fluorescence recovery with time. This suggests that the fluorescent 

probes are not free to diffuse within the bilayer. One possibility is that only NBD-DPhPE is 

immobile, perhaps due to the fluorescent tag, and the DPhPC may still be free to diffuse. However, 

lack of lipid mobility in model membranes which utilize electrostatic attraction has been observed 

in the literature (34). It has been suggested that the electrostatic attraction between the support and 
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lipid can result in the pinning of the membrane to the support (34-37). This in turn prevents the 

lateral diffusion of the membrane constituents. 

 

 

Figure 6.18 – Representative FRAP experiment images a) photobleached, b) after 30 minutes, c) 

after 60 minutes. No fluorescence recovery is observed. To aid the eye, the Thal colour map 

from ImageJ software is used. 

 

 

Figure 6.19 – Representative fluorescence recovery curve. No recovery is observed, which 

suggests that the phospholipids are not free to diffuse within the plane of the bilayer. 
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6.6 Electrophysiology 

This section will discuss the results of several different electrophysiological experiments which 

were performed on the scaffolded vesicles.  

 

6.6.1 Patch-clamp 

The patch pipettes used in this work had typical resistances 1-3 MΩ in ~100 mM sodium chloride 

solution. A representative current response to a 30 mV test pulse is shown in Figure 6.20. Both the 

bath and pipette filling solutions are 100 mM sodium chloride. The steady state current is used to 

determine the pipette resistance. 

 

Figure 6.20 – Representative current response for patch pipette open to the bath. The pipette 

resistance (Rpip) is from the steady state current and applied voltage pulse. A 30 mV voltage 

pulse (ΔV) was applied for 30 ms. 

 

 As a control experiment, the patch pipette was brought close to and in contact with 

uncoated Sephadex A50, and the current response to a voltage test pulse was monitored. Figure 

6.21 shows the current response of an open pipette, and subsequent response when pressed against 
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the surface of the hydrogel bead. As can be seen in Figure 6.21, the current response (and therefore 

the pipette resistance) remains unchanged. The uncoated hydrogel scaffold does not increase the 

measured pipette resistance. Application of suction does not produce a change in the resistance 

relative to an open patch pipette. 

 

Figure 6.21 – Current response to a 30 mV, 30 ms voltage pulse for a) an open patch pipette and 

b) a patch pipette pressed against an uncoated Sephadex A50 bead. The current responses for a) 

and b) are nearly identical. 

 

 In a typical patch-clamp experiment on a biological cell, the resistance of the pipette is 

expected to increase by a factor of ~1.5x upon close approach to, or contact with the cell surface. 

This results from some obstruction of the ion flow to the pipette opening by the membrane. In an 

ideal case, application of gentle suction results in the formation of a gigaseal between the cell 

membrane and patch pipette.  This configuration is referred to as the cell-attached configuration. 

This terminology will be used to refer to the equivalent situation with a scaffolded vesicle and 

patch pipette. However, it should be noted that as no gigaseals were observed for the work 

performed on scaffolded vesicles, a true cell-attached configuration has not been obtained. The 
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following describes the typical current responses observed during a patch-clamp experiment 

performed on a DPhPC-Sephadex A50 scaffolded vesicle. 

 Figure 6.21 illustrates a typical current response of a patch pipette open to the bath solution, 

and when in the cell-attached configuration. The current responses are shown on the same scale, 

and a clear reduction in the current (increase in resistance) is observed between the open and cell-

attached configurations. The resistance of the patch pipette as found from the current response 

depicted in Figure 6.22a is ~2.3 MΩ. The resistance when in the cell-attached configuration is ~ 

15 MΩ. This clearly indicates that the DPhPC coating of the scaffolded vesicle inhibits current 

flow to the opening of the patch pipette. Unfortunately, the seal resistance between the patch 

pipette and scaffolded vesicle is well short of the desired gigaohm seal. In considering this 

shortcoming of the system, it is interesting to consider the structural properties of gigaseals 

obtained on biological cells. 

 

Figure 6.22 – Current response to a 30 mV, 30 ms duration voltage pulse for a) a patch pipette 

open to the bath solution and b) the cell-attached configuration. 

 

 The structure of the cell membrane patch involved in the formation of a gigaseal is most 

often depicted as a bubble of membrane which has been drawn up within the patch pipette. The 
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patch structure has been modeled as three regions, namely the dome, gigaseal, and cytoskeleton 

(37, 38). This structure is shown in Figure 6.23 (37). The dome is the part of the patch which spans 

the inner diameter of the pipette (37). The gigaseal is the region which is in contact with the pipette 

and is responsible for the gigaohm seal resistance (37). Denatured membrane proteins may play a 

role in gigaseal formation (37). The third aspect to the patch structure is the cytoskeleton which 

has also been drawn up into the pipette and lies behind the membrane dome (37, 38). 

 

 

Figure 6.23 - The structure of the membrane patch. Adapted from Reference 37. 

 

 An obvious aspect to the structure of the membrane patch is the flexibility of both the 

membrane and cytoskeleton. This flexibility may play a crucial role in the formation of a gigaohm 

resistance seal between the membrane and pipette. Evidence of the importance of membrane 

flexibility exists in the literature. Davis et. al. attempted to perform patch-clamp experiments on 

lipid bilayers supported on silica microbeads (10-30 µm in diameter) (39). Gigaseal formation was 

not observed in this system (39). The authors suggested the use of a more flexible support, such as 
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a hydrogel (39). The work presented in this thesis has utilized hydrogel supports, but gigaseal 

formation has not been observed. The flexibility of the hydrogel support may not be sufficient for 

the formation of a gigaseal. If the DPhPC coating (and underlying hydrogel scaffold) is too rigid 

to allow for the formation of a membrane bleb, it may not be possible to achieve gigaohm seal 

resistances with this system. The investigation of multilamellar systems was also suggested by 

Davis et. al., and this aspect will be examined in Chapter 7 (39). 

 

6.6.2 Intracellular Recording 

The intracellular recording configuration was also used to examine the scaffolded vesicles. These 

experiments were performed in Professor Craig Bailey’s laboratory at the University of Guelph. 

Sharp micropipettes with resistances ~20-30 MΩ were used for these experiments. Sharper pipettes 

are used for intracellular recording experiments in order to limit the damage caused to the 

membrane when the cell (or scaffolded vesicle) is impaled by the pipette. However, the pipette 

resistance does not change appreciably when impaled on a scaffolded vesicle.  

 Intracellular recording experiments were also carried out in the presence of excess vesicles. 

A scaffolded vesicle is impaled by a sharp micropipette and the bath solution is spiked with DPhPC 

vesicles and left to incubate for 1 hr. The motivation behind this experiment was to promote self-

healing of any damage caused to the scaffolded vesicle during the impaling process. However, no 

appreciable difference in resistance was observed, relative to the open pipette resistance. This is 

perhaps not surprising, as the FRAP experiments discussed earlier showed no evidence of lateral 

phospholipid mobility, which is necessary for self-healing. 
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6.7 Summary and Conclusions 

The fluorescence microscopy images suggest that the DPhPC-Sephadex A50 scaffolded vesicles 

have a durable, vesicle-like structure, with the phospholipid coating confined to the outer surface 

of the hydrogel scaffold. Fluorescence quenching experiments have suggested that this lipid 

coating is a single phospholipid bilayer. 

 ATR-IR spectroscopic experiments have examined the phospholipid tails and headgroup 

of the DPhPC bilayer. The molecular order and orientation (at two penetration depths) of the 

phytanoyl chains are consistent with previous IR spectroscopic studies on DPhPC bilayers (26, 

42). This both supports the proposed bilayer structure and the planar approximation. Analysis of 

the headgroup suggests that the bilayer is well hydrated and that the positively charged choline 

group is tucked behind the phosphate group, which is consistent with literature studies on 

phosphocholine lipids (29). This orientation is also consistent with an attractive electrostatic 

interaction between the cationic hydrogel support and the phosphocholine headgroup of DPhPC. 

 FRAP experiments have shown no evidence of phospholipid lateral mobility. This may be 

due to the strength of the electrostatic attraction between the membrane and scaffold. This has 

been observed in the literature for biomimetic systems which exploit electrostatic interactions in 

the construction of model membranes (34-36).  

Patch-clamp experiments were unable to obtain gigaseals between the scaffolded vesicles 

and patch pipette. Both the rigidity of the scaffold and the pinning of the membrane to scaffold 

may play a role in preventing gigaseal formation. Intracellular recording experiments did not 

measure any appreciable increase in resistance relative to that of an open pipette. The FRAP 

experiments suggest a lack of phospholipid mobility, which would prevent membrane self-healing 

and cause defect sites. This could explain the poor resistance properties. 
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Chapter 7 – 90:10 DPhPC:DPhPS-Sephadex A50 Scaffolded Vesicles 

7.1 Introduction 

The scaffolded vesicle system presented in this chapter was developed concurrently with the 

system described in Chapter 6. The difference between this work and that of Chapter 6, is the 

inclusion of 10 mol % 1,2-diphytanoyl-sn-glycero-3-phospho-L-serine (DPhPS) in the membrane 

composition. DPhPS is a negatively charged phospholipid with a phosphoserine headgroup and 

phytanoyl tails, equivalent to those of DPhPC. The chemical structure of DPhPS is illustrated in 

Figure 7.1.  

 

 

Figure 7.1 – The chemical structure of DPhPS 

 

DPhPS was included in the membrane composition in order to further promote an electrostatic 

attraction between the membrane and the positively charged Sephadex A50 scaffold. The 

concentration of DPhPS was limited to 10 mol% in order to avoid electrostatic repulsion within 

the membrane between the anionic phospholipids themselves. 

The 90:10 DPhPC:DPhPS-Sephadex A50 scaffolded vesicles have been characterized 

using fluorescence microscopy, fluorescence quenching, fluorescence recovery after 

photobleaching (FRAP), ATR-IR spectroscopy, and electrophysiological techniques. As in 

Chapter 6, fluorescence microscopy was used to evaluate the coating of the hydrogel scaffold and 

stability of the lipid membrane. The same fluorescent phytanoyl lipid, NBD-DPhPE, was used as 



162 
 

the fluorescent probe. Fluorescence quenching experiments were performed in order to obtain 

structural information for the phospholipid coating. The mobility of NBD-DPhPE within the 

membrane was probed by FRAP experiments. ATR-IR spectroscopy was used to examine the 

order and orientation of the hydrophobic phytanoyl chains and polar headgroup. 

Electrophysiological techniques were employed to probe the electrical properties of the scaffolded 

vesicles. 

 

7.2 Fluorescence Microscopy 

The lipid coating of the 90:10 DPhPC:DPhPS-Sephadex A50 scaffolded vesicles was initially 

examined using fluorescence microscopy. As in Chapter 6, the fluorescently tagged phytanoyl 

chain phospholipid, 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl) (NBD-DPhPE) was used at a concentration of 1 mol%. The fluorescent probe 

was used at the expense of DPhPC, such that the fluorescent scaffolded vesicles were composed 

of an 89:10:1 molar ratio of DPhPC:DPhPS:NBD-DPhPE. For the sake of readability, the 

composition of the coating of these scaffolded vesicles will simply be referred to as 90:10 

DPhPC:DPhPS, with the understanding that 1 mol% of NBD-DPhPE has been included.  Figure 

7.2 shows a fluorescence image of a 90:10 DPhPC:DPhPS-Sephadex A50 scaffolded vesicle. 

There is clearly an association between the phospholipids and hydrogel scaffold. The coronal 

appearance of the fluorescence suggests a vesicle-like structure, with the phospholipids confined 

to the outer surface of the hydrogel support. As with the DPhPC:Sepahdex A50 system, the 

scaffolded vesicles were able to withstand thorough rinsing and agitation without loss of 

fluorescence. 
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Figure 7.2 – Fluorescence image of 90:10 DPhPC:DPhPS-Sephadex A50 scaffolded vesicle 

containing 1 mol% of the fluorescent probe NBD-DPhPE. 

 

7.3 ATR-IR Spectroscopy 

The ATR-IR spectroscopy experiments were performed on both Ge and ZnSe-diamond IREs. This 

was done in order to confirm the validity of the planar approximation. Chapter 6 contained a 

discussion of the planar approximation specific to Sephdex A50 supported scaffolded vesicles, 

which remain true for the 90:10 DPhPC:DPhPS-Sepahdex A50 system. Refer to Chapter 6.3 for 

details. Table 7.1 shows the penetration depths and corresponding experimental parameters used 

in this study. These parameters are the same as those used in Chapter 6. 

Table 7.1 - Experimental parameters used to obtain the two different penetration depths used in 

this chapter. The penetration depth depends on the incident wavelength, and therefore incident 

frequency. The penetration depth is lower in the higher frequency regions of the spectra. The range 

of penetration depths listed correspond to the range observed for the experiments performed in this  

chapter. 
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7.3.1 Phytanoyl Chains  

Chapter 6 included a detailed discussion of the spectral contributions to the C-H stretching region 

resulting from the Sephadex A50 scaffold. The same arguments apply to work presented in this 

chapter, and the discussion will not be repeated. Please see Chapter 6.3.1 for details. 

The C-H stretching region contains information regarding the molecular order and 

orientation of the phytanoyl chains of DPhPC and DPhPS. The Fourier self-deconvolution, band 

fitting, and band assignments for this region was presented in Figure 6.6 (1). The terminal 

(νas(CH3-t)) and middle chain (νas(CH3-m)) asymmetric methyl vibrations are located at ~2960 cm-

1 and ~2954 cm-1, respectively. The νas(CH2) band is located at ~2926 cm-1. The C-H stretching 

vibrations adjacent to the middle chain methyl groups displays a band located at ~2915 cm-1. The 

middle chain (νs(CH3-m)) and terminal (νs(CH3-t)) symmetric methyl vibrations are positioned at 

~2870 cm-1 and ~2845 cm-1, respectively. The νs(CH2) band is located at ~2856 cm-1. Two Fermi 

resonance bands are located at ~2940 cm-1 and 2900 cm-1. 

Figure 7.3 shows the C-H stretching region of the ATR-IR spectra collected for the 90:10 

DPhPC:DPhPS-Sephadex A50 scaffolded vesicles on both the Ge and ZnSe-diamond IREs. The 

νas(CH2), νs(CH3-m), and the νs(CH2) bands are observed at ~2926, ~2870, and ~2856 cm-1, 

respectively (1). These bands contain information regarding the orientation of the DPhPC and 

DPhPS phytanoyl chains. The dichroic ratios and molecular orientation data for these bands are 

tabulated in Table 6.2, and are calculated using the procedure described in Chapter 4.5. Chapter 

3.2.5 describes the necessary theory for the determination of molecular orientation. Chapter 4 

details the refractive indices used for the quantitative analysis of the ATR-IR spectra. 
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Figure 7.3 - FTIR-ATR spectra of the C-H stretching region for 90:10 DPhPC:DPhPS-Sepahdex 

A50 scaffolded vesicles on a) Ge and b) ZnSe-diamond IREs. The p- and s-polarized spectra are 

indicated. The νs(CH2), νas(CH2), and νs(CH3-m) bands used for molecular orientation analysis 

have been highlighted. The complete deconvolution of this spectral region was presented in 

Chapter 6. Please see Figure 6.6 for details. 

 

The maximum of the νas(CH2) band is well defined in the C-H stretching region of the 

ATR-IR spectrum. The position of this band may be used to estimate the conformational order of 

the phytanoyl chains. The peak position of the νas(CH2) band remains centred at 2926 cm-1, at each 

penetration depth. The high wavenumber position of the νas(CH2) band suggests that the phytanoyl 

chains are highly disordered, and undergo significant trans-gauche isomerization (2). This is 

expected for a DPhPC:DPhPS bilayer in the liquid crystalline state, and is consistent with previous 

studies of phytanoyl phospholipids (2). 

For the ATR-IR data obtained on the Ge IRE, the orientations of the νs(CH2), νas(CH2), and 

νs(CH3-m) transition dipole moments were found to be 56°, 57°, and 57°, respectively. These 

values are very close to the angle of random orientation (55°). For the ATR-IR experiments 

performed on the ZnSe-diamond IRE, the orientation of the νs(CH2), νas(CH2), and νs(CH3-m) 

transition dipole moments were found to be 60°, 59°, and 59°, respectively. 
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Table 7.2 - Molecular orientation data for the phytanoyl chains. R is the dichroic ratio of each 

band. θdipole and θchain are the tilt angles, with respect to the surface normal of the corresponding 

transition dipole moments and phytanoyl chain molecular axis vectors, respectively. The standard 

deviations of the θ values do not exceed ±4°. 

 

 

 

The νs(CH2), νas(CH2), and middle chain νs(CH3-m) bands can each be used to 

independently determine the average orientation of the phytanoyl chains, with respect to the 

surface normal. No distinction can be made between the phytanoyl chains of DPhPC and DPhPS. 

The transition dipole moments of each of these vibrations are oriented perpendicular to the 

extended all trans phytanoyl chain molecular axis (α = 90°). This geometric relationship was 

illustrated in Figure 6.8. Using equations 3.26 and 3.28, the orientation of the phytanoyl chains 

may be calculated. As was the case in Chapter 6, the 90:10 DPhPC:DPhPS membrane is in the 

liquid crystalline state with significant trans-gauche isomerization of the phytanoyl chains. 

Therefore, the phytanoyl chains are not fixed in an all trans configuration. The orientation angles 

that are found from these experiments are best described as the average tilt angle of each of the 

trans segments of the phytanoyl chains, rather than a fixed angle for a fixed all trans phytanoyl 

chain. 

For the ATR-IR experiments performed on the Ge IRE, the νs(CH2), νas(CH2), and νs(CH3-

m) bands yield average tilt angles of 52°, 50°, and 51°, respectively. These values are close to the 
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angle of random orientation (55°). The ATR-IR experiments performed on the ZnSe-diamond IRE 

yielded slightly lesser tilt angles. The νs(CH2), νas(CH2), and νs(CH3-m) bands yielded phytanoyl 

chain tilt angles of 47°, 45°, and 47°, respectively. For each penetration depth, an average tilt angle 

may calculated using the θchain values determined from each of the νs(CH2), νas(CH2), and νs(CH3-

m) bands. The average θchain values for the experiments performed on the Ge and ZnSe-diamond 

IREs were found to be 51° and 46°, respectively. As was the case in Chapter 6, the close agreement 

between θchain values for the different penetration depths supports the validity of the planar 

approximation for this region of the ATR-IR spectrum. 

The νs(CH2) and νas(CH2) bands can also provide information regarding the twist of the 

phytanoyl chains. The twist angle (θtwist) of the trans segment of the chain is defined as the angle 

between the -C-C-C- plane and the plane formed by the chain axis and the surface normal (3). The 

trigonometric relationship shown in Equation 7.1 may be used to find the twist angle, θtwist (3). 

θtwist=
cos  θas
cos θs

            Eq. 7.1 

The geometric basis for this was described in Chapter 5. The, θtwist values were found to be 44° for 

both the Ge and ZnSe-diamond IREs. A twist angle of 45° is referred to as the trivial angle, and 

corresponds to no preferential chain twist (3). The experimental twist angle of 44° is very close to 

the trivial twist angle, and thus there no preferential twisting of the phytanoyl chains. 

The intensity of the phytanoyl bands in the DPhPS system is approximately twice that of 

the DPhPC only system. As discussed in Chapter 6, the membrane of the DPhPC-Sephadex A50 

scaffolded vesicles was found to be a single bilayer. The double relative intensity of the 90:10 

DPhPC:DPhPS-Sephadex A50 scaffolded vesicles may suggest a multibilayer membrane 

structure. This possibility will be explored further during the discussion of the fluorescence 

quenching results, later in this chapter. 
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As electrostatic interactions play an important role in vesicle adhesion and bilayer 

formation, it is not surprising that the addition of the negatively charged DPhPS to the vesicle 

composition appears to have resulted in greater vesicle adsorption to the positively charged 

hydrogel. The adsorption of multiple bilayers on charged surfaces has been observed in the 

literature (4). An alternative possibility could be the adsorption of unruptured vesicles to the first 

bilayer. This could be reflected in the slightly more random molecular orientation observed for the 

DPhPS containing system, compared to the DPhPC only system. Although, the presence of a 

second bilayer may also be expected to be rougher and therefore lead to a more random orientation 

(5, 7). These possibilities will be further examined in this chapter. 

 

7.3.2 Polar Headgroup Region 

Chapter 6 included a detailed discussion of the spectral contributions to the polar headgroup region 

resulting from the Sephadex A50 scaffold. The same arguments apply to the work presented in 

this chapter, and the discussion will not be repeated. Please refer to Chapter 6.3 for details. The 

molecular orientation data for the polar headgroup region of DPhPC:DPhPS-Sephadex A50 

scaffolded vesicles is tabulated in Table 7.3 respectively. 

Table 7.3 - Molecular orientation data. R is the dichroic ratio of each band. θdipole and θOPO are the 

tilt angles, with respect to the surface normal of the corresponding transition dipole moments and 

–O-P-O- molecular axis vectors, respectively. The standard deviations of the θ values do not 

exceed ±4°. 
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7.3.2.1 Phosphate Group 

The νas(PO2
-) and νs(PO2

-) bands of the phosphate group provide information regarding the 

hydration and orientation of the phosphate group (3-5). The Fourier self-deconvolution and band 

fitting for these regions of the infrared spectrum were presented in Figure 6.10. 

Figures 7.4 and 7.5 show the ATR-IR spectra of the νas(PO2
-) and νs(PO2

-) vibrations 

obtained for 90:10 DPhPC:DPhPS-Sephadex A50 scaffolded vesicles. The spectra are an average 

of phosphate vibrations originating from both the DPhPC and DPhPS components of the 

membrane. The νas(PO2
-) band is observed at ~1227 cm-1, which suggests that the phosphate groups 

are well hydrated (6, 7). This band is slightly red shifted compared to the DPhPC only system 

(1230 cm-1 ) discussed in Chapter 6. This is to be expected, as the ammonium group of the 

phosphoserine headgroup, in addition to water, is capable of hydrogen bonding with the phosphate 

group (7). This additional means of hydrogen bonding further lowers the position of the νas(PO2
-) 

band. The less hydration sensitive νs(PO2
-) band remains centred at ~1086 cm-1, which is consistent 

with a high degree of hydration (6, 7). 

 

Figure 7.4 - FTIR-ATR spectra of the νas(PO2
-) band for 90:10 DPhPC:DPhPS-Sephadex A50 

scaffolded vesicles on a) Ge and b) ZnSe-diamond IREs. The p- and s-polarized spectra are 

indicated. These spectra contain contributions from the phosphate group of both DPhPC and 

DPhPS. 
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Figure 7.5 - FTIR-ATR spectra of the νs(PO2
-) band for DPhPC-Sephadex A50 scaffolded vesicles 

on a) Ge and b) ZnSe-diamond IREs. The p- and s-polarized spectra are indicated. 

 

For the ATR-IR experiments performed on the Ge IRE, the orientation of the νas(PO2
-) and 

νs(PO2
-) transition dipole moments were found to be 54° and 58°, respectively. Similarly, for the 

ATR-IR experiments performed on the ZnSe-diamond IRE, the νas(PO2
-) and νs(PO2

-) transition 

dipole moments were found to be 54° and 57°, respectively. The νas(PO2
-) and νs(PO2

-) bands may 

each be used to calculate the tilt angle of the vector of the O-P-O esterified phosphate group, with 

respect to the surface normal. The transition dipole moments of these vibrations are oriented 

perpendicular to the O-P-O esterified phosphate segment (α = 90). This geometric relationship was 

illustrated in Figure 6.13. 

For the ATR-IR experiments performed on the Ge IRE, the νs(PO2
-) and νas(PO2

-) bands 

yield θOPO values of 57° and 49°, respectively. For the ATR-IR experiments performed on the 

ZnSe-diamond IRE, the νs(PO2
-) and νas(PO2

-) bands yield θOPO values of 57° and 51°, respectively. 

For each penetration depth, an average θOPO may calculated using the θOPO values determined from 

each of the νs(PO2
-) and νas(PO2

-) bands. The average θOPO values for the Ge and ZnSe-diamond 
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IRE experiments were found to be 53° and 54°, respectively.  These angles are close to the angle 

of random orientation (55°). As is evident, the orientation of the O-P-O vector displayed little 

change with respect to changes in penetration depth. 

 The νs(PO2
-) and νas(PO2

-) transition dipole moments possess the same geometric 

relationship to one another and the surface normal as the νs(CH2) and νas(CH2) dipoles. Therefore, 

a twist angle, which is defined as the angle between the O-P-O plane and the plane formed by the 

chain axis and the surface normal, may be calculated using Equation 6.2 (3). 

θtwist=
cos  𝜃(𝑣𝑎𝑠(PO2

- ))

cos 𝜃(𝑣𝑠(PO2
- ))

            Eq. 7.2 

The, θtwist values were found to be 42° and 43° for the Ge and ZnSe-diamond IREs, respectively. 

A twist angle of 45° corresponds to no preferential chain twist (3). Therefore, there is no significant 

preferential twisting of the O-P-O plane of the phosphate group. 

The intensity of the phosphate bands for the DPhPC-PS system is approximately double 

the intensity for the DPhPC system, which is consistent with the results from the phytanoyl region 

of the ATR-IR spectrum. 

 

7.3.2.2 Choline Group 

Figure 7.6 show the 1000 – 800 cm-1 region of the 90:10 DPhPC:DPhPS-Sephadex A50 scaffolded 

vesicles ATR-IR spectra.  
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Figure 7.6 - FTIR-ATR spectra of the νas(CN+(CH3)3) and νs(CN+(CH3)3) bands for 90:10 

DPhPC:DPhPS-Sepahdex A50 scaffolded vesicles on a) Ge and b) ZnSe-diamond IREs. The p- 

and s-polarized spectra are indicated. 

 

The νas(CN+(CH3)3) and νs(CN+(CH3)3) bands are observed in this region (6, 8). The orientation 

data for the νas(CN+(CH3)3) band is summarized in Table 7.3. The θdipole tilt angle was found to be 

51° for both the Ge and ZnSe-diamond experiments. This is close to the angle of random 

orientation, and may suggest that the choline group is free to rotate within the membrane. The 

orientation of the νas(CN+(CH3)3) transition dipole moment was illustrated in Figure 6.15. 

The band position of the νs(CN+(CH3)3) provides information regarding the conformation 

of the O-C-C-N framework of the choline group. The trans conformation of the O-C-C-N 

framework exhibits peaks at ~925 cm-1 and 875 cm-1 (6, 8). In contrast, the gauche conformation 

exhibits bands at ~900 cm-1 and ~860 cm-1 (6, 8). Figure 7.10a) and b) both clearly show a band 

at ~925 cm-1. Figure 7.10b), the most intense set of spectra, also clearly shows a band at ~875 cm-

1. This indicates that the choline O-C-C-N framework adopts a trans conformation in both the 

90:10 DPhPC:DPhPS-Sephadex A50 scaffolded vesicles.  
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It should be noted that the band at ~875 cm-1 is only observed in Figure 7.6b. The same 

spectral region was investigated in Chapter 6 (Figure 6.14), and this band was not observed there, 

nor in Figure 7.6a. Several reasons contribute to this fact. First, compared to Chapter 6, the ATR-

IR band intensities are greater for the 90:10 DPhPC:DPhPS than for the DPhPC only scaffolded 

vesicles. It was suggested earlier that a multibilayer structure could account for this, and this 

possibility will be examined further, later in this chapter. Second, the effective thickness (and 

penetration depth) for the ZnSe-diamond IRE is greater than for the Ge IRE. As was discussed in 

Chapter 3, the effective thickness is a measure of the interaction between the evanescent wave and 

sample. The greater effective thickness for the ZnSe-diamond IRE experiment results in a greater 

signal intensity. For these reasons, the greatest signal to noise ratio is obtained in Figure 7.6b, 

allowing for the observation of the band at ~875 cm-1. 

Figure 7.7 illustrates the molecular orientation of DPhPC, as determined from the ATR-IR 

spectroscopic studies. The phytanoyl chains of the DPhPS contribute to the signal observed in the 

C-H stretching region of the spectrum. The phytanoyl chains of both DPhPC and DPhPS are 

expected to display the same ordering and orientation, as they are part of an interdigitated network 

(9). The phosphate groups from DPhPS will contribute to the overall phosphate band structure. No 

distinction is made between the spectral contributions originating from the phosphate groups of 

the DPhPC and DPhPS. The contributions from the DPhPS serine headgroup is neglected in the 

analysis. For these reasons, only the molecular orientation of DPhPC is illustrated in Figure 7.7. 
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Figure 7.7 - The orientation of specific functional groups of DPhPC in 90:10 DPhPC:DPhPS-

Sephadex A50 scaffolded vesicle coating. The cone over the phytanoyl chains represents the 

space in which the trans-gauche isomerization motion takes place. The tilt angle describes the 

angle of this cone, with respect to the surface normal. 

 

7.4 Fluorescence Quenching 

Fluorescence quenching experiments analogous to those performed in Chapter 6 were carried out. 

As before, NBD-DPhPE was used as the fluorescent probe and Co2+ was used as the quencher. 

The fluorescence of the NBD probe is known to be quenched by Co2+ (10). As was seen in Chapter 

6, the percent quenching was observed to level off with respect to time. This suggests that the 

cationic scaffold shelters the inner leaflet fluorophores from the Co2+ quencher via electrostatic 

repulsion. However, the average percent quenching for the 90:10 DPhPC:DPhPS-Sephdaex A50 

(1 mol% DPhPE) was observed to be 68 ± 5%. 

As discussed in Chapter 6, a single bilayer is expected to display 50% quenching. 

Remembering that the Co2+ cation is somewhat membrane permeant, and that the inner most leaflet 

fluorophores are sheltered from the Co2+, one would expect to observe ~75% quenching for a two 
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bilayer coating (ie, quenching of 3 of the 4 leaflets). The observed 68% quenching is close to this 

value, and may suggest that presence of a second bilayer, or patchy multibilayer arrangement. This 

interpretation of the quenching results is consistent with the ATR-IR spectroscopic experiments, 

which showed band intensities for the DPhPS containing system to be approximately double those 

of the DPhPC only system. 

 

7.5 Fluorescence Recovery After Photobleaching (FRAP) 

FRAP was used to study the mobility of the NBD-DPhPE fluorescent probe. In contrast to the 

DPhPC only system, fluorescence recovery was observed for the DPhPS containing scaffolded 

vesicles. Figure 7.8 shows fluorescence images of a pre-photobleach, photobleached, and 

recovered scaffolded vesicle. Complete recovery is not obtained, and as a result, the phospholipid 

coating was found to contain both mobile and immobile fractions. The mobile fraction was found 

to be 0.61 ± 0.02, and the immobile fraction was found to be 0.39 ± 0.02. 

 

 

Figure 7.8 – Representative FRAP experiment images, a) initial, b) photobleached, and c) after 

88 minutes recovery time. To aid the eye, the Thal colour map from ImageJ software is used. 

 

 

The fluorescence recovery curves have been fitted with a single exponential function. 

Figure 7.9 shows a representative fluorescence recovery curve which has been fitted with a single 
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exponential function. The diffusion coefficients were determined as described by Soumpasis, and 

detailed in Chapter 3. The average diffusion coefficients of the NBD-DPhPE was found to 1.4 ± 

0.2 x 10-9 cm2/s. The possibility of the existence of more than one diffusing population was 

investigated, and bi-exponential fits were performed. However, a single exponential function 

provided an equally good fit, and the diffusion coefficients as determined from the t1/2 and t3/4 were 

similar. This agreement suggests a single diffusing population. The average diffusion coefficient 

of 1.4 x 10-9 cm2/s is slow compared to natural biological membranes which have diffusion 

coefficients on the order 10-8 cm2/s (11). However, diffusion coefficients on the order of 10-9 -10-

10 cm2/s are commonly observed for supported lipid bilayers (12). 

 

Figure 7.9 – Representative fluorescence recovery curve. The data has been fitted with a single 

exponential function, which is shown in the figure. 

 

 

These FRAP results provide valuable information which complements the ATR-IR 

spectroscopy and fluorescence quenching studies. Both the ATR-IR spectra and the fluorescence 
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quenching data provide evidence of a multibilayer coating for the 90:10 DPhPC:DPhPS-Sephadex 

A50 scaffolded vesicles. The observed fluorescence recovery is also evidence of a continuous 

membrane. This is consistent with the molecular orientation data collected by ATR-IR 

spectroscopy, which also favours a lamellar film structure over adsorbed vesicles. 

It must be noted that the phospholipid coating of the DPhPC:Sephadex A50 scaffolded 

vesicles described in Chapter 6 was found to consist of a lamellar film (not adsorbed vesicles), and 

yet no lateral diffusion was observed. However, the system was found to have a single bilayer 

architecture, not a multibilayer architecture as observed in this chapter. This suggests that a single 

bilayer, the inner leaflet of which is in direct contact with the scaffold, is pinned as a result of the 

electrostatic attraction between the coating and scaffold. Such behavior has been observed in the 

literature (13-16). This observation aids in the interpretation of the mobile and immobile fractions 

observed in the DPhPS containing scaffolded vesicles presently under consideration. The 

immobile fraction is proposed to arise from the inner bilayer, which is in direct contact with the 

scaffold. The mobile fraction arises from the outer bilayer(s), which avoid direct contact with the 

scaffold. This interpretation could suggest that drag from the underlying immobile fraction results 

in slower diffusion than that observed in natural systems. Contributions from surface roughness 

may also lead to the measurement of slow apparent diffusion coefficients (17). A rough surface 

would present an apparent surface area which is smaller than its true surface area, and therefore 

yield a slower apparent diffusion coefficient. 

Multibilayer systems have been used in the literature to prevent the loss of lipid mobility 

often associated with supported bilayers (5). Charitat et. al. studied multibilayers deposited on a 

silicon wafer. The top bilayer was found to be highly hydrated, with a thin 2-3 nm water layer 

separation from the first bilayer (5). This outer bilayer was rougher, and found to be able to 
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fluctuate more freely than the first bilayer (5). This type of behaviour is consistent with the results 

seen in this chapter. 

 

7.6 Electrophysiology 

The following sections will discuss the electrophysiological results obtained for the 90:10 

DPhPC:DPhPS-Sepahdex A50 scaffolded vesicles. 

 

7.6.1 Patch-clamp 

The patch pipettes used in the work described in this section had resistances between 1-3 MΩ. For 

details regarding the behavior of the patch pipettes and control experiments carried on uncoated 

Sephadex A50 beads, please see Chapter 6. 

 Figure 7.10 illustrates the current response to a voltage pulse in the cell-attached 

configuration. The depicted current response in Figure 7.10a corresponds to a seal resistance of 

~100 MΩ. Significant variability in seal resistances from sample to sample was observed, which 

is not unexpected given the number of variables involved in the patch-clamp experiment. 

Consistently greater seal resistances were observed for the DPhPS containing scaffolded vesicles 

compared to the DPhPC only scaffolded vesicles discussed in Chapter 6. This is likely due to 

greater membrane flexibility for the multibilayer system. Integrating the current transient 

displayed in Figure 7.10b gives a pipette capacitance of ~6 pF, which is a typical value for a patch 

pipette (18). 

 Davis et. al. were unable to obtain gigaseals on silica microbead supported lipid bilayers 

(19). The lack of membrane flexibility was thought to be an important factor in the inability to 

obtain a gigaseal (19). The use of a multilamellar system was suggested as a possible remedy to 
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this problem (19). The coating of 90:10 DPhPC:DPhPS-Sephadex A50 scaffolded vesicles 

examined in this chapter was found to be a multibilayer. While improved seal resistances relative 

to the single bilayer DPhPC-Sephadex A50 scaffolded vesicles were observed, gigaseals were not 

obtained. This suggests that further membrane flexibility may still be necessary in order to achieve 

gigaseals. However, the improved seal resistances relative to those of Chapter 6 represent progress 

towards achieving gigaohm resistance seals. 

 

 

Figure 7.10 – Cell-attached configuration. a) Current response to a 30 mV, 30 ms square voltage 

pulse, and b) a close up of the current transient. The current transient is integrated in order to find 

the capacitance of the patch pipette. 

 

7.6.2 Intracellular Recording 

The intracellular recording configuration was used to study the 90:10 DPhPC:DPhPS-Sephadex 

A50 scaffolded vesicles. These experiments were carried out by Professor Craig Bailey, of the 

University of Guelph. Sharp micropipettes with resistances ~20-30 MΩ were used for these 

experiments. However, as with the DPhPC only system, no appreciable increase in resistance was 

observed when the pipette was impaled on a scaffolded vesicle. Furthermore, impaled scaffolded 
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vesicles left to incubate in excess vesicles did not display any appreciable increase in resistance. 

This suggests the presence of defects in the scaffolded vesicle coating. 

 

7.7 Summary and Conclusions 

The DPhPC and 90:10 DPhPC:DPhPS scaffolded vesicles use the same hydrogel support, and 

have similar membrane compositions. However they display notable differences in some 

characteristics. It is interesting to systematically compare and contrast the two systems, due to their 

structural similarities and different properties. This chapter will conclude with a comparative 

discussion of the two systems, summarizing what has been learned from the variety of techniques 

to which they have been subject to study. Table 7.4 provides a side-by-side comparison of the 

results and conclusions obtained from the experimental techniques used to study the scaffolded 

vesicles. 

 

Table 7.4 - A comparison and contrast of the properties of DPhPC and 90:10 DPhPC:DPhPS 

scaffolded vesicles. 
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The fluorescence microscopy images revealed a durable, vesicle-like structure for the 

90:10 DPhPC:DPhPS-Sephadex A50 scaffolded vesicles. In contrast to the DPhPC only system, 

the fluorescence quenching experiments have suggested that the phospholipid coating is not a 

single bilayer. The quenching results, together with the complementary FRAP and ATR-IR data, 

suggest a multibilayer structure for the phospholipid coating. Multibilayer formation on charged 

surfaces has been observed in the literature (4). 

The ATR-IR spectroscopic studies have examined the molecular order, orientation, and 

hydration of the phospholipid tails and headgroup. The observed phytanoyl chain order and 

orientation is consistent with that of previous IR spectroscopic studies on planar supported DPhPC 

bilayers (2, 20), and is consistent with the work presented in Chapter 6. The headgroup phosphate 

moiety was found to be well hydrated. The slight red shifting of the asymmetric phosphate band 

(relative to the DPhPC only system) is consistent with the presence of phosphoserine lipids in the 

membrane (7). As with the DPhPC only system, the choline group was found to adopt a trans 

configuration with respect to the phosphate group. 

FRAP experiments provided evidence of phospholipid lateral mobility. This is in contrast 

to the DPhPC only system, where no lateral mobility was observed. This difference between the 

two systems has been attributed to the difference in membrane structure (ie, single bilayer vs. 

multibilayer). The diffusion coefficient for the NBD-DPhPE probe was found to be an order of 

magnitude slower than for biological membranes, but was comparable to values observed for 

supported systems (12). 

The patch-clamp experiments yielded higher seal resistances for the 90:10 DPhPC:DPhPS 

scaffolded vesicles than were observed in Chapter 6. The improved seal resistances may be the 

result of increased membrane flexibility for a multibilayer system. However, gigaseals between 
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the patch pipette and scaffolded vesicles were still not obtained. Intracellular recording 

experiments did not measure any significant increase in the pipette resistance when impaled on a 

scaffolded vesicle. 
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Chapter 8 - 40:30:30 DMPC:cholesterol:GM1-Sephadex A50 

Scaffolded Vesicles 

 
8.1 Introduction 

The scaffolded vesicle system presented in this chapter uses Sephadex A50 as the hydrogel 

support, as was the case in Chapters 6 and 7. The membrane consists of three components: DMPC, 

cholesterol, and monosialotetrahexosylganglioside (GM1). A 70:30 DMPC:cholesterol bilayer 

was examined in Chapter 5. The membrane studied in this chapter replaces 30 mol% DMPC with 

GM1, such that the molar composition of the membrane is 40:30:30 DMPC:cholesterol:GM1. 

 Ganglioside GM1 is a class of glycosphingolipid, with a large carbohydrate headgroup 

attached to two hydrocarbon tails. The chemical structure of GM1 is depicted in Figure 8.1.  

 

 

 

Figure 8.1 - The chemical structure of GM1. The sialic acid residue is indicated. 

 

The headgroup contains four neutral sugars and a negatively charged sialic acid group. GM1 has 

a sphingosine backbone (in contrast to the glycerol backbone of DMPC), which contributes one of 

the hydrocarbon chains to the overall structure. Gangliosides play an important role in the 

physicochemical properties and process of cellular membranes, including membrane fluidity, lipid 

raft formation, protein interactions and cell recognition (1-7). GM1, in particular, is known to act 
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as a surface receptor for the cholera toxin (1, 8-9). These properties make GM1 a very interesting 

functional component of biological membranes. 

 As discussed GM1 is a functionally interesting molecule. Incorporating GM1 in a model 

membrane allows for the study of GM1 related processes. GM1 may also be used in a structural 

role for the construction of a model membrane. DMPC:cholesterol:GM1 model membranes 

supported on a gold substrate have been the focus of AFM investigations (10). The gold substrate 

is functionalized with thioglucose molecules prior to the deposition of a GM1 containing floating 

lipid bilayer (10). Physical adsorption between the hydrophilic GM1 carbohydrate headgroup and 

the thioglucose functionalized gold substrate results in a water rich region between the floating 

membrane and substrate (10). A cartoon schematic of this floating lipid bilayer is depicted in 

Figure 8.2. 

 

 

Figure 8.2 - Schematic of a floating lipid bilayer. Adapted from Reference 10. 

 

The AFM studies revealed that a membrane inner leaflet composed of 40:30:30 

DMPC:cholesterol:GM1 gave the most uniform and thickest bilayer (10). On the basis of these 

AFM studies, the aforementioned composition was used in the work described in this chapter. 
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 In this work, the GM1 is used in a structural role. Two concepts were behind the use of 

GM1. Firstly, the hydrophilic headgroup of GM1 may promote physical adsorption to the hydrogel 

scaffold. This is analogous to the structural design of the model membrane described in the 

previous paragraph. Secondly, the negatively charged sialic acid residue of the GM1 headgroup 

should experience an electrostatic attraction to the positively charged hydrogel. 

 The same array of analytical techniques used in Chapters 6 and 7 were employed to study 

the 40:30:30 DMPC:cholesterol:GM1 Sephadex A50 scaffolded vesicles described in this chapter. 

 

8.2 Fluorescence Microscopy 

The lipid coating of the 40:30:30 DMPC:cholesterol:GM1 scaffolded vesicles was first evaluated 

using fluorescence microscopy. The fluorescently tagged phospholipid 1-myristoyl-2-[12-[(7-

nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-glycero-3-phosphocholine (NBD-DMPC) 

was at  a concentration of 1 mol%, at the expense of DMPC. The chemical structure of NBD-

DMPC was shown in Figure 5.3. The NBD tag is located at the end of a hydrocarbon chain. Figure 

8.3 shows a fluorescence image of the scaffolded vesicle. The coronal appearance of this image 

suggests a vesicle-like structure. The scaffolded vesicles were able to withstand repeated rinsing 

without the loss of fluorescence intensity. 

 

 

Figure 8.3 - Fluorescence microscopy image of a DMPC:cholesterol:GM1 scaffolded vesicle with 

1 mol% NBD-DMPC. 
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8.3 ATR-IR Spectroscopy 

The ATR-IR results presented in this chapter focus solely on the lipid tails of DMPC and GM1. 

Spectral contributions from the GM1 headgroup and Sephadex scaffold prevent the analysis of the 

phospholipid phosphate and choline bands, as was done in Chapters 6 and 7. In order to distinguish 

between the lipid tails of DMPC and GM1, DMPC with deuterated lipid tails was used (DMPC-

d54). Using DMPC-d54 shifts the position of the DMPC bands from the 3000-2800 cm-1 range to 

the 2300-2000 cm-1 range. This region is free from overlapping bands. Due to the use of the 

DMPC-d54, only the Ge IRE was used for the ATR-IR experiments. The ZnSe-diamond IRE was 

not used to avoid contributions from the IRE in the C-D stretching region, as it has strong bands 

in this region. 

 The hydrocarbon chains of GM1 remain in the C-H stretching region of the spectrum 

(3000-2800 cm-1). The contributions from the hydrogel scaffold in this region was examined in 

Chapter 6. The analysis of bands in this region was described in Chapter 6.3.1. Cholesterol and C-

H stretching vibrations from the lipid membrane will contribute to the C-H stretching region, and 

therefore have the potential to convolute the GM1 hydrocarbon chain signal. These contributions 

have been neglected in the analysis. A comparison of the results for the C-H and C-D stretching 

regions will show that neglecting the contributions of other C-H stretching vibrations still leads to 

very reasonable results. 

 The incorporation of gangliosides into phospholipid membranes is known to cause changes 

in membrane fluidity and phase behaviour (3, 11-12). Pure DMPC-d54 bilayers exhibit a main 

phase transition temperature at ~21 °C (12). DMPC-d54:GM1 bilayers have been observed to 

exhibit a phase transition between 22-28 °C, depending on the mole fraction of GM1 (12). 

Increased GM1 content resulted in an increase in the phase transition temperature (12). For the 
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work described in this chapter, cholesterol was also included in the membrane formulation. 

Cholesterol is also known to modulate membrane fluidity and broaden the main phase transition 

when incorporated into DMPC bilayers (13). The ATR-IR experiments described in this chapter 

were performed at room temperature (20-22 °C), just below the main phase transition temperature. 

 

8.3.1 GM1 

The C-H stretching region contains valuable information regarding the molecular order and 

orientation of the GM1 hydrocarbon chains. The Fourier self-deconvolution and band fitting of 

this region is shown in Figure 8.4, and is done in accordance with the method described in Chapter 

4.5.1. The bands at ~2958 cm-1 and ~ 2870 cm-1 corresponds to the asymmetric and symmetric 

methyl stretching vibrations (νas(CH3) and νs(CH3)), respectively. The bands at ~2921 cm-1 and 

2850 cm-1 correspond to the asymmetric and symmetric methylene stretching vibrations (νas(CH2) 

and νs(CH2)), respectively. Two Fermi resonance bands are present at ~2940 cm-1 and 2900 cm-1. 
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Figure 8.4 - Fourier self-deconvolution and band fitting for the C-H stretching region of the ATR-

IR spectrum. The νs(CH2) and νas(CH2) bands are found in this region. These bands contain 

information regarding the order and orientation of the GM1 tails. Also present are the νs(CH3), 

νas(CH3), and two Fermi resonance bands. 

 

Figure 8.5 shows the C-H stretching region of the scaffolded vesicles, collected on a Ge 

IRE. The νas(CH2) and νs(CH2) bands are observed at ~2921 cm-1 and ~2850 cm-1, respectively. 

These bands contain molecular order and orientation information for the GM1 tails. The dichroic 

ratios and molecular orientation data for these bands are tabulated in Table 8.1. The quantitative 

calculations were carried out as described in Chapter 4.5. The relevant theory is described in 

Chapter 3.2.5. Chapter 4 details the refractive indices used for the quantitative analysis of the 

spectra. 

In addition to the GM1 acyl chains, other membrane constituents will contribute to the C-

H stretching region of the ATR-IR spectrum. A GM1 molecule contains 28 acyl chain methylene 

groups. DMPC-d54 contains 4 methylene groups and cholesterol contains 10 methylene groups. 
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Given the relative amounts of these lipids in the membrane, the GM1 acyl chains may be expected 

to contribute about ~65% of the total methylene groups to the membrane. Cholesterol, DMPC-d54, 

and the GM1 headgroup will also contain CH and CH3 groups which will contribute to the C-H 

stretching region. The bands arising from these group will to some degree overlap with the νs(CH2) 

and νas(CH2) bands. Together, these factors may affect the position and dichroic ratios of these 

bands. That being said, as the GM1 acyl chains are the primary contributors of methylene 

vibrations, an analysis of the νs(CH2) and νas(CH2) bands with respect to GM1 may still be 

undertaken. The C-D stretching region, which will be discussed later in this chapter, will provide 

complementary information regarding the hydrophobic region of the membrane. 

The peak maxima of the νs(CH2) and νas(CH2) bands are both well-defined in the ATR-IR 

spectrum, and are observed at ~2850 cm-1 and ~2921 cm-1, respectively. The frequencies of the 

νs(CH2) and νas(CH2) bands are sensitive to the number of trans and gauche conformers present in 

the hydrocarbon chains. Therefore, the positions of these bands can be used to estimate the 

conformational order of the GM1 tails. Previous IR spectroscopic studies have examined the 

νs(CH2) and νas(CH2) band positions for GM1 in supported DMPC-d54/GM1 membranes (11-12). 

For a 4:1 DMPC-d54:GM1 membrane, between 6 and 54 °C, the νs(CH2) band position varied 

between ~2850 cm-1 to ~2853 cm-1, while the νas(CH2) band position varied between ~2918 cm-1 

and ~2923 cm-1 (11). The increase in band frequency roughly corresponds to an increase in trans-

gauche isomerization. However, in addition to DMPC-d54 and GM1, the system studied in this 

chapter includes a significant cholesterol content. This can make direct comparison of the band 

positions in relation to conformational order difficult (11, 14-15). That being said, the measured 

νs(CH2) and νas(CH2) band positions lie within the ranges quoted above, and are consistent with a 

mix of trans and gauche conformers. 
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Figure 8.5 - ATR-IR spectra of the C-H stretching region for 40:30:30 DMPC-

d54:cholesterol:GM1-Sephadex A50 scaffolded vesicles, collected on a Ge IRE. The p- and s-

polarized spectra are indicated. The dichroic ratio (R) is plotted with respect to wavenumber. 

 

Table 8.1 - Molecular orientation data for the GM1 tails. R is the dichroic ratio of each band. θdipole 

and θchain are the tilt angles of the transition dipole moment and hydrocarbon chain molecular axis 

vectors respectively, with respect to the surface normal. The standard deviations of the θ values 

do not exceed ±3°. 

 

 

 

The orientation of the νs(CH2) and νas(CH2) transition dipole moments were found to be 

68° and 67°, respectively. All angles are reported with respect to the surface normal. The νs(CH2) 

and νas(CH2) bands can each be used to independently determine the orientation of the hydrocarbon 

chains. The transitions dipole moments of these vibrations are oriented perpendicular (α = 90°) to 
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the molecular axis defined by an extended all-trans hydrocarbon chain (16). This geometric 

relationship is illustrated in Figure 8.6. This allows for the determination of the average tilt angle 

of the of the hydrocarbon chain molecular axis. Please refer to equations 3.26 and 3.28 for details. 

 

 

 

Figure 8.6 - The orientation relationship between the molecular axis of the GM1 hydrocarbon 

chain and a) the transition dipole moment vector of the νs(CH2), b) the transition dipole moment 

vector of the νas(CH2); c) shows the location of these transition dipole moments in the GM1 

molecule. The transition dipole moment vectors lie in the plane defined by the CH2 group. The 

hydrocarbon chain molecular axis is perpendicular to this plane. 

 

 The νs(CH2) and νas(CH2) bands yielded hydrocarbon chain tilt angles (θchain) of 32° and 

33°, respectively. An average θchain of 33° may be calculated from these two bands. Literature 

ATR-IR studies on oriented multibilayer thick films of 4:1 DMPC:GM1 found chain tilt angles 

(convoluted average of the DMPC and GM1 hydrocarbon chains) of ~28° at 6 °C (gel phase) and 
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~18° at 54 °C (liquid crystalline phase) (11). The work described in this chapter was performed at 

an intermediate temperature (20-22 °C), close to the phase transition temperature of a 4:1 

DMPC:GM1 membrane (11-12). The presence of cholesterol may be expected to modify and 

broaden this transition. Since the temperature, membrane composition, and model structure are 

different, exact agreement with the literature is by no means expected. However, the literature 

study remains useful in that it provides a basis from which to judge these results. Given the 

differences between the two systems, the θchain of 33° for GM1 appears to be very reasonable for 

a bilayer structure. 

 The νs(CH2) and νas(CH2) bands also provide information regarding the twist of the GM1 

tails. The twist angle (θtwist) of the trans segment of the chain is defined as the angle between the -

C-C-C- plane and the plane formed by the chain axis and the surface normal (17). The 

trigonometric relationship shown in Equation 7.1 may be used to find the twist angle, θtwist (17). 

θtwist=
cos  θas

cos θs

            Eq. 8.1 

The geometric basis for this was described in Chapter 5. The θtwist value was found to be 46°. A 

twist angle of 45° is referred to as the trivial angle, and corresponds to no preferential chain twist 

(17). The experimental twist angle of 46° is very close to this trivial twist angle, and thus there is 

no preferential twisting of the hydrocarbon chains. 

 

8.3.2 DMPC-d54 

The C-D stretching region contains the molecular order and orientation information for the DMPC 

deuterated chains. This region is located between 2300 and 2000 cm-1. The Fourier self-

deconvolution and band fitting for DMPC-d54 was shown in Figure 5.9. The asymmetric and 

symmetric methyl stretching vibrations are located at ~2215 cm-1 and ~2150 cm-1, respectively. 
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The asymmetric and symmetric methylene stretching vibrations are located at ~2195 cm-1 and 

~2090 cm-1, respectively. Two Fermi resonance bands are located at ~2210 cm-1 and ~2070-1. 

Analogous to the above section, the νs(CD2) and νas(CD2) bands will the focus of the analysis. 

 Figure 8.7 shows the C-D stretching region of the ATR-IR spectrum. The dichroic ratios 

and molecular orientation data for the νs(CD2) and νas(CD2) bands are tabulated in Table 8.2. These 

calculations were carried out as described in Chapter 4.5. Chapter 3.2.5 describes the necessary 

theory for the determination of molecular orientation from the infrared spectra. The refractive 

indices used for the quantitative analysis of the infrared spectra are detailed in Chapter 4. 

 
Figure 8.7 - ATR-IR spectra of the C-D stretching region for 40:30:30 DMPC-

d54:cholesterol:GM1-Sephadex A50 scaffolded vesicles, collected on a Ge IRE. The p- and s-

polarized spectra are indicated. The dichroic ratio (R) is plotted with respect to wavenumber. In 

spectral regions with a low signal to noise ratio, the dichroic ratio plot exhibits huge variation, as 

a result to the noise. For clarity, these regions of the dichroic ratio plot are now shown. 
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The peak maxima of the νs(CD2) and νas(CD2) bands are well defined in the C-D stretching 

region of the ATR-IR spectrum, and can be used to estimate the conformational order of the 

deuterated acyl chains. The νs(CD2) and νas(CD2) peak positions for the all-trans conformation of 

the deuterated chains are 2088 and 2191 cm-1, respectively (18). For the DMPC-

d54:cholesterol:GM1 scaffolded vesicles, the νs(CD2) and νas(CD2) bands arising from the DMPC-

d54 tails are positioned at 2090 and 2195 cm-1, respectively. The increased frequencies relative to 

the all-trans conformation suggest a mix of trans and gauche conformers. This is consistent with 

the GM1 results described above. 

 

Table 8.2 - Molecular orientation data for the DMPC-d54 tails. R is the dichroic ratio of each band. 

θdipole and θchain are the tilt angles of the transition dipole moments and deuterated hydrocarbon 

chain molecular axis vectors respectively, with respect to the surface normal. The standard 

deviations of the θ values do not exceed ±4°. 

 

 

 

The νs(CD2) and νas(CD2) transition dipole moments were each found to be oriented 70° 

with respect to the surface normal. The νs(CD2) and νas(CD2) bands can each be used to 

independently determine the orientation of the hydrocarbon chains. The transition dipole moments 

of these vibrations are oriented perpendicular (α = 90°) to the molecular axis defined by an 

extended all-trans DMPC-d54 chain (16). This geometric relationship was illustrated in Figure 5.13. 

This allows for the determination of the average tilt angle of the of the DMPC-d54 chain molecular 

axis. Please refer to equations 3.26 and 3.28 for details.  



197 
 

The νs(CD2) and νas(CD2) bands yielded DMPC-d54 chain tilt angles (θchain) of 29° and 30°, 

respectively. An average θchain of 30° may be calculated from these two bands. These results are 

very close to the tilt angle found for the GM1 hydrocarbon chains in the previous section. In 

Chapter 5, for 70:30 DMPC-d54:cholesterol scaffolded vesicles, the DMPC-d54 chains were found 

to have a tilt angle of 21° (for the same penetration depth used in this chapter). Interestingly, the 

addition of GM1 to the membrane composition results in an increase in the tilt angle to 30°. 

The νs(CD2) and νas(CD2) bands also provide information regarding the twist of the DMPC-

d54 chains. The twist angle (θtwist) of the trans segment of the chain is defined as the angle between 

the -C-C-C- plane and the plane formed by the chain axis and the surface normal (17). The 

trigonometric relationship shown in Equation 8.1 may be used to find the twist angle, θtwist (17). 

The geometric basis for this was described in Chapter 5. The experimental twist angle of 45° is 

equal to that of the trivial twist angle, and thus there no preferential twisting of the DMPC-d54 

chains. This was also the case with the GM1 hydrocarbon chains. 

 

8.4 Fluorescence Quenching 

As in Chapters 6 and 7, fluorescence quenching experiments utilizing the NBD/Co2+ 

fluorophore/quencher pairing were performed in order to examine the structure of the lipid coating 

(19). Two different phospholipids labelled with the NBD probe were used: 1-myristoyl-2-[12-[(7-

nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-glycero-3-phosphocholine (NBD-DMPC) 

and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) 

ammonium salt (NBD-DMPE). For NBD-DMPC, which was used in Chapter 5, the NBD tag is 

located at the end of one of the hydrocarbon chains. In contrast, the NBD tag is located on the 

phospholipid headgroup of NBD-DMPE. The chemical structure of these two fluorescent 
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phospholipids can be seen in Figure 8.8. Fluorescent DMPC:cholesterol:GM1 scaffolded vesicles 

containing either 1 mol% NBD-DMPC or NBD-DMPE, at the expense of DMPC, were used for 

the quenching experiments. 

 

 

Figure 8.8 - The chemical structure of a) NBD-DMPC and b) NBD-DMPE. 

 

The Co2+ quencher is slightly permeable through lipid membranes with time (20). 

However, as was discussed in Chapter 6, complete quenching of fluorescent scaffolded vesicles is 

not observed, likely due to electrostatic repulsion between the cationic quencher and positively 

charged hydrogel scaffold. It was concluded that the NBD fluorophores of the inner leaflet 

phospholipids are sheltered from the Co2+ quencher by the positively charged hydrogel.  

In a bilayer structure, the NBD fluorophore of NBD-DMPC would be buried in the 

hydrophobic region, sheltered from the aqueous quenching solution. Therefore, no fluorescence 

quenching would be expected. However, for NBD-DMPE, the fluorophore would be exposed to 

the scaffold and to the quenching solution. As discussed in Chapter 6, a single lipid bilayer is 

expected to display ~50% quenching, due to an equal distribution of fluorophores between the 

inner and outer bilayer leaflets. Fluorescent DMPC:cholesterol:GM1 scaffolded vesicles with 1 
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mol% NBD-DMPC did not exhibit any fluorescence quenching following the addition of ~30 mM 

Co2+ solution. This supports a bilayer structure. The fluorescent DMPC:cholesterol:GM1 

scaffolded vesicles with 1 mol% NBD-DMPE exhibited an average percent quenching of 52 ± 4%. 

This is consistent with a single bilayer coating. 

 

8.5 Fluorescence Recovery After Photobleaching (FRAP) 

The lateral mobility of the NBD-DMPE fluorescent probe was studied using FRAP. No 

fluorescence recovery was observed for the DMPC:cholesterol:GM1 (1 mol% NBD-DMPE) 

scaffolded vesicles. Figure 8.9 shows a representative sequence of fluorescence images, for which 

no recovery is observed. Figure 8.10 shows the fluorescence recovery with respect to time. The 

absence of fluorescence recovery with time suggests that the fluorescent probes are not free to 

diffuse within the bilayer. 

 

 

Figure 8.9 - Representative FRAP experimental images a) photobleached, b) after 30 minutes, c) 

after 50 minutes. No fluorescence recovery is observed. To aid the eye, the Thal colour map from 

ImageJ software is used. 
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Figure 8.10 - Representative fluorescence recovery curve. No recovery is observed, which suggests 

that the phospholipids are not free to diffuse laterally within the plane of the membrane. 

 

 

 Comparing the above results to those of Chapters 6 and 7 is interesting. The DPhPC bilayer 

(NBD-DPhPE probe) studied in Chapter 6 did not exhibit any fluorescence recovery. The 90:10 

DPhPC:DPhPS multibilayer studied in Chapter 7 displayed incomplete fluorescence recovery, 

possessing both mobile and immobile fractions. The DMPC:cholesterol:GM1 coating presently 

under consideration was found to be a single bilayer, lacking lateral mobility. This is consistent 

with the results from Chapters 6 and 7. In general, the FRAP results presented in this thesis thus 

far suggest that single bilayer systems supported on Sephadex A50 lack lateral mobility. The 

presence of the immobile fraction in Chapter 7 suggests that close contact with the scaffold is the 

cause, likely due to a pinning of the membrane to the scaffold as a result of electrostatic attraction. 

The lack of lipid mobility has been observed in the literature for model membranes employing 

electrostatic attraction (21). 
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8.6 Electrophysiology 

8.6.1 Patch-clamp 

The patch-clamp experiments performed on the DMPC:cholesterol:GM1 scaffolded vesicles did 

not display any significant differences from those performed on the DPhPC scaffolded vesicles. 

No gigaseal resistances were observed. The seal resistances of ~10-15 MΩ most often obtained 

for the DMPC:cholesterol:GM1 scaffolded vesicles were on par with those observed for the 

DPhPC system. The comparable behaviour for these two systems is not surprising, given that both 

coatings were found to be single bilayers, lacking lateral mobility. The patch-clamp results from 

this chapter are consistent with the earlier conclusion that the scaffold flexibility may be 

insufficient to allow for high resistance seals. 

 

8.6.2 Intracellular recording 

The intracellular recording experiments displayed the same behaviour as described in Chapters 6 

and 7. No appreciable increases in resistance, relative to that of the pipette, were observed upon 

impaling the DMPC:cholesterol:GM1 scaffolded vesicle. This suggests the presence of defects in 

the lipid bilayer coating. This may be a direct result of the lack of lipid lateral mobility, as observed 

in the FRAP experiments, which would prevent self-healing of the membrane. 

 

8.7 Summary and Conclusions 

The fluorescence microscopy images have shown that the DMPC:cholesterol:GM1 scaffolded 

vesicles have a vesicle-like structure, with the lipid coating on the outer surface of the Sephadex 

A50 scaffold. The fluorescence quenching experiments have suggested that this is a single lipid 

bilayer coating. 
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 The ATR-IR spectroscopic studies of the DMPC-d54 and GM1 tails have suggested that 

both the deuterated and hydrogenated chains possess a mix of trans and gauche conformers. The 

molecular orientation of the chains were found to be the same, within experimental error. Phase 

transition studies of DMPC-d54/GM1 bilayers have suggested that the two lipids are completely 

miscible at a range of relative concentrations (12). The agreement in chain tilt angle for the DMPC-

d54 and GM1 is in agreement with this scenario, although it does not preclude the formation of 

lipid rafts. The addition of GM1 to the membrane resulted in an increase in the chain tilt angle of 

the DMPC-d54 chains, relative to DMPC-d54:cholesterol system studied in Chapter 5. 

 The FRAP experiments showed no evidence of lipid lateral mobility. This is in agreement 

with the single bilayer DPhPC scaffolded vesicles studied in Chapter 6. As in Chapter 6, this lack 

of mobility may be attributed to the strength of the electrostatic attraction between the membrane 

and scaffold. 

 The electrophysiological experiments did not display any significant differences from 

those of Chapter 6. Gigaseal resistances were not observed for the patch-clamp experiments. This 

further suggests that the rigidity of the model may play role in preventing the formation of high 

resistance seals. 
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Chapter 9 - Conclusions and Future Directions 

The objective of this thesis was to develop a model biological membrane which was accessible to 

study by both surface analytical and electrochemical techniques. The model system was a giant 

lipid vesicle supported on a hydrogel bead, which was termed a scaffolded vesicle. This thesis 

described the development and characterization of several scaffolded vesicle systems. These 

studies represent the groundwork towards the development of a tandem ATR-IR and path-clamp 

analytical instrument for the study of the scaffolded vesicle model membrane. An array of 

techniques were used to characterize the scaffolded vesicles. These included ATR-IR 

spectroscopy, fluorescence microscopic and spectroscopic techniques, and electrophysiological 

techniques. A summary of the main results and conclusions from each of the four scaffolded 

vesicle systems studied follows below. 

 

9.1 70:30 DMPC:cholesterol-Sephadex G10 Scaffolded Vesicles 

The 70:30 DMPC:cholesterol-Sephadex G10 scaffolded vesicles were the first system to be 

examined. In order to extract quantitative molecular orientation data from the ATR-IR 

experiments, the scaffolded vesicle lipid membrane was approximated as appearing planar to the 

ATR-IR experiment. This planar approximation was made due to the large size of the hydrogel 

support relative to the thickness of a lipid membrane and penetration depth of the evanescent wave. 

A focus of this work was the testing of the validity of the planar approximation by performing 

ATR-IR experiments at different penetration depths. These studies showed that the apparent tilt 

angle of the DMPC-d54 acyl chains decreased as the penetration depth was decreased, eventually 

leveling off. At the smaller penetration depths, the apparent tilt angles were found to be 21° and 

25°. These angles were in agreement with previous bilayer studies performed in the literature, 
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suggesting a bilayer structure for the scaffolded vesicle lipid coating, as opposed to adsorbed 

vesicles. These results also supported the validity of the planar approximation. 

 However, fluorescence microscopy and permeability studies revealed some shortcomings 

for this system. Fluorescence microscopy experiments showed that the lipid coating lacked 

durability. Fluorescence spectroscopy studies showed that while the membrane served as 

permeability barrier to some degree, leakage was observed over time. Furthermore, these 

permeability studies revealed a maximum leakage rate near the phase transition temperature of the 

membrane. These shortcomings necessitated a change in the scaffolded vesicle design. 

 

9.2 DPhPC-Sephadex A50 Scaffolded Vesicles 

In order to overcome the problems described above, the composition of the membrane and scaffold 

were changed. To avoid the permeability problems associated with lipid phase transitions, DPhPC 

was used. DPhPC does not exhibit a phase transition between -120 and 120 °C (1). To improve 

the durability of the system, a positively charged hydrogel was used as the scaffold, in order to 

promote an electrostatic attraction between the membrane and support. The fluorescence 

microscopy studies revealed a durable, vesicle-like structure for the lipid coating. Fluorescence 

quenching studies showed that this coating was a single lipid bilayer. ATR-IR studies confirmed 

the validity of the planar approximation and showed that the bilayer was in the liquid crystalline 

state. The molecular orientation of the phospholipid tails and headgroup was examined, and were 

found to be consistent with a DPhPC bilayer structure. Interestingly, the -O-C-C-N- fragment of 

the phosphocholine group exhibited a trans conformation, suggesting that the positively charged 

choline moiety was tucked back behind the negatively charged phosphate group. Such an 
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orientation is consistent with an attraction between the phosphocholine headgroup and the anionic 

hydrogel scaffold. 

 FRAP and electrophysiological techniques were also used to characterize these scaffolded 

vesicles. The FRAP experiments did not provide any evidence of lateral phospholipid mobility. 

The absence of lateral mobility has been observed in literature model systems which exploit 

electrostatic interactions, potentially due to the pinning of the membrane to the support (2). The 

patch-clamp experiments were only able to achieve low seal resistances ~15 MΩ, well below the 

desired gigaohm resistance seals. The rigidity of the scaffold and membrane pinning likely limit 

the flexibility of the membrane, which is thought to be important for gigaseal formation (3).  

Intracellular recordings did not show any appreciable resistance increases relative to pipettes open 

to the bath electrolyte. The absence of phospholipid mobility would prevent the self-healing of the 

membrane and could result in defect sites which would explain the poor resistance properties. 

 

9.3 90:10 DPhPC:DPhPS-Sephadex A50 Scaffolded Vesicles 

This system was developed concurrently with the DPhPC only system. The inclusion of 10 mol% 

anionic DPhPS was intended to promote an electrostatic attraction between the membrane and 

scaffold. The molecular orientation results for this system were very similar to those of the DPhPC 

only scaffolded vesicles. However, the fluorescence quenching experiments revealed a 

multibilayer coating structure. Furthermore, the FRAP studies showed the presence of a mobile 

lipid fraction (0.61) in the membrane. This mobile fraction was attributed to the outer bilayer(s) 

which avoid direct contact with the scaffold. Improved patch-clamp seal resistances on the order 

of ~100 MΩ were also observed. This suggests that the multibilayer coating may provide for added 
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membrane flexibility, allowing for higher resistance seals. This was an important improvement 

relative to the DPhPC only system, and a step towards achieving gigaseals on scaffolded vesicles. 

 

9.4 40:30:30 DMPC:cholesterol:GM1-Sephadex A50 Scaffolded Vesicles 

The final scaffolded vesicle system studied in thesis utilized a 40:30:30 DMPC:cholesterol:GM1 

mole ratio lipid membrane. GM1 was incorporated into the lipid formulation from Chapter 5 in 

order to serve a structural role. As GM1 is a particularly interesting functional molecule, its 

inclusion the model membrane could allow for future studies on GM1 related biological processes. 

DMPC-d54 was used for the ATR-IR studies in order to distinguish between the acyl chains of 

DMPC and GM1. Very good agreement between the tilt angles of the DMPC-d54 (30°) and GM1 

(33°) acyl chain was observed.  Compared to the 70:30 DMPC:cholesterol scaffolded vesicles, the 

incorporation of GM1 into the membrane resulted in an increase in the DMPC-d54 acyl chain tilt 

angle from 21° to 30°.  

The fluorescence quenching experiments showed that the lipid coating had a bilayer 

structure. The FRAP experiments provided no evidence of lipid lateral mobility. The patch-clamp 

experiments gave seal resistances on par with those observed for the DPhPC-Sephadex A50 

scaffolded vesicles. Given that the lipid coating was found to be a single bilayer, it is not surprising 

that the FRAP and patch-clamp results agree with those of the DPhPC only system (also a single 

bilayer). 

 

9.5 Future Direction 

The inability to achieve gigaohm level resistance between the patch pipette and scaffolded vesicle 

membrane presents an obstacle to the realization of tandem ATR-IR/patch-clamp studies of 
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scaffolded vesicles. The highest resistance seals observed in this thesis were for the 90:10 

DPhPC:DPhPS-Sephadex A50 scaffolded vesicles. These scaffolded vesicles were found to have 

a multibilayer coating structure. This was also the only system to exhibit lateral lipid mobility. 

Therefore, the most immediate research direction which may be pursued is the development of 

scaffolded vesicles consisting of several bilayers. Based on the results presented in this thesis, such 

a system would be expected to exhibit significant lateral lipid mobility and larger seal resistances. 

This may be accomplished by alternatingly coating a batch of scaffolded vesicles with lipid 

bilayers containing ~10 mol% of either an anionic (for example phosphoserines) or a cationic (for 

example ethylphosphocholines) lipid. This strategy would rely on electrostatic attractions between 

bilayers in order to successively coat the scaffolded vesicles. This arrangement is illustrated in 

Figure 9.1. 

 

 

Figure 9.1 - Schematic of a multiple bilayer scaffolded vesicle using alternately charged bilayers. 

The charged lipid would be included within a bilayer at ~10 mol%, in order to prevent 

electrostatic repulsion within a bilayer. 
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The long term direction of this project remains the development of a tandem ATR-

IR/patch-clamp instrument. The results presented in this thesis have established a foundation for 

its development. The planar approximation was tested and validated. This provides a basis for 

future quantitative molecular orientation studies. Spherically supported lipid membranes have 

attracted significant literature interest (4). To the best of our knowledge, quantitative molecular 

orientation IR studies have not been performed before on these systems. Literature systems with 

suitable dimensions (such that the planar approximation remains valid) could use ATR-IR to gain 

fundamental information about biomimetic membrane of interest. Progress has already been made 

towards achieving a gigaseal on the scaffolded vesicles. Solving the gigaseal issue will open the 

door for exciting tandem ATR-IR/patch-clamp studies. 
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