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ABSTRACT 

 The permeability of lipid bilayer membranes to glucose and carboxyfluorescein 

has been studied in model membranes. Using an enzyme assay, the permeability of 

glucose was monitored spectrometrically with both large and giant unilamellar vesicles 

(LUVs and GUVs). The permeability of carboxyfluorescein was studied by entrapping 

the dye and monitoring its leakage over time from a single GUV. Permeability study 

using GUVs may provide new information that cannot be obtained from LUVs. 

The stability of lipid membranes was enhanced by incorporating polymer scaffold. 

LUVs were prepared with hydrophobic monomers partitioned and then polymerized 

inside the hydrophobic interior of the lipid bilayers. The sizes of the formed polymers 

were characterized using gel permeation chromatography and mass spectrometry. This 

study suggests that large molecular weight polymers were formed inside the lipid bilayers 

and that the stability of the membranes is related to the size of the polymers.  
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CHAPTER 1 

BACKGROUND 

1.1 Biological membranes 

 Biological membranes are one of the most important components of the cell. 

Membranes form the shape of the cell and support its structure. They define the boundary 

of the cell and its organelles and maintain transmembrane chemical and electrical 

gradients. The fundamental structure of the cell membrane is a lipid bilayer, which 

provides a semi-permeable barrier to most chemical species. Proteins, which make up 

30% to 40% of the cell membrane, are embedded into the lipid bilayer and perform most 

of the membrane functions (Figure 1.1). One of the major classes of membrane proteins 

is transporter proteins which control the transportation of ions, nutrients and metabolites 

across the membranes. Another class is receptor proteins which regulate the signal 

transduction process in and out of the cell. Thus, the cell membrane is essential for 

cellular functions. Study of its architecture and organization will lead to a better 

understanding of cell behavior and development.  

 In cell membranes, lipids and proteins are held together mainly by noncovalent 

interactions and the hydrophobic effect. The hydrophobic effect is due to the hydrogen 

bonding among water molecules and the resultant tendency of nonpolar species to form 

aggregates in an aqueous environment. Lipids generally have an amphiphathic structure 

with a hydrophilic head and a hydrophobic tail. In an aqueous environment, lipids form  
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Figure 1.1 Structure of cell membranes. Taken from [3].    
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a bilayer structure mainly with polar headgroups facing water. Membrane proteins insert 

into lipid bilayers with the hydrophobic regions of the proteins spanning the hydrophobic 

core of the lipid bilayer.  

 There are thousands of different lipids found in biological membranes. The lipids 

are differentiated by the structures of their headgroups and their hydrocarbon chains. The 

different chemical structures determine the unique properties of these lipids. The 

distribution and combination of lipids are particular to the cell and membrane type. For 

example, human erythrocyte membranes contain 45% cholesterol, 17% 

phosphatidylcholine (PC), 17% sphingomyelin (SM), 16% phosphatidylethanolamine 

(PE) and 5% phosphatidylserine (PS) while Escherichia coli contains 80% PE, 15% 

phosphatidylglycerol (PG), and 5% phosphatidic acid (PA) [11]. In summary, the 

combination of the wide variety of lipids and proteins allows the diversity of cell and 

membrane functions. 

 

1.2 Model membranes 

1.2.1 Why model membranes? 

 The thousands of different lipids and proteins present in biological membranes 

can make it difficult to interpret the results obtained from studies of intact membranes 

[11]. To analyze the properties of a particular protein or lipid, a simplified model 

membrane system can be used that contains one or a few proteins and lipids. Most of the 

current knowledge about lipid properties and lipid organizations has been obtained from 

model membrane systems [12]. For example, self-assembly behaviors, phase transition 
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temperatures, bilayer thicknesses, interactions between membranes and ions, the 

mechanical properties of bilayers, permeability to different solutes, etc., have been 

studied using a variety of model membrane systems. In addition, inspired by nature, 

lipids and transmembrane proteins have been integrated into biotechnological devices 

such as biosensors [13-16]. Planar and vesicular lipid membranes reconstituted from 

natural or synthetic lipids provide convenient platforms for transmembrane proteins. 

These in vitro systems have attracted great attention and have been developed for more 

than four decades [16]. This discussion will examine the properties of different model 

membrane systems.  

 

1.2.2 Different types of model membranes  

 There are generally two categories of model membranes: planar membranes and 

vesicular membranes. Common examples of these are shown in Figure 1.2. Planar 

membranes include supported lipid membranes and black lipid membranes. They 

attracted a lot of attention during the last couple decades due to their potential 

applicability in biotechnological applications. Many biosensor designs have been based 

on planar membranes. Surface sensitive techniques, e.g. atomic force microscopy, have 

been applied to planar membranes to obtain information such as bilayer thickness. 

Vesicular membranes include multilamellar vesicles (MLV), small unilamellar vesicles 

(SUVs) with diameter less than 100 nm, large unilamellar vesicles (LUVs) with 

diameters between 100 nm and 1 µm, and giant unilamellar vesicles (GUVs) with 

diameters larger than 1 µm [2].  The vesicular membrane separates the inside and  
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Figure 1.2 Structures of model membrane systems.   

(A) Planar supported membrane. (B) Planar supported membrane with polymer 

cushion between lipid bilayer and solid substrate. (C) Black lipid membrane (BLM). 

(D) Unilamellar vesicles: based on the size of unilamellar vesicles, there are small 

unilamellar vesicles (SUV, D<100 nm), large unilamellar vesicles (LUV, 100 nm <D< 

1 µm), and giant unilamellar vesicles (GUV, D> 1 µm). (E) Multilamellar vesicles 

(MLV)  
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outside domains of the vesicle. Sensing materials and analytes can be compartmentalized 

into these two domains. Most permeability studies have been performed using vesicular 

membranes. 

 

1.2.2.1 Black lipid membranes (BLMs) 

 The black lipid membrane system was developed by Mueller and Rudin in the 

1960’s [17]. A BLM is created by “painting” lipids dissolved in a high boiling point 

solvent, i.e. n-decane, across a small aperture immersed in aqueous solution. The lipids 

self-assemble into an organized structure and eventually thin into one lipid bilayer [18, 

19]. Since the bilayer is only a few nanometers thick, an optical image of the membrane 

appears black or grey, hence the name.  

 The principle advantage of this system is that it allows control of chemical 

compositions on both sides of the lipid bilayer. The system can be very useful to mimic 

biological membranes with one chamber filled with “intracellular” solution and the other 

chamber filled with “extracellular” solution. Electrodes can be placed on both sides of the 

lipid bilayer for membrane electrical property measurements [20]. By incorporating ion 

channels into the BLM, ion channel activity can be examined [21].  

 The major drawback of BLMs is the use of a hydrocarbon solvent. The solvent 

remains in the lipid membrane and it may change its properties. A comparison of the 

electrical properties of a bilayer in the presence and absence of hydrocarbon solvent with 

cell membranes have been performed [22-24]. The membrane capacitance of a bilayer 

with hydrocarbon solvent is around 0.45 µF cm-2, while the capacitance for a bilayer 
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without hydrocarbon solvent is around 0.9 µF cm-2. For cell membranes, it is in the range 

of 0.8-1.2 µF cm-2. Based the capacitance data, the calculated thickness of the 

hydrocarbon region of the bilayer with solvent is 42 Å, while the number for bilayer 

without solvent is 22 Å. For cell membranes it is in the range of 16-24 Å [22]. Therefore, 

it may be difficult to correlate data from BLM with data from other model systems.  

 

1.2.2.2 Supported lipid membranes 

Planar supported lipid bilayer membranes have gained a lot of attention due to 

their potential applicability in bioengineering. They can be created using a couple of 

different techniques. One method is the Langmuir-Blodgett method, which is relatively 

difficult to operate [25, 26]. An alternative method is the vesicle fusion method in which 

the lipid bilayer is formed by spontaneous spreading of lipid vesicles on hydrophilic 

surfaces, such as glass [27, 28].  

A major advantage of this model membrane is that a variety of surface-sensitive 

techniques, e.g. atomic force microscopy [28], total internal reflectance microscopy [29], 

optical waveguide [30], can be applied. Another important advantage is that the bilayer 

can be constructed from two monolayers with different lipid composition, which can 

mimic the asymmetry of biological membranes [31].  

The drawback of this model is that there is only a 1-2 nm thick water layer 

between the bilayer and the supporting substrate [32, 33]. The interaction between the 

substrate and lipids decreases the lateral diffusion of lipids. The diffusion coefficient of 

lipids in planar supported membranes can be one order of magnitude lower than that in 
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biological membrane or free vesicles [34]. When proteins are incorporated into the 

bilayer, the inner cellular part of the protein can be strongly absorbed on the surface. This 

poses problems for using this model to mimic biological membranes [35]. To decrease 

the interactions between the solid support and the lipid bilayer, two lipid bilayers have 

been deposited. The upper lipid bilayer showed mobility close to that observed in free 

vesicles [36]. Another strategy is to use a polymer layer as a cushion between the lipid 

bilayer and the substrate surface. The mobility of lipids in a bilayer deposited directly on 

a solid substrate is up to 1.1 µm2/s, whereas on a polymer cushion, the mobility can be as 

high as 17.7 µm2/s [37]. The reported mobility of lipids in a BLM can be as high as 20.6 

µm2/s [34].  

 

1.2.2.3 Large unilamellar vesicles (LUVs) 

 Large unilamellar vesicles have diameters between 100 nm and 1 µm. The most 

widely used method to prepare LUVs is the freeze-thaw extrusion method. Phospholipids 

are dissolved in an organic solvent, e.g. chloroform. The lipids are then dried in a glass 

vial and then hydrated with a buffer solution. MLVs are formed by vortexing the solution 

until they are homogeneously mixed. MLVs are then freeze-thawed and repeatedly 

extruded through filters with a particular pore size. This method allows very reproducible 

preparation of LUVs. It is straightforward to entrap analytes inside the LUVs by adding 

analytes into the hydration buffer. Analytes outside the LUVs can be removed by size 

exclusion chromatography [38].   
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The development of LUVs was stimulated by the limitation of MLVs and SUVs. 

MLVs cannot be used to study single bilayer properties. SUVs have diameters less than 

100 nm, so the intravesicular volume is small, which limits their encapsulation capacities. 

In addition, due to their high membrane curvatures, SUVs have an intrinsic metastability 

[39, 40].  

There are a number of advantages of LUVs over other model membranes. LUVs 

can be prepared with high reproducibility, in large quantities, and at high concentration. 

They can be used to study the permeability and electrical properties of single bilayers. By 

entrapping drugs, LUVs can be used for drug delivery. Hundreds of agents have been 

successfully delivered in LUVs.  LUVs composed of natural lipids are safe to be used at 

high doses in biological systems. In combination with targeting agents, LUVs can 

potentially improve the therapeutic applicability of certain drugs by targeting certain 

tissues or reducing their toxicity [41].  

The major drawback of using LUVs to mimic biological membranes is that the 

curvature of LUVs is very high. The size of a typical cell is around 1-10 µm in diameter; 

thus, the curvature of the membrane is close to zero [42]. Therefore, the behavior of 

lipids in LUVs may not represent biological membranes.   

  

1.2.2.4 Giant unilamellar vesicles (GUVs) 

 Giant unilamellar vesicles have diameters larger than 1 µm. Since the 1960’s, 

studies of lipid vesicles with diameters of several microns have attracted a lot of attention 

[43, 44]. These vesicles have one or a few bilayers and were named thin-walled 
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phospholipid vesicles. Due to their large available surface area, these vesicles have been 

used for lipid membrane property studies, e.g. permeability and mechanical property 

studies.   

 There are two widely used methods for GUV preparation, that both start with 

drying a thin lipid film on a substrate. The lipids are first dissolved in organic solvents 

and then spread homogeneously on the substrate, which is either glass, ITO, or roughened 

Teflon. The substrate is then completely dried in a vacuum for several hours. In the 

spontaneous swelling method, the dried lipid film is hydrated without agitation or 

shaking. After between 12 hours to 3 days, a cloud of suspended vesicles is formed in the 

middle of the hydration solution [45]. In the electroformation method, a weak AC field is 

applied to two electrodes on which a thin lipid film has been dried. Between the two 

electrodes, a buffer with low conductance, e.g. 200 mM sucrose in water, is used to 

hydrate the lipids. In a few hours, the GUVs can be harvested [46-48].  

The sizes of GUVs are close to that of a typical cell, which makes them a better 

model to reflect the biological membrane properties. The size of GUVs also allows the 

use of optical imaging techniques to study their properties [42]. They can be directly 

visualized by optical microscopy. This property makes GUVs very attractive candidates 

for many applications. For instance, GUVs have been used as microreactors, where 

chemical reactions can be directly studied in such a small but optically resolvable volume 

[49, 50]. GUVs can also be used to study the mechanical and rheological properties of 

lipid bilayers [51].  
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1.2.3 Permeability of model membranes 

 Biological membranes serve as a mechanical, electrical, and chemical barrier for 

the cell. They provide selective transport between the extracellular environment and 

intracellular solution. For example, sodium concentration inside a cell is lower than that 

outside the cell. The concentration gradient across the cell membrane is required for a 

cell to function [11]. A lipid bilayer, the fundamental structure of a cell membrane, is 

mostly impermeable to ions and many biologically important, small, neutral molecules, 

Most of which move across the membrane through transporter proteins, e.g. ion channels, 

glucose transporters, etc.  

Studies of the permeability of bilayers to different solutes are important in 

understanding both passive and active transport of solutes across biological membranes. 

These studies have mostly been performed using model membrane systems.  Knowledge 

of bilayer permeability is also important for use of liposomes as drug delivery vehicles. 

Once the liposomes enter into the circulation system, drug leakage occurs, which 

decreases the drug concentration in the liposomes and lowers the efficacy of the drug 

when it reaches its target [52].  

In general, the permeability of solutes across lipid bilayers follows the order: 

water > gases (O2, CO2) > hydrophobic molecule > small uncharged polar molecule > 

large uncharged polar molecule > anions > cations. However, the molecular mechanism 

of the permeation process is not well understood. The most widely accepted mechanism 

is the “mobile kink” hypothesis [11, 53]. This mechanism proposes that there are gauche-

trans-gauche kinks formed in the lipid bilayer. The kinks can travel along the 
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hydrocarbon chains and form free volumes in the bilayer due to fast lateral diffusion of 

lipids. Solutes can enter into these free volumes, also called defects, and transit through 

the bilayer [54]. Studies show that the permeability of water across a lipid membrane is 

higher when the bilayer is in the liquid-crystalline phase relative to the gel phase, which 

is consistent with this mechanism [53]. The lateral mobility of lipids in the gel phase is 

lower than in liquid-crystalline phase, and lateral mobility is directly related to the 

formation of free volumes in the membrane. However, proton permeability measurements 

show different results than other solutes. For example, proton permeability is not 

correlated with lipid lateral mobility [53, 55]. This suggests protons may permeate 

through a bilayer via a different mechanism.  

In general, the permeability of solutes is highly dependent on the packing of the 

lipids [56]. This mechanism predicts that any factors that increase the occurrence of 

membrane defects will increase bilayer permeability. A higher degree of unsaturation in 

the lipid chains and reconstitution of proteins into the bilayer can introduce more packing 

defects and therefore enhance membrane permeability. In addition, this mechanism also 

predicts that the larger the solute, the more difficult it is for the solute to occupy the free 

volumes in the membrane. Thus larger solutes will be less permeable [57]. Charged 

solutes are less soluble in the hydrophobic region of the bilayer and therefore will show 

less permeability than neutral solutes.   
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1.2.4 Stability of model membranes 

 The inherent instability of lipid bilayers is a major limitation to technological uses 

of model membranes [58]. Lipids in the bilayer structure are held together mainly by 

weak noncovalent interactions and the hydrophobic effect. A lipid bilayer is only 5 nm 

thick. It is extremely soft and fragile, and can be damaged by forces in the nN to pN 

range [6]. Bilayers dissolve in organic solvent and surfactant solutions [59], and upon 

exposure to air, they collapse. In addition, elevated temperature [60, 61], pH changes [62, 

63], the osmotic pressure changes [64], and even optical illumination can destabilize a 

lipid bilayer [65].  

 Stability measurements on model membrane have been performed while 

introducing the factors that can destabilize them. Different techniques can be used to 

monitor the structure of different types of model membranes. For planar supported 

bilayers, AFM can be used to measure the thickness of the bilayer and to detect the 

formation of pinholes in the membrane [66]. Dynamic light scattering can be used to 

characterize the size distribution of LUVs [67]. GUVs can be directly visualized by 

optical microscopy [68]. The stability of the model membranes has been assessed by 

adding micelle-forming surfactants to the lipid solution. There is a critical ratio of 

surfactant to lipid at which the model membrane will dissolve [67]. Other stability 

measurements include: thermal stability measurements by adjusting temperature, drying 

and rehydration of membranes [68], applying different flow rates (shear stress) on the 

membranes [69], etc.  



 

 

25 

 The stability of model membranes is a critical factor when considering their 

applications. A number of studies have focused on improving the stability of lipid 

membranes while maintaining their biocompatibility [5, 70, 71].  

   

1.2.5 Mechanical properties of model membranes 

 The mechanical properties of cell membranes are very crucial for their functions. 

For example, human red blood cells (RBCs) sometimes need to deform more than 100% 

in order to pass through narrow capillaries. The elasticity of the membrane allows RBCs 

to deliver oxygen to every region of a human body. In order to characterize the 

mechanical behavior of cells and model membranes, a variety of experimental techniques 

have been developed over the years [6]. To study the local mechanical responses of a 

cell, atomic force microscopy (AFM) and magnetic twisting cytometry (MTC) can be 

used. The whole cell response to mechanical forces can be investigated by micropipette 

aspiration technique or by optical tweezers. The batch behavior of cells can be studied by 

shear flow methods. However, the cell membrane is a complicated material. There are 

thousands of different lipids, membrane proteins, and the membrane-associated 

cytoskeleton. To examine the mechanical properties of the fluid lipid-bilayer component 

of cell membranes, model membrane system can be used.[6]  
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Figure 1.3 Approximate range of values for the elastic modulus of biological cells and 

comparisons with those of common engineering materials [6]. 

 



 

 

27 

Most mechanical property measurements on model membranes have been done 

with the micropipette aspiration technique on GUVs [51]. Briefly, a small pressure is 

applied to a single GUV via a manometer through a micropipette. The pressurization on 

the vesicle will aspirate part of the GUV membrane into the micropipette. The stronger 

the mechanical pressurization, the longer the injection length will be. The pressure 

applied to the membrane can be measured using a pressure transducer. The deformation 

of the vesicle can be calculated from the diameter of the vesicle, the injection length, and 

the inner diameter of the micropipette from the image of pipet-aspirated GUV. By 

relating the force to the deformation, the elastic moduli of the membrane (area dilation 

modulus, surface shear modulus, and bending modulus) can be calculated [51]. 

 Mechanical properties of GUVs composed of lipids with different chain lengths 

and different degrees of unsaturation have been examined [8]. The results showed that the 

area dilation modulus for membranes composed of common PCs and PEs are similar to 

each other, in the range of 230-270 mN/m. The bending modulus is more sensitive to the 

lipid chain length and degree of unsaturation [72]. There may be a correlation between 

the bending modulus and the bilayer thickness. For membrane composed of saturated 

lipids, the addition of cholesterol is the most influential way to enhance lipid bilayer 

cohesion. The area dilation modulus can significantly increase up to ca. 4300 mN/m. The 

bending modulus shows a similar trend [73]. This phenomenon may be due to the van der 

Waals interactions between hydrocarbon chains of lipids and the cholesterol. The planar 

ring structure of cholesterol enhances the packing density of saturated lipids and 

increases the energy stored in the membrane [73, 74].  
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 Since proteins make up 30-40% of cell membranes, they may play an important 

role in membrane mechanical properties. Bacteriorhodopsin (BR) has been used as a 

model transmembrane protein to study the correlation between membrane mechanical 

properties and the activity of transmembrane proteins [75]. In one study BR was 

reconstituted into GUV membranes. By adjusting the wavelength of illumination from 

red to green-yellow, BR was activated. The micropipette aspiration technique was 

applied to this membrane containing passive BR by illuminating the GUV using red light 

and then to the GUV containing active BR by illuminating the GUV with green-yellow 

light. The results showed the mechanical properties of the membrane are related to the 

activity of BR. 

 

1.3 Polymers 

1.3.1 The use of polymers in lipid membranes  

 The biocompatibility of lipids and their capability to self-assemble make them a 

unique bioengineering material [6]. However, lipid bilayers are fragile and unstable under 

mechanical stress. For technological applications, the stability, permeability, and stiffness 

of membranes formed from natural lipids may not be satisfactory. Polymers with specific 

physical and biological properties have attracted a lot of attention during the past few 

decades [76-78]. A number of polymers have been used in model lipid membrane 

systems to modify their properties.  
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1.3.1.1 Polymerization of reactive lipids 

 To enhance the stability of model lipid membranes, reactive lipids with 

polymerizable moieties have been synthesized and polymerized within the bilayers [5, 

70]. Upon polymerization, strong covalent bonds form between lipids, therefore the 

stability of poly(lipid) membranes in surfactant solutions and organic solvents can be 

significantly improved [79-81]. 

Many polymerizable moieties have been incorporated into lipids, such as dienoyl, 

sorbyl, styryl, diacetylene, etc. Some commercially available and synthesized 

polymerizable lipids are shown in Figure 1.4 and Figure 1.5, respectively [2]. The 

different polymerizable moieties react with varying efficiency when exposed to different 

polymerization methods. Commonly used methods include photopolymerization, redox 

polymerization, and thermal polymerization. The polymerizable moieties can be 

positioned anywhere in the lipid tails or linked to the headgroups (Figure 1.6). Lipids 

with the same functional group but at different positions may show different 

polymerization efficiencies [81-84].  

A major limitation of using polymerizable lipids is that upon polymerization the 

lateral mobility of the lipids is significantly decreased [85, 86]. Due to the restrained 

mobility, the membrane may lose its “self-healing” ability. The diffusion of other 

incorporated biomolecules, i.e. proteins and carbohydrates, may also be restricted. The 

tension on these embedded biomolecules may affect their functionality and bioactivity. In 

addition, an increase in the permeability of polymerized membranes has been observed, 

which may be due to a higher defect density [87].  
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Figure 1.4 Structure of commercially available polymerizable lipids (from Avanti 

Polar Lipids) [2]: 

A: 1,2-Bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine 

B: 1,2-Bis(10,12-Tricosadiynoyl)-sn-glycero-3-phosphoethanolamine 

C: 1-Palmitoyl-2-10,12 Tricosadiynoyl-sn-glycero-3-phosphocholine  

D: 1-Palmitoyl-2-10,12 Tricosadiynoyl-sn-glycero-3-phosphoethanolamine 
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Figure 1.5 Structure of synthesized polymerizable lipids [5]: 

A: Mono-SorbPC 

B: Bis-SorbPC 

C: Bis-DenPC  

D: DenSorbPC 
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Figure 1.6 Polymerization of reactive lipids in bilayers [4].   

A: The polymerization moiety is located at the lipid hydrocarbon chain terminus. 

B: The polymerization moiety is located in the lipid hydrocarbon chain near the headgroup. 

C: The polymerization moiety is covalently linked to the lipid headgroup.  

D: The polymerization moiety is electrostatically associated with the lipid headgroup.  
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An alternative strategy is to use lipid bolaamphiphiles to form lipid monolayers or 

bilayers [88]. A bolaamphiphile is a molecule which is composed of two hydrophilic 

groups that are connected by a hydrophobic part. Bolaamphipiles are found naturally in 

the cell membrane of archaebacteria and are believed to be the reason why archaebacteria 

can survive in severe environments (temperatures up to 90 °С and pH as low as 1) [89, 

90]. Synthetic lipid bolaamphiphiles have been designed to improve membrane stability 

without losing membrane fluidity.  

 

1.3.1.2 Incorporating hydrophobic monomers into lipid bilayers 

 Another approach to improve the stability of lipid bilayers is to incorporate non-

lipid polymers into the membrane. As shown in Figure 1.7, hydrophobic monomers can 

partition into the hydrophobic interior of the vesicle bilayer and are subsequently 

polymerized in the membrane [10]. The lipids themselves do not covalently react with the 

monomers; rather, the membrane serves as a template for the formation of the polymer 

network. The use of a monofunctional monomer produces linear polymers. The addition 

of a crosslinker allows large, crosslinked polymer shells to be formed. To enhance the 

polymerization efficiency, photoinitiators, thermal initiators, or redox initiators can be 

used.  

 A variety of surfactants and hydrophobic monomers and crosslinkers have been 

used to form polymer-stabilized bilayers (Figure 1.8). The surfactant to monomer ratio, 

the partition time, the vesicle preparation methods, and the polymerization conditions 

have been investigated for different systems [91-98].    
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Figure 1.7 Hydrophobic monomers partition into the interior of a lipid vesicle 

bilayer (1 to 2). The monomers are polymerized inside of the lipid bilayer to form a 

hollow polymer shell (2 to 3). The membrane is stabilized upon polymerization [7, 
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Figure 1.8 Examples of hydrophobic monomers (bottom) that have been used to 

partition into bilayers composed of surfactants (top) to stabilize the membrane [9, 

10]. 
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 Separation between the polymer networks and the lipid bilayer during or after 

polymerization has been reported [99]. The possible reason for phase separation is that 

the growing polymer chains extrude out of the lipid bilayer and interact with each other 

during the polymer propagation. To avoid phase separation, several approaches have 

been investigated. Crosslinkers can be mixed with monomers to form crosslinked 

polymer. The polymerization rate should be faster than the lateral polymer diffusion. An 

alternative is to use polymerizable surfactants which react with hydrophobic monomers 

and suppress the lateral polymer diffusion.  

 A major advantage of using hydrophobic monomers and crosslinkers compared to 

polymerizable surfactants is that the surfactants are not covalently bonded. Therefore, the 

lateral mobility of lipids may maintain which allows self-healing and avoids the 

formation of defects. In addition, when transmembrane proteins are incorporated into the 

lipid bilayers, there is less strain on the incorporated components. Therefore, the 

bioactivity of incorporated transmembrane proteins can be maintained [71].  

 

1.3.1.3 Attaching hydrophilic polymer to the surface of lipid vesicles  

 Liposomes have been investigated for their commercial applications in drug 

delivery for more than 30 years. One of the major obstacles for this application is that 

injected liposomes are rapidly detected and removed from circulation by the 

reticuloendothelial system. The circulation time in blood is short, from a couple minutes 

to a few hours, with accumulation in the spleen and liver [100]. Only a small portion of 

the liposomes can actually reach the targeted cells [101]. The mechanism of this 
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phenomenon is not well-known. However, a correlation between the degree of plasma 

protein adsorption on the liposome surface and the uptake rate of the liposomes from 

circulation has been observed [102].  

 To address this problem, polymers can be used to modify the surface properties of 

the liposomes and hence extend their circulation time in biological systems. 

Poly(ethyleneglycol) (PEG) has been grafted on the surface of liposomes [103, 104], and 

a significantly prolonged circulation time of these liposomes in blood has been observed. 

With and without the PEG on the liposomes, the circulation time is 24-28 h and 30 min, 

respectively [52]. The size and the percentage of PEG in liposomes are important. The 

optimal condition is to use PEG with a size of ca. 2000 Da at a percentage of 5% to 8% 

of the total lipids [41].  

 A proposed mechanism suggests that a PEG coating provides a steric inhibition 

for interactions between lipids in liposomes and ambient biomolecules [105]. The 

hydrophilic PEG coating can shield the lipid surface from nonspecific plasma protein 

adsorption and the charge-charge interactions between cell surface ligands and lipids in 

the liposomes [106]. More importantly, the PEG coating can shield the liposomes from 

being detected as foreign bodies by macrophages in the blood (without the coating, 

macrophages readily recognize charged lipids in liposomes [107].  

 

1.3.2 Polymerization Methods 

 Polymers can be generated with anionic polymerization, condensation 

polymerization, free radical polymerization, etc. In this thesis, only free radical 
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polymerization is discussed, since it is the most common polymerization method used in 

model membrane systems. Free radical polymerization starts with the initiation of 

radicals. Then, the reactive species propagates until the final product is formed by a 

termination reaction. The initial free radicals can be generated through a variety of 

sources: photochemical initiation, redox initiation, thermal initiation, radioactive sources, 

etc [108]. 

 Thermal decomposition of compounds with weak valency bonds can produce free 

radicals. There are many commercially available thermal initiators, including azo 

compounds and peroxides, that generate radicals at different temperature with different 

decomposition rates. For example, the rate constant for initiator decomposition (Kd) for 

2,2’-azobisisobutyronitrile in benzene at 78 °С is 8.0·10-5 (s-1), and for 1,1’-

azobiscyclooctanenitrile in toluene at 45°С it is 1.5 ·10-4 (s-1) [108]. Recently, thermal 

initiators that decompose at room temperature have been synthesized.  

 Redox polymerization involves electron transfer between a donor and an acceptor. 

When mixed, the donor gives up an electron, generating a cation, while the acceptor 

decomposes into a free radical and an anion.  

Many biomolecules are not stable at elevated temperatures. Redox species and the 

radicals generated during redox polymerization may have side reactions with protein 

residues. Therefore, photopolymerization has been widely used. In this method, the 

initiator decomposes when irradiated with light of the proper wavelength. The reaction 

can be performed at low temperature and without reducing and oxidizing agents. Some 

commercially available polymerizable lipids with diacetylene groups are shown in Figure 
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1.4, and can be polymerized at 254 nm. Bis-SorbPC, with dienolate groups, also can be 

polymerized at 254 nm [109].  

As an alternative to direct irradiation of polymerizable lipids or monomers, 

photoinitiators can be used. A variety of photoinitiators that vary in absorption 

wavelengths, radical generating efficiency, and hydrophobicity are commercially 

available. It should be noted that some proteins incorporated in model membranes are 

sensitive to UV light, but with the use of a photoinitiator, the polymerization can be 

performed at a longer wavelength. Hydrophobic photoinitiators can partition into the 

interior of the lipid bilayer, which allows the radicals to be generated close to the 

polymerizable moieties or partitioned monomers. The lipid structure, the model 

membrane structure, the initiator properties, and the monomer to initiator ratio are some 

of the parameters that can affect the size of the polymers formed [108]. 

  

1.3.3 Measurement of Polymer Molecular Weight and Molecular Weight 

Distribution 

 Molecular weight distribution is an important property of polymers. During the 

polymerization process, a mixture of many molecules with different chain lengths is 

formed. Therefore, polymers cannot be characterized by a single molecular weight but 

instead by a distribution. The most useful averages are number average (Mn) and weight 

average molecular weight (Mw).  Mn is the sum of molecular weight of all molecules 

divided by the total number of molecules. Mw is the molecular weight of each molecule 

multiplied by its mass then summed and divided by the total mass of these molecules. Mw 
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is more sensitive to the high molecular weight species while Mn is more sensitive to low 

molecular weight species. The wider the distribution of masses, the larger the difference 

between Mw and Mn is. The polydispersity of the polymer is defined as the ratio of Mw to 

Mn. Some biopolymers, i.e. peptides, are monodisperse polymers (Mw to Mn ratio equals 

1). All synthetic polymers and many biopolymers have polydispersity higher than 1 [108]. 

 Many techniques have been used to measure the average molecular weight and 

molecular weight distribution of polymers. Each technique has its limitations, but a 

combination of multiple techniques can give more complete information about the 

polymers. The most common techniques are solution viscosity, osmotic pressure 

measurements, ultracentrifugation, light scattering, size exclusion chromatography, and 

mass spectrometry.  Some techniques listed here, e.g. size exclusion chromatography, 

measure the molecular size, which is a function of the molecular weight and shape of 

polymers. In general, larger molecular weight polymers are larger in size. However, the 

solvent in which the polymer is dissolved, the stiffness of a polymer, degree of 

crosslinking, and the polymer architecture can all influence the size of a polymer [110].  
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CHAPTER 2 

MEMBRANE PERMEABILITY TO SMALL MOLECULES MEASURED 

THROUGH GUVS 

 

2.1 Introduction 

The permeability of lipid bilayers to small molecules has attracted great attention 

during recent decades. The characterization of permeability is crucial for many potential 

applications of phospholipid vesicles. For example, solute-containing phospholipid 

vesicles have been investigated widely as biocompatible intracellular sensors [111], as 

drug delivery systems [112], as vectors for gene transfer [113, 114], as delivery vehicles 

for cosmetic agents to the skin [115], and many others. Controlled release of entrapped 

molecules, i.e. permeability, is critical for all these applications.  

Bilayer permeability to a given molecule is mainly determined by lipid 

composition [116], temperature [117], and pH [118]. Most previous studies have utilized 

large lipid vesicles (LUVs) as model membranes while trapping the analyte inside the 

LUVs . The release of the analyte from the LUVs is monitored as a function of time. 

Based on the unique properties of the analytes, different methodologies have been 

developed. If the analyte is fluorescent, e.g. carboxyfluorescein, the bilayer permeability 

can be determined by encapsulating the dye at high concentration and monitoring the 

increase in fluorescence [119, 120]. The initial fluorescence intensity is relatively low 

due to self-quenching. As the analyte diffuses out from the vesicles into the surrounding 

media, the dye is diluted and fluorescence intensity increases. If the analyte is an enzyme 
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substrate, e.g. glucose, its permeability can be monitored spectrophotometrically by an 

enzyme assay [121, 122]. Commonly used enzymes for glucose include hexokinase, 

glucose-6-phosphate dehydrogenase, and glucose oxidase (GOx). 

LUVs can be fabricated through extrusion, which can ensure narrow size 

distribution [123]. The lamellarity of the vesicles can easily be tested quantitatively using 

a fluorescent quenching assay [124]. However, there are some drawbacks to using LUVs. 

First, the results obtained from LUV experiments are average values of the physical 

parameters obtained from a large number of liposomes. Therefore, some important 

information has been lost in the averaging process. For example, one study of antibiotic 

peptide showed that it induces gradual leakage of entrapped dye from LUVs. While only 

single GUV experiment showed that the leakage is a two step reaction, while pore 

formation is the rate limiting step [125]. Second, LUVs are too small to be directly 

observed through spectroscopic methods. To characterize the structural properties of the 

LUVs, dynamic light scattering (DLS) and transmission electron microscopy (TEM) have 

been used [126]. However, these techniques cannot provide structural information while 

simultaneously monitoring analyte diffusion.  

Recently, giant unilamellar vesicles (GUVs) with diameters greater than 1 µm 

have been used as model membranes to study physical and biological properties of lipid 

bilayers [125, 127-129]. In contrast to LUVs, studies of GUVs can provide information 

based on the structure and physical properties of a single liposome. The structural 

changes of a GUV can be monitored in real time. The single GUV method has been 

successfully used in several lipid bilayer studies examining, for example, membrane 



 

 

43 

fusion [130], vesicle fission [131], membrane mechanical properties [132], and 

membrane permeability [125].  

In this chapter, GUVs are investigated as model membranes to study lipid bilayer 

permeability. Since the permeability is directly related to the number of bilayers, the 

preparation and characterization of GUVs are also discussed. Carboxyfluorescein and 

glucose were used as probes for membrane permeability. The goal of this study is to 

develop GUV as the model membrane to study membrane permeability. 

Carboxyfluorescein permeability was determined by entrapping the dye inside the GUVs. 

The initial dye concentration is low enough to avoid self-quenching. The leakage of the 

dye was determined by monitoring the decrease in fluorescence inside the GUV as a 

function of time. Glucose permeability across the lipid bilayers was determined by 

entrapping horseradish peroxidase (HRP) and GOx inside GUVs and adding glucose and 

Amplex Red outside the vesicles. In comparison, the same assay was used in LUVs. It is 

expected that the single GUV experiment can provide information not only on membrane 

permeability properties but also information on the structures, which cannot be obtained 

by studies of a suspension of LUVs.  

 

2.2 Experimental Section 

2.2.1 Materials 

Bis-Sorbyl phosphatidylcholine (bis-SorbPC) was synthesized and purified by Dr. 

Gemma D’Ambruoso and Dr. Juhua Xu using a modification to the previously published 

procedure [133]. Lipid purity was evaluated using thin-layer chromatography. 1,2-
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dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-

DOPE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B 

sulfonyl) (ammonium salt) (Rhodamine-DOPE) were purchased from Avanti Polar 

Lipids (Alabaster, AL). Five-carboxyfluorescein was purchased from Molecular Probes. 

Horseradish peroxidase, glucose oxidase, D-(+)-glucose, and Amplex Red (10-acetyl-3,7-

dihydroxyphenoxazine) were obtained from Sigma-Aldrich. Sepharose 4B was purchased 

from Sigma-Aldrich.  

 

2.2.2 Encapsulating enzyme in LUVs 

Two hundred fifty µL of DOPC stock solution in chloroform (10 mg/ml) was evaporated 

under a stream of argon. Afterward, the trace organic solvent was removed under high 

vacuum over a minimum of 4 h. The dried lipid film was dispersed in 2 mL of buffer 

containing 50 mM sodium phosphate, 0.15 M NaCl, and 20 U/mL GOx at pH 7.4 into a 

final lipid concentration of 1.25 mg/mL. A homogeneous lipid solution was formed by 

vortexing followed by sonicating for 1 min. This yields a mixture of multilamellar, 

polydisperse liposomes. Ten freeze-thaw cycles, consisting of freezing in dry ice/2-

propanol (-77 °С) followed by thawing in warm water (35 °С), were applied to the 

solution. Unilamellar liposomes with a diameter of ca. 200 nm were obtained by repeated 

extrusion (21 times) through polycarbonate filters (Nucleopore filters) with a pore size of 

200 nm using a mini-extruder (Avanti Polar Lipids, Inc.). Nonencapsulated GOx was 

removed from the liposomes by size exclusion chromatography (SEC) on Sepharose 4B 
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(Pharmacia Biotech Inc.), in a 30 cm long open tubular column). The lipid concentration 

after SEC was ca. 0.8 mg/mL.  

 The fluorescence of the samples was measured with a fluorometer (FluoroLog-3, 

Jobin Yvon Inc). Data was collected at 20 sec intervals with a 10 sec integration time. 

The excitation and emission silt widths were both set at 1 nm. One mL of liposome 

solution was mixed with 1 mL of buffer in a quartz cuvette (NSG Precision Cells, Inc., 

Type 23 ES, with 10 mm path length). The cuvette was then placed in the fluorometer. 

Glucose diffusion across the lipid membrane was monitored spectrophotometrically by an 

enzyme assay shown below in Figure 2.1: 

 

 

 

The formation of resorufin was determined by measuring the increase in 

fluorescence intensity at 587 nm with excitation at 545 nm.  After 150 sec of recording 

the fluorescence from the liposome solution in the cuvette, 10 µL of Amplex Red (10 

mM) and 20 µL of HRP (10 U/ml) were added to the cuvette and mixed with the aqueous 

liposome solution. The fluorescence intensity was recorded for ca. 400 sec.  Then 20 µL 

of glucose (400 mM) was added to the cuvette, and the fluorescence intensity was 

monitored for 500 sec. Finally, 40 µL of Triton X-100 (5%, w/w) was added to the 

cuvette to disrupt all the liposomes and mix the chemicals inside and outside the 

liposomes together. The experiment is diagrammed in Figure 2.2. 

 

D(+) Glucose + O2                    D-Glucono-1,5-lactone + H2O2 

H2O2 + Amplex Red                     O2 + Resorufin 
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Figure 2.1 Glucose/Glucose Oxidase/ Amplex Red/ Peroxidase assay [1] 
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Figure 2.2 Schematic illustrations of the LUV experiment. (A) LUVs were 

prepared in buffer with GOx. (B) LUVs with GOx entrapped were separated from 

free GOx by size exclusion chromatography. (C) LUVs with GOx entrapped were 

placed in a quartz cuvette. Amplex Red, HRP, and Glucose were added to the 

cuvette sequentially. Fluorescence was recorded as a function of time. (D) Triton 

X-100 was added to the cuvette to dissolve LUVs, mixing GOx with all the other 

reagents. 
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2.2.3 Preparation of Giant Unilamellar vesicles (GUVs) 

 Here is described a standard protocol used through out the chapter for preparation 

of GUVs by the spontaneous rehydration method.  

 Lipid (DOPC or bis-SorbPC) was dissolved in chloroform: methanol (3:1, v/v) to 

make a lipid solution at 1 mg/mL. Thirty µL of the lipid solution was then carefully 

added to a 10 mL glass beaker with a diameter of 2 cm. The lipid should be spread on the 

bottom of the beaker as evenly as possible, and the beaker should be cleaned with Piranha 

(30% hydrogen peroxide and 70% sulfuric acid, v/v) right before use. The beaker was 

first dried under a snorkel hood for 5 min, then left in a vacuum desiccator for more than 

4 h for further removal of the organic solvent. Two mL of 200 mM sucrose in water was 

introduced into the beaker, and it was incubated at 25 °С for 12 h.  

A roughened Teflon sheet has also been tested as the substrate to deposit lipid 

films. Roughened Teflon was cut to fit into a beaker. One mg/mL lipid in chloroform was 

spread onto the Teflon sheet.  The roughened surface can accelerate the evaporation of 

organic solvent. Then the Teflon sheet was further dried under vacuum in a desiccator for 

at least 4 h. Next, the Teflon sheet was positioned into a beaker, and 2 mL of 200 mM 

sucrose in water was introduced into the beaker. During the spontaneous swelling 

procedure, the beaker was kept at either 25 °С or 37 °С for comparison.  

Anionic lipid, i.e. dioleoylphosphatidylserine (DOPS), was used as a dopant in 

GUVs formed from neutral lipid. A variety of DOPS to DOPC ratios were tested, from 

1:12 to 1:3 (mol/mol). In order to image the GUVs by epi-fluorescence, 0.5 mole % of 

Rhodamine-DOPE was mixed with DOPC or bis-SorbPC. 
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2.2.4 UV polymerization of GUVs made from bis-SorbPC 

 GUVs composed of bis-SorbPC were prepared using the method described in the 

previous section. Two hundred fifty µL of GUV solution was diluted with 1 mL of 200 

mM glucose in a Petri dish. Polymerization of these GUVs was induced by UV 

illumination, with the Petri dish placed 1 cm below a low pressure mercury pen lamp 

(Fisher Scientific). Based on a previous study [68], 15 min of UV illumination was used 

to polymerize bis-SorbPC GUVs.  

 

2.2.5 Imaging of GUVs 

Two hundred fifty µL of GUV solution was diluted with 1 mL of 200 mM 

glucose in a Petri dish. Since the outer and inner solutions of GUVs were the same, there 

was no osmotic pressure on the membrane. The density of sucrose is higher than the 

density of glucose, therefore, the GUVs would settle by gravity after sitting in the Petri 

dish for 20 min. The GUVs were imaged by epi-fluorescence or bright field microscopy 

(Nikon Eclipse TE2000-U) using a 40X/0.6 N.A. objective (Plan Fluor extra long 

working distance lens, Nikon, Japan). The image was recorded by a sensitive CCD 

camera (Princeton Instruments, Inc., Trenton, NJ).  

 

2.2.6 Unilamellarity of GUVs 

 The unilamellarity of the GUVs can be roughly estimated by a laser scanning 

confocal microscope. The laser beam (458 nm, Argon laser, Leica) was focused by a 

63X/0.9 N.A. water immersion objective for excitation of Rhodamine-DOPE. A Z-scan 
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was performed on the GUVs with a frequency of 1400 Hz. The fluorescence was 

collected by the same objective and directed through a band pass filter (620/60 nm).  

 To quantitatively characterize the unilamellarity of the GUVs, a fluorescence 

quenching assay was used. GUVs were prepared using the same method described above, 

except that 0.5 mole % NBD-PE (Avanti) was mixed with the other phospholipids in 

chloroform: methanol (3:1 V/V). Two hundred and fifty µL of GUV solution was then 

diluted with 1 mL of glucose solution in a Petri dish. Once the GUVs settled, an image of 

a GUV was recorded to provide initial fluorescence intensity (I1) and background 

fluorescence intensity (I0). Ten µL of 0.1 M sodium hydrosulfite (Aldrich) in 0.1 M Tris 

buffer (pH 10) was added to the Petri dish right above the GUV being imaged. After 1 

min, once the fluorescence intensity was steady, a second image of the GUV was 

recorded to provide the final fluorescence intensity (I2).  

Sodium hydrosulfite is a quenching agent for NBD and it is impermeant through 

the lipid bilayer. Thus only the NBD-PE in the outer leaflet of the lipid bilayer was 

quenched. Therefore, we assume the background-corrected initial fluorescence intensity 

(I1-I0) is proportional to the total concentration of NBD-PE in the lipid bilayer, while the 

background-corrected final fluorescence intensity (I2-I0) is proportional to the 

concentration of NBD-PE in the inner leaflet of lipid bilayer. For a unilamellar vesicle, 

the (I2-I0) to (I1-I0) ratio should be equal to 0.5.  
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2.2.7 Encapsulation and leakage of 5-carboxyfluorescein in and out of GUVs 

 One hundred mM 5-carboxyfluorescein in 50 mM HEPES buffer at pH 7.4 was 

prepared as stock solution. GUVs were prepared with DOPC and 0.5 mole % of 

Rhodamine-DOPE. The dried lipid film was rehydrated with 2 mL of buffer containing 

0.1 mM 5-carboxyfluorescein, 10 mM HEPES, and 200 mM sucrose. GUVs were formed 

after 12 hours of incubation. Then a 250 µL aliquot of the GUV solution was diluted in a 

Petri dish with 1 mL of buffer containing 10 mM HEPES and 200 mM glucose at pH 7.4. 

After 20 min, the GUVs settled to the bottom of the Petri dish because the density of 

sucrose solution inside the vesicle is higher than the density of glucose solution outside 

the vesicle. After settling, the free 5-carboxyfluorescein was removed from the Petri dish 

by washing with 60-100 mL of buffer (10 mM HEPES and 200 mM glucose, at pH 7.4). 

The washing step should be performed very gently to avoid damage to and loss of GUVs.  

 The GUVs were imaged by fluorescence microscopy of the incorporated 

Rhodamine-DOPE with a 540/25 nm excitation filter and a 610/75 nm emission filter. 

The leakage of 5-carboxyfluorescein through GUV membranes was monitored as a 

function of time by using a 460/50 nm excitation filter and a 535/40 emission filter. All 

GUVs were imaged using a Nikon Eclipse TE2000-U inverted microscope equipped with 

a 40X/0.6 N.A. objective (Plan Fluor extra long working distance lens) and a sensitive 

CCD camera (Princeton Instruments, Inc., Trenton, NJ). 
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 2.2.8 GUVs as microreactors with entrapped HRP and GOx 

 A 100 U/ml stock solution of GOx and 10 U/ml HRP stock solution were prepared 

in 20 mM HEPES at pH 7.4. GUVs were prepared by rehydrating the dried lipid film 

with 2 mL of 20 mM HEPES at pH 7.4. Then 40 µL of GOx stock solution and 40 µL of 

HRP stock solution were added into the container. After 12 hours, GUVs were ready to 

be harvested. A 250 µL aliquot of the GUV solution was diluted in a Petri dish with 1 mL 

of 20 mM HEPES at pH 7.4. After the GUVs settled to the bottom of the Petri dish, the 

free HRP and GOx were removed from the Petri dish by washing with 60-100 mL of 

buffer. The washing step should be performed very gently and slow to avoid damage to 

and loss of GUVs. A fresh 10 mM Amplex Red stock solution was prepared by 

dissolving 154 µg Amplex Red in 60 µL DMSO right after the washing step. Ten µL of 

Amplex Red solution was added into the Petri dish. After 5 min, 20 µL of 20 mM glucose 

solution was added into the Petri dish. Fluorescence from GUVs was recorded by epi-

fluorescence microscope equipped with excitation and emission filters of 540/25 nm and 

610/75 nm, respectively.  

 

2.3 Results and Discussion 

2.3.1 LUV experiments 

The permeability of bilayers composed of DOPC to glucose was measured by 

entrapping GOx inside of LUVs and adding Amplex Red, HRP and glucose outside of the 

LUV. The portion of glucose that diffuses through bilayer membranes interacts with GOx 

to generate H2O2. H2O2 can diffuse back across the bilayer and interact with Amplex Red 
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and HRP. This reaction generates resorufin, which is fluorescent with excitation and 

emission wavelengths at 545 nm and 587 nm, respectively. The permeability of glucose 

through the bilayer was determined by monitoring the increase of fluorescence intensity 

as a function a time (Figure 2.3).  

Figure 2.3 A shows schematic illustrations of the four step experiment. In the first 

step, LUVs with GOx entrapped are added to the quartz cuvette; here the average 

fluorescence intensity is defined as I1. In the second step, Amplex Red and HRP are 

added to the cuvette, and the mean fluorescence intensity is defined as I2. Theoretically, 

since Amplex Red is nonfluorescent, I1 should equal to I2. However, Amplex Red may be 

oxidized in air to generate resorufin, a fluorescent molecule. The increase in fluorescence 

(I2-I1) during the second step is likely from oxidized Amplex Red. In the third step, 

glucose is added to the cuvette, and the initial and final fluorescence intensity during this 

process are defined as I3 and I3´, respectively. The increase in fluorescence in the third 

step is from the diffusion of glucose across lipid bilayer. At the end of the experiment, an 

excess of Triton X-100 is added to the cuvette, this dissolves the LUVs and mixes the 

reagents. The average fluorescence intensity after LUV dissolution is defined as I4. The 

normalized fluorescence intensity increase due to Amplex Red oxidation was calculated 

using the formula: (I2-I1)/(I4-I1). The normalized fluorescence intensity increase due to 

glucose permeation into the liposomes was calculated using the formula: (I3´-I3)/(I4-I1). 

All calculated data in the next paragraph represent the average and standard deviation of 

five measurements. 
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Figure 2.3 Glucose permeability measurements from LUVs (a) Schematic illustration of 

the experiment design. (b) Spectroscopic response (λexcitation= 545 nm, λemission= 587 nm) 

of the assay as a function of time. The numbers correspond to the number of steps 

described in results and discussion section. 
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 Figure 2.3 B shows a typical temporally resolved fluorometric response of the 

experiment. The normalized fluorescence intensity increase due to Amplex Red oxidation 

in air was found to be 3.6 ±1.2 %. The uncertainty is relatively large because the degree 

of Amplex Red oxidation depends on how long the reagent is exposed to air before the 

experiment. There was a rather large variation in time between preparation of Amplex 

Red stock solution and its use in each trial. The normalized fluorescence intensity 

increase due to spontaneous permeation of glucose into DOPC liposomes over 500 sec 

time scale was found to be 5.5 ±1.3 %. This result is comparable to those obtained from 

LUVs composed of similar lipids. A study of glucose permeability based on the same 

enzymatic assay showed that the spectrophotometric response from glucose permeation 

into liposomes is a linear function of time over 1 hour [134]. Therefore, one can 

extrapolate glucose permeation over 500 sec knowing the value obtained from 1 h 

incubation. Spontaneous permeation of glucose across liposome membranes composed of 

eggPC (PC isolated from egg yolk) at a rate of 50% over 1 h of incubation was 

discovered in a previous study [116]. This value leads to ca. 6.9% permeation over 500 

sec. As is evident, the measured glucose permeation rate across bilayers composed of 

DOPC in this experiment is comparable to the value obtained from previous studies for 

the bilayers composed of similar lipids, i.e. eggPC. However, it should be noted that the 

permeability coefficient is not calculated. To calculate this value, the distribution of 

chemical reagents inside and outside vesicles should be homogenous, which cannot be 

achieved in the GUV experiments described in the following sections. Therefore, the 
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percentage of fluorometric increase at a set amount of time, instead of permeability 

coefficient, was measured and compared.   

 

2.3.2 Imaging of Giant Unilamellar Vesicles 

GUVs could be formed from all lipids and lipid mixtures tested, although the 

yields were different. To image GUVs, 250 µL of GUV solution was diluted with 1 mL 

of 200 mM glucose. The yield of GUVs can be estimated based on the number of vesicles 

in each Petri dish. For neutral lipids, such as DOPC and bis-SorbPC, the GUV yield was 

relatively low. By mixing the neutral lipid with an anionic lipid, e.g. DOPS, the 

formation of GUVs was faster and the yield was higher. Several molar ratios of 

DOPS:DOPC were tested, from 1:12 to 1:3. The results indicated that as low as 8% of 

DOPS in DOPC can enhance the yield of GUVs.  

The formation of GUVs started from spreading lipid films on a substrate. Two 

substrates, a roughened Teflon sheet and a glass slide, were tested. During the GUV 

formation, the container was kept at 25 °С or 37 °С. These two factors had no observable 

influence on GUV morphology and yield.  

Most of the GUVs formed by the spontaneous rehydration method appeared to be 

spherical. Their sizes ranged from 10 µm to 150 µm in diameter. For GUVs from neutral 

lipids, most were in the size range between 10 µm to 40 µm. For GUVs made from 

neutral lipids doped with anionic lipid (i.e., DOPS), the average size increased, falling in 

the range of 30 µm to 80 µm.  
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GUVs can be imaged with a bright field microscope (Figure 2.4 A). However, 

since there is only one 5 nm thick lipid bilayer, the contrast is poor. By doping the 

membrane with 0.5 mole % of Rhodamine-DOPE or NBD-DOPE, the GUVs can be 

observed by epi-fluorescence and confocal fluorescence (Figure 2.4 B and Figure 2.8 A). 

From the epi-fluorescence image of a giant vesicle, it is possible to determine if the inner 

volume contains smaller vesicles (Figure 2.5).  

 Images of GUVs composed of neutral lipid (bis-SorbPC or DOPC) and 0.5 mole 

% Rhodamine-DOPE are shown in Figure 2.6. The fluorescent dopants appear 

homogeneously distributed in GUV membranes composed of either bis-SorbPC or DOPC 

before UV exposure. Homogeneous distribution of the dopants was also found in GUVs 

composed of DOPC after UV exposure for 15 min. However, GUVs composed of bis-

SorbPC showed domains of concentrated Rhodamine-DOPE after UV exposure for 15 

min. The dark domains in the GUV membranes may be the areas where the bis-SorbPC 

tightly crosslinked together. Thus, the doped Rhodamine-DOPE probes were largely 

excluded from these areas. The bight domains with concentrated Rhodamine-DOPE may 

the area where bis-SorbPC was loosely packed. 
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Figure 2.4 (A) Image of GUVs composed of 90 mole % DOPC and 10 mole % of 

DOPS by bright field microscope. (B) Image of GUVs composed of 90 mole % 

DOPC, 10 mole % of DOPS, and 0.5 mole % of Rhodamine-DOPE by epi-

fluorescence.  
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Figure 2.5 Image of vesicles composed of 90 mole % DOPC, 10 mole % of DOPS, 

and 0.5 mole % of NBD-DOPE by epi-fluorescence. (A) Unilamellar vesicles. (B) 

Vesicles with smaller vesicles entrapped. 
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Figure 2.6 Image of vesicles composed of bis-SorbPC and 0.5 mole % of Rhodamine-

DOPE by epi-fluorescence. (A) Before polymerization. (B) After polymerization by 

UV light for 15 min. Image of GUVs composed of DOPC and 0.5 mole % of 

Rhodamine-DOPE by epi-fluorescence. (C) Before polymerization. (D) After 

polymerization by UV light for 15 min.  
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2.3.3 Unilamellarity of GUVs 

 The unilamellarity of GUVs is important for their applications. For example, the 

membrane permeability to analyte is related to the number of bilayers [134]. Therefore, 

developing an easy and reproducible method to evaluate the unilamellarity of GUVs is 

crucial for their study.    

To illustrate the unilamellarity of GUVs made by the spontaneous rehydration 

method, a comparison to giant multilamellar vesicles generated using another method, 

reverse phase evaporation [135], was performed.  

By doping fluorophores, i.e. Rhodamine-DOPE or NBD-DOPE, the GUVs can be 

imaged by epi-fluorescence and confocal fluorescence microscopy. Epi-fluorescence 

images of GUVs showed that the edge of the vesicle was brighter than the center of the 

vesicle. In contrast, the epi-fluorescence image of giant multilamellar vesicles showed 

that the center of the vesicle was brighter than the edge of the vesicle (Figure 2.7). This is 

likely because there were smaller structures inside the multilamellar vesicles. The 

entrapped lipid structures in these vesicles can be observed by confocal fluorescence 

microscopy. Figure 2.8 shows equatorial section images of three giant vesicles composed 

of DOPC and 0.5 mole % of Rhodamine-DOPE. Giant vesicles formed using the 

spontaneous rehydration method are mostly unilamellar (as shown in Figure 2.8 A) with a 

small portion of vesicles containing entrapped, smaller lipid structures (as shown in 

Figure 2.8 B). In contrast, most of the giant vesicles formed using the reverse phase 

evaporation method are multilamellar, as shown in Figure 2.8 C.  
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Figure 2.7 Image of giant vesicles composed of DOPC and 0.5 mole % of 

Rhodamine-DOPE by epi-fluorescence. (A) GUVs made using the spontaneous 

rehydration method. (B) Giant multilamellar vesicles made using the reverse phase 

evaporation method. 
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Figure 2.8 Equatorial section images of giant vesicles from DOPC and 0.5 mole % of 

Rhodamine-DOPE by confocal fluorescence microscopy. (A) Giant unilamellar vesicle 

made using the spontaneous rehydration method. (B) Giant vesicles with entrapped lipid 

structures made using the spontaneous rehydration method. (C) Giant vesicles with 

entrapped lipid structures made using the reverse phase evaporation method. 



 

 

64 

 

5 µm 5 µm

A B

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Unilamellarity test on GUVs using a fluorescent quenching assay. GUVs 

composed of DOPC and 0.5 mole % NBD-DOPE were prepared using the spontaneous 

rehydration method. By adding the impermeant quencher, sodium hydrosulfite, to the 

GUV solution, the fluorophores in the outer leaflet were quenched. (A) The epi-

fluorescence image of a GUV before the addition of quencher. (B) The epi-fluorescence 

image of the same GUV after the addition of quencher. For a perfectly unilamellar 

vesicle, the unilamellarity factor should be 0.5. For this test, a value of 0.44 was 

obtained. 
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Another important property observed in GUVs is the spontaneous thermal 

undulation of their membranes [136]. This phenomenon was firstly observed a couple of 

centuries ago on resting red blood cells by optical microscope [137]. The concept of 

bending elasticity was used to describe the conformational flexibility of the fluid lipid 

bilayers and associated thermally driven shape fluctuations. For the last couple of 

decades, this phenomenon has been observed and studied on GUVs [138-141]. This 

phenomenon has been observed on most of the giant vesicles prepared using the 

spontaneous rehydration method. In contrast, no spontaneous thermal undulation of the 

membranes has been observed on giant multilamellar vesicles formed using the reverse 

phase evaporation method.  

To quantitatively characterize the unilamellarity of the GUVs, a fluorescence 

quenching assay has been utilized [124]. DOPC was mixed with 0.5 mole % of NBD-

DOPE to prepare GUVs. The fluorophores are assumed to be evenly distributed in the 

outer and inner leaflets of lipid bilayers. The addition of the quencher, sodium 

hydrosulfite, quenches only the fluorophores in the outer leaflet, since it cannot permeate 

the lipid bilayer.  

To measure the unilamellarity of the GUVs, the decrease in fluorescence intensity 

was assumed to be proportional to the concentration of NBD-DOPE in the outer leaflet of 

the bilayer. The initial fluorescence intensity is proportional to the total concentration of 

NBD-DOPE in the sample. From the fluorescence images captured before and after the 

addition of quencher, the unilamellarity of GUVs can be evaluated based on the 

following equation: 
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unilamellarity factor  =  (If - Ib) / (Ii - Ib) 

where Ib is the average background fluorescence intensity, If is the average fluorescence 

intensity of the GUV after the addition of quencher, and Ii is the initial fluorescence 

intensity of the GUV before the addition of quencher. If the GUV was perfectly 

unilamellar, the unilamellarity factor should be 0.5.  

Figure 2.9 shows a typical unilamellarity measurement on a single giant vesicle 

made using the spontaneous rehydration method. The epi-fluorescence image of a single 

GUV composed of DOPC and 0.5 mole % NBD-DOPE is shown in Figure 2.9 A. After 

the addition of excess quencher, the epi-fluorescence image of the same GUV was 

recorded (Figure 2.9 B). If, Ib, and Ii were measured from the images. The resultant 

unilamellarity factor for the GUV was calculated to be 0.44. Six giant vesicles have been 

examined. The calculated unilamellarity factors fell in the range between 0.44 and 0.53. 

These values are close to the unilamellarity factor for a perfectly unilamellar vesicle. It 

indicates that the vesicles formed using the spontaneous rehydration method described in 

previous section were most likely GUVs.  

 

2.3.4 Encapsulation and leakage of 5-carboxyfluorescein 

 Most of the membrane permeability studies in the literature have been carried out 

on LUVs or SUVs [134]. For example, permeation of 5-carboxyfluorescein across lipid 

bilayers have been examined by entrapping the dye inside LUVs [119]. The efflux of the 

entrapped dye from the vesicles can be monitored as an increase in fluorescence intensity 

due to the quenching effect of the concentrated dye inside the vesicles. However, the 
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LUV experiment gives only the average results of a large number of vesicles. Recently, 

GUVs have been used as model membranes to study permeability of lipid bilayers [125]. 

The permeation of the dye can be monitored as a function of time on a single GUV while 

the structural changes of the GUV can be recorded in real time. The permeation of 5-

carboxyfluorescein across lipid membranes has been studied through giant vesicles 

prepared using the reverse phase evaporation method [68]. However, the unilamellarity 

of these vesicles were not examined. Unilamellarity measurements described in the 

previous section showed that most of the giant vesicles made using the reverse phase 

evaporation method are not unilamellar. In this section, GUVs prepared from the 

spontaneous rehydration method have been used to study the membrane permeability to 

5-carboxyfluorescein.  

  Since permeability is related to the number of bilayers [134], it is useful to 

roughly evaluate the unilamellarity of the GUVs before each measurement. For such 

measurements, 0.5 mole % Rhodamine-DOPE was included in the initial lipid 

composition to prepare GUVs. The dye, 5-carboxyfluorescein, was encapsulated in the 

GUVs, and the free dye outside of the vesicle was washed away. By switching epi-

fluorescence filter sets, the Rhodamine-DOPE in the membrane and carboxyfluorescein 

in the vesicle’s aqueous interior can be observed. The leakage of carboxyfluorescein was 

measured by recording fluorescence images of a single GUV as a function of time. For 

each image, normalized fluorescence intensity was calculated according to the following 

equation, 

Normalized fluorescence intensity  =  (It - Ib) / (Ii - Ib) 
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where Ib is the average background fluorescence intensity, It is the average fluorescence 

intensity at time t, and Ii is the initial fluorescence intensity of the GUV. 

 The epi-fluorescence images of a single GUV composed of DOPC with entrapped 

carboxyfluorescein were recorded over time, as shown in Figure 2.10. The fluorescence 

intensity of the GUV was decreasing as a function of time. The normalized fluorescence 

intensity of one GUV was plot against time as shown in Figure 2.11. The leakage of the 

dye from one vesicle after 1 h of incubation was ca. 44%. Five GUVs have been 

examined, and the leakage of dye after the 1 h of incubation was 46%+2%, showing the 

same trend. The leakage rate of the dye across DOPC bilayer in GUVs obtained in this 

measurement is comparable to the values obtained from previous permeability studies of 

carboxyfluorescein across the fluid lipid bilayers from LUV experiments: ca. 70% 

leakage of carboxyfluorescein from LUVs composed of 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) (Phase transition temperature Tc= 23 °С) was observed after 1 h 

of incubation at 35 °С [119]; ca. 75% carboxyfluorescein leakage was observed from 

LUVs composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Tc= 41 °С) at 

46 °С [142]. However, this leakage rate (ca. 46% leakage of carboxyfluorescein after 1 h 

of incubation across DOPC bilayer in GUVs) is much larger than the value obtained from 

the giant vesicles formed using the reverse phase evaporation method, which showed no 

appreciable leakage of the dye for the same period of time [68]. It is likely because that 

most of the giant vesicles prepared using the reverse phase evaporation method are 

multilamellar. The leakage rate of the dye from giant multilamellar vesicles is 

significantly smaller than that from unilamellar vesicles [134].  
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Figure 2.10 Fluorescence images of DOPC GUVs entrapping carboxyfluorescein, 

recorded as a function of time 
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Figure 2.11 Plot of normalized fluorescence intensity of DOPC GUVs containing 

entrapped carboxyfluorescein as a function of time. The plot is from one GUV 

measurement. Five GUVs have been tested. The leakage of carboxyfluorescein after 

1 h incubation is 46% ± 2%. 
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 As shown in Figure 2.10, during the leakage measurement of carboxyfluorescein, 

there is no observed structural change of the GUV. This indicates that the leakage of the 

dye is from the spontaneous permeation across the membrane instead of instability 

induced by large membrane deformation.  

For polymerized bis-SorbPC GUVs, the image did not show any contrast. This 

suggests that there may be large pores formed in the membranes, allowing the dye to 

diffuse in and out rapidly. Therefore, no entrapment of dye can be recorded. The pores 

formed in the membranes of polymerized bis-SorbPC GUVs may be lager than 

carboxyfluorescein. The size of pores formed in the membrane is important information 

for future application of GUVs as microreactors.  

 Carboxyfluorescein is negatively charged at neutral pH. The major barrier to its 

transport across a lipid bilayer is the hydrophobic core of the membrane. One mechanism 

that explains how the solute transports across lipid membranes involves kinks in the 

hydrocarbon chains of lipids [11, 54]. Thermal motion of the lipids allows the formation 

of defects in the lipid bilayer created by these kinks. Solutes can transiently occupy these 

defects and transit through the pathways across the lipid bilayer. Based on this 

mechanism, the more occurrences of defects and the larger the defects, the more 

permeable the membranes are to solutes. Bis-SorbPC has a higher degree of unsaturation 

than DOPC, which leads to more occurrences of defects in the membranes. Once the bis-

SorbPC molecules are polymerized via UV irradiation, oligomers of bis-SorbPC are 

formed with less mobility and a variety of sizes. Thus, even larger defects may be formed 
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in the membranes. This explains the fast permeation of dye molecules across polymerized 

bis-SorbPC GUVs.   

 

2.3.5 Encapsulating of HRP and GOx in GUVs 

Studies of chemical reactions have shown that the kinetics of a reaction is related 

to the dimension of the system in which the reaction is confined [50, 143].  To study 

enzymatic reactions which happen in cells, a model system should contain a confined 

space with a biologically relevant length scale. Lipid vesicles are ideal models for such 

studies [144]. They show similar membrane properties as biological membranes, and it is 

easy to control the size of the vesicles from nanometer scales (SUVs and LUVs) to 

micron scales (GUVs).  In comparison to LUVs, GUVs (10 µm to 150 µm in diameter) 

are comparable in size to cells, and the large size allows real time study by optical 

microscopy.  

In this section, a bienzymatic assay including glucose/GOx/Amplex Red/ HRP is 

used in GUVs. GOx and HRP are entrapped inside of GUVs, while Amplex Red and 

glucose are added outside. When the analyte (glucose) diffuses across the lipid bilayer, it 

reacts with GOx to form gluconic acid and hydrogen peroxide (H2O2). In the presence of 

H2O2, HRP catalyzes the oxidation of Amplex Red to produce resorufin, a fluorescent 

product. Since both enzymes, HRP and GOx, are entrapped in the GUV, the enzymatic 

reactions occur in the GUV interior.  

Two minutes after the addition of glucose, fluorescence was observed in GUVs. 

However, since resorufin is a small neutral molecule, eventually it diffuses out of the  
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Figure 2.12 Production of fluorescent resorufin from the reactions involving 

glucose/GOx/Amplex Red/ HRP. GOx and HRP were entrapped in the GUVs composed 

of DOPC. Amplex Red and glucose were added into the GUV solution. Once the 

glucose diffused across the bilayer and reacted with GOx, H2O2 was produced. Amplex 

Red reacted with H2O2 in the presence of HRP to produce fluorescent resorufin in the 

GUV. Eventually, resorufin diffused out of the GUV. (A) Two minutes after the 

addition of glucose. (B) Four minutes after the addition of glucose. (C) Six minutes after 

the addition of glucose. (D) Eight minutes after the addition of glucose. Scale bars in the 

images correspond to 5 µm. 
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GUV. This was confirmed by detection of fluorescence outside of the defined vesicular 

structure over time. Eight minutes after the addition of glucose, the vesicular structure 

could not be distinguished from the background (Figure 2.12).  

The permeability coefficient of glucose across a lipid bilayer composed of DOPC 

cannot be calculated based on the single GUV experiment. First, the reagents, glucose 

and Amplex Red, were added into the Petri dish directly above the GUVs being imaged. 

Therefore, the distribution of the reagents is not homogeneous in the solution outside the 

GUVs. Second, the product, resorufin, is permeable across DOPC lipid bilayers and 

therefore will leak out of the GUVs rapidly. Consequently, the increase in fluorescence 

cannot be quantitatively characterized because it is no longer contained in a confined area 

within a single GUV.  

 

2.4 Conclusions 

 In this chapter, the permeability of glucose through lipid bilayers has been studied 

through a bienzymatic assay. Glucose is a small neutral molecule. LUV entrapment 

experiments showed that glucose can slowly diffuse across a DOPC lipid bilayer and 

interact with the enzyme entrapped to generate an increase in fluorescence. Once 

surfactants were added into the system to break the LUVs, the enzyme inside of the 

vesicles mixed and interacted with the analyte (glucose) outside the vesicle, and a 

significant increase in fluorescence was observed. In the single GUV experiment, both 

GOx and HRP were entrapped inside the GUVs. The two substrates, Amplex Red and 

glucose, were added outside the GUVs. Once the Amplex Red and glucose diffuse into 
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the vesicle and react with the enzymes, a fluorescent product, resorufin, is produced. An 

increase in fluorescence was observed in the GUV within 2 min after the addition of 

glucose. Eventually, resorufin diffuses out of the vesicle. After 8 min the structure of the 

GUV could not be distinguished from the background.  

 The permeability of carboxyfluorescein across lipid bilayers composed of either 

DOPC or bis-SorbPC has been studied through the single GUV experiment. 

Carboxyfluorescein was entrapped into GUVs, and the leakage of this molecule out of a 

single GUV was monitored as a function of time. GUVs composed of DOPC showed ca. 

50% leakage of the dye after 1 h of incubation. In contrast, polymerized bis-SorbPC 

GUVs could not entrap any carboxyfluorescein.  This suggests the existence of large 

pores in the membranes of polymerized bis-SorbPC GUVs.  

 The possible mechanism of passive diffusion of small molecules across a lipid 

bilayer has been discussed. Hydrocarbon chains form kinks when undergoing thermal 

motion. The kinks move along the hydrocarbon chain and create defects in the 

membrane. Analytes occupy these defects and transit across the bilayer through these 

transient pathways. This mechanism predicts that the more occurrences of defects and the 

larger the defects, the more permeable the membranes are to solutes. The much faster 

leakage of carboxyfluorescein across polymerized bis-SorbPC bilayers compared to 

DOPC bilayers can be explained by this mechanism. 

Both LUVs and GUVs have been used as model membranes for permeability 

studies. Compared to LUV experiments, the single GUV experiment may provide new 

information. First, the results from LUVs were based on the average performance of a 
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large number of vesicles. In comparison, the reaction can be studied in a single GUV, 

which may provide new insight in reaction dynamics. Second, GUVs can be directly 

observed using optical microscopy. The structure of a single GUV can be studied as a 

function of time. In contrast, the structural changes of LUVs cannot be monitored in real 

time. The leakage from spontaneous permeation of solute across membranes cannot be 

differentiated from the leakage due to mechanical rupture or large deformation of 

vesicles. Third, the size of the system in which the chemical reaction occurs influences 

the dynamics of the chemical reaction. LUVs are in submicron scales. GUVs are 

comparable in size to a typical cell. Therefore, GUV may be a better model membrane 

system for biological cell related studies.  
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CHAPTER 3 

CHARACTERIZATION OF THE POLYMER SCAFFOLD FORMED INSIDE 

THE LIPID BILAYER MEMBRANES 

 

3.1 Introduction 

 As described in chapter 1, one major limitation for technical application of model 

lipid membranes is the inherent instability [145, 146]. One strategy to enhance their 

stability is to polymerize reactive lipid molecules. However, upon polymerization, the 

lateral mobility of lipids is destroyed [5]. Another strategy is to incorporate hydrophobic 

monomers and crosslinkers into the hydrophobic interior of lipid bilayer. Upon 

polymerization, a polymer network forms inside lipid bilayers but is not covalently 

bonded to the lipids [71, 147]. The goal of this approach is to enhance the stability of a 

lipid bilayer without eliminating the lateral mobility of the lipids.  

The structure of the polymer scaffold formed inside the lipid bilayers has been 

extensively studied using a variety of techniques, i.e. quasielastic light scattering (QLS), 

scanning electron microscopy (SEM), AFM, and confocal laser scanning microscopy 

[148, 149]. However, there are limited data regarding the molecular weight distribution 

(size) of the polymer chains formed within the bilayer, an important piece of information 

needed to correlate the stability effect of the polymers on the lipid membranes.    

Many factors that can influence the size of the polymers formed in the lipid 

bilayers, such as monomer to photoinitiator ratio, lipid to monomer ratio, temperature, 

solution pH, duration of polymerization, irradiation intensity, etc. [150]. Detailed 
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polymer characterization may provide useful correlation between polymerization 

conditions, chemical structures and performance of polymers. The most widely used 

techniques to determine molecular weight average (MwA) and molecular weight 

distribution (MWD) of polymers are gel permeation chromatography (GPC, also referred 

as size exclusion chromatography) and mass spectrometry (MS)  [110]. 

 GPC is the most straightforward and most established method to measure MwA 

and MWD of polymers. In the GPC column, porous particles are packed. The mechanism 

of separation involves polymers partitioning between the mobile phase and the internal 

volume of a porous stationary phase. Polymers that are significantly larger than the pore 

size of the stationary phase are restricted to the mobile phase and elute rapidly from the 

column. Polymers whose hydrodynamic volumes are comparable to or smaller than the 

pore size of the particles diffuse into and out of the pores and elute more slowly. The 

smaller the size, the easier the polymer can permeate into the pores and the longer the 

elution time. A calibration curve from polymer standards with known MwA and narrow 

MWD is required to obtain the MwA and MWD of synthetic polymers [110]. 

MS is a fairly new approach to studying synthetic polymers, though it is routinely 

used to characterize a variety of biopolymers, such as proteins, nucleic acids, etc. The 

major challenge for using MS to analyze synthetic polymers is difficulty in characterizing 

polymers with high polydispersity. The major advantage of MS is that it can provide 

direct measurement of MwA and MWD. The molecular weight of the repeating unit can 

also be identified [151]. The most common ionization methods for polymer analysis are 

electrospray ionization (ESI) and matrix-assisted laser- desorption ionization (MALDI). 
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In ESI, sample has to be dissolved in a solvent that is capable of forming a spray. Ions 

with multiple charges are formed in ESI, which may make it difficult to interpret the data. 

MALDI is a better choice for polymer characterization for several reasons. First, samples 

are cocrystallized with a matrix material, requiring very small amount of sample (ca. 

picomoles). Second, most of the ions generated are singly or doubly charged, 

significantly simplifying the spectrum. When coupled to a time-of-flight (TOF) mass 

detector, most of the commercial MALDI-TOF can analyze samples up to 50,000 Da 

[151].  

The goal of this study is to characterize the size of the polymer scaffold formed 

within the hydrophobic interior of the lipid bilayer, and explore the correlation between 

the membrane stability and the size of the polymers.  

 

3.2 Experimental Section 

3.2.1 Materials 

 Bis-Sorbyl phosphatidylcholine (bis-SorbPC) was synthesized and purified by Dr. 

Gemma D’Ambruoso and Dr. Juhua Xu using a modification to the previous published 

procedure (structure showed in Figure 1.5) [133]. Lipid purity was evaluated using thin-

layer chromatography. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased 

from Avanti Polar Lipids (Alabaster, AL). Butyl methacrylate (BMA), ethylene glycol 

dimethacrylate (EGDMA), and 2-Methyl-4′-(methylthio)-2-morpholinopropiophenone 

(Irgacure 907) were purchased from Sigma-Aldrich and passed through an inhibitor 

removal column (Aldrich) prior to use. Dimethacryloyloxyethoxypropane (DMOEP) was 
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synthesized by Mr. David Roberts. Poly(n-butyl methacrylate) with polydispersity of 

1.06 was purchased from Polymer Source, Inc. (Dorval PQ, Canada). Liposomes were 

prepared in deionized (18.1 MΩ) water. All other chemicals were purchased from 

standard chemical sources. The structures of the important chemicals used in this chapter 

are shown in Figure 3.1. 

 

3.2.2 Preparation of lipid vesicles 

Two mL of lipid stock solution, either DOPC or bis-SorbPC, in chloroform (20 

mg/mL) was evaporated under a direct stream of argon. The organic solvent was further 

removed under high vacuum for a minimum of 4 h. Four mL of deionized water was 

added to rehydrate the dried lipid films to a final lipid concentration of 10 mg/mL. A 

homogeneous lipid solution was formed by vortexing, to yield a mixture of multilamellar, 

polydisperse liposomes. Ten freeze-thaw cycles, consisting of freezing in dry ice/2-

propanol (-77 °С) followed by thawing in warm water (35 °С), were applied to the 

liposome solution. Unilamellar liposomes with a narrow size distribution were obtained 

by repeated extrusion (21 times) through polycarbonate filters (Nucleopore filters) with a 

pore size of 200 nm using a mini-extruder (Avanti Polar Lipids, Inc.). A final lipid 

concentration of 2 mg/ml was obtained by diluting the liposome solution 5 fold.  
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Figure 3.1 Structure of chemicals  

(A) 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)  

(B) 2-Methyl-4′-(methylthio)-2-morpholinopropiophenone (Irgacure 907) 

(C) Butyl methacrylate (BMA) 

(D) Dimethacryloyloxyethoxypropane (DMOEP) 

(E) Ethylene-glycol dimethacrylate (EGDMA) 



 

 

82 

 
3.2.3 Formation of polymer networks 

3.2.3.1 Preparation of liposomes composed of bis-SorbPC / EGDMA / Irgacure 907 

Irgacure 907 (λmax= 310 nm) in methanol (20 mg/mL) was dried on the inner wall 

of a vial under a stream of argon.  Liposomes composed of bis-SorbPC were added into 

the vial and then mixed with hydrophobic crosslinker EGDMA at a [bis-SorbPC]: 

[EGDMA]:[Irgacure 907] molar ratio of 1:2:0.2. The mixture was stirred overnight at 

room temperature to allow partitioning of monomer and photoinitiator into the lipid 

bilayer.  

 

3.2.3.2 Preparation of liposomes composed of DOPC / BMA / Irgacure 907 

Irgacure 907 in methanol (20 mg/ml) was dried on the inner wall of a vial under a 

stream of argon. DOPC liposome solution (2 mg/ml with respect to the lipid) was added 

into the vial and then mixed with BMA at a [DOPC]: [BMA]: [Irgacure 907] molar ratio 

of 1:1:0.1. The mixture was then stirred overnight at room temperature to allow 

partitioning of monomer and photoinitiator into the lipid bilayer.  

 

3.2.3.3 Preparation of liposomes composed of DOPC / BMA / Irgacure 907/ 

EGDMA or DMOEP 

Irgacure 907 in methanol (20 mg/ml) was dried on the inner wall of a vial under a 

stream of argon. DOPC liposome solution (2 mg/ml with respect to the lipid) was added 

into the vial and then mixed with BMA and EGDMA (or DMOEP) at a 

[DOPC]:[Irgacure 907]:[BMA]:[EGDMA](or [DMOEP])  molar ratio of 1: 0.1: 1: 0.7. 
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3.2.3.4 Polymerization of liposomes 

The liposome solution was transferred into a quartz cuvette and then purged with 

argon for 30 min to reduce O2 levels. The liposome solution was then irradiated for 1 h 

with a 75 W mercury lamp (wavelength range from 200 nm to 350 nm) with constant 

stirring to avoid the inner filter effect. An IR filter was placed in front of the cuvette to 

avoid heating up the sample. The temperature of the solution was kept at 25 °С during 

polymerization with a temperature controlled cuvette holder by actively heating or 

cooling the adjacent sides of the cuvette with a circulating water bath.  

 

3.2.4 Dynamic light scattering (DLS) 

 The sample was diluted with deionized water to ca. 0.2 mg/ml with respect to the 

lipid. DLS measurements were performed using a Brookhaven BI200SM light scattering 

apparatus with digital correlator BI2037AT. All measurements were performed at a 

scattering angle of 90 degree at 20 °С. Data was collected using a 5 min integration time.  

 

3.2.5 Separation of the polymer scaffold from lipid bilayers  

The aqueous solution of lipid-polymer mixture was lyophilized using a FreeZone 

freeze dry system (Labconco). For the lipid-polymer mixture composed of DOPC/BMA, 

the white powder collected from lyophilization was dissolved in 0.5 mL of THF. In a 

second reservoir, 5 mL of methanol was stirred. The THF solution was added into the 

methanol dropwise. The lipids dissolved in methanol, while the polymers precipitated. 

For the lipid-polymer mixture composed of DOPC/BMA/EGDMA (or DMOEP), the 
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white powder collected from lyophilization was dispersed in 4 mL of THF. The lipids 

dissolved in THF while the polymers precipitated.  

The polymer precipitates were then collected by centrifugation followed by 

methanol washing 5 times. Finally, the isolated polymers were collected and dried in a 

lyophilizer.  

 

3.2.6 Acid-catalyzed degradation of crosslinked polymers composed of BMA and 

DMOEP  

Crosslinked polymers have fairly large molecular weights and cannot be dissolved 

in most common organic solvents. However, the crosslinker DMOEP degrades in acidic 

environments. The crosslinked polymers generated from BMA/DMOEP were dispersed 

in THF. Hydrochloric acid (2 M) was added into the THF solution dropwise, and the pH 

of the solution was monitored with pH paper. Once the pH reached 2, the addition of 

hydrochloric acid was stopped. After incubating the polymer dispersion in acidified THF 

at pH 2 overnight, the solution was neutralized by adding 2 M KOH and then lyophilized. 

The dried polymer was collected and washed with water 5 times to reduce the salt 

content, then dried and dissolved in an organic solvent for further analysis.  

  

3.2.7 Gel permeation chromatography (GPC) 

 The purified polyBMA was dissolved in THF with 0.5% toluene (v/v) at ca. 1 

mg/mL. The solution was passed through a 0.2 µm syringe filter to remove dust 

contaminants and large aggregates. GPC analyses were performed using a Waters 1515 



 

 

85 

isocratic HPLC system equipped with a Model 2487 dual wavelength UV-Vis 

spectrometer and a Model 2414 differential refractometer. A column set, consisting of 

104, 103 and 102 Å PLgel columns, was employed. The mobile phase was THF held at 35 

°С with a flow rate of 1 mL/min. Molar masses were calculated using the Empower 

software (Waters) calibrating against low polydispersity linear polystyrene standards in 

all cases. 

 

3.2.8 Mass Spectrometry (MS) 

 MS analyses were performed with a Reflex III (Bruker, Billerica, MA) 

MALDI/TOF mass spectrometer equipped with a reflectron and a 1.25 m flight tube. The 

measurements were performed in both linear and reflectron TOF configurations with the 

acceleration voltage set to 20 kV.  

 Polymerized LUVs of bis-SorbPC and EGDMA were diluted 10-fold in water. 

One µL of sample was mixed with 10 µL of 0.2 M matrix solution, 2,5-dihydroxybenzoic 

acid (DHB) (Aldrich) in toluene. PolyBMA standard was dissolved in acetone at ca. 1 

mg/mL. One µL of sample was mixed with 5 µL of 0.2 M matrix solution, trans-3-

indoleacrylic acid (IAA) (Aldrich) in acetone. Other matrix solutions examined were: 

DHB in toluene and dithranol (DIT) (Aldrich) in chloroform.  

The mixed sample and matrix solution was vortexed briefly, and 1 µL was 

applied to a stainless steel sample plate. As solvent evaporated, a solid mixture of sample 

and matrix was formed on the sample plate. The sample plate was then positioned into 

the MALDI-TOF instrument. A 337 nm N2 laser (2 ns pulse width, 400 µJ/pulse, ca.100-
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150 µm spot) was employed for desorption of the crystalline sample mixture. Laser 

powers with attenuation of 72% (28% of the total laser intensity) and 32% (68% of the 

total laser intensity) were applied to polymer samples. Positive ions were detected in all 

experiments. The final results were obtained from the sum of 200 laser shots acquired at a 

rate of 3 shots/s. Cytochrome c and bovine serum albumin (BSA) were used as external 

calibrants for m/z scanning ranges of 500-45,000 and 500-350,000, respectively. All 

spectra were smoothed with a 5 or 10 point Golay-Savitzky smoothing algorithm.   

 

3.3 Results and Discussion 

3.3.1 Bis-SorbPC liposomes stabilized with crosslinker EGDMA  

 Bis-SorbPC contains two polymerizable dienoyl groups.  Previous studies have 

used bis-SorbPC alone to form poly(lipid) membranes that were stabilized in comparison 

to membranes composed of natural lipids [81]. The absorbance maximum of bis-SorbPC 

is at 260 nm, whereas that of Irgacure 907 is 310 nm. As shown in Figure 3.2, UV/Vis 

absorbance measurements as a function of time have been applied to monomer-

containing liposomes with Irgacure 907. The absorbance spectrum of the sample obtained 

before UV irradiation showed an absorbance peak centered at 310 nm. The absorbance 

spectrum obtained after 10 min of UV irradiation showed no characteristic absorbance 

peak from Irgacure 907. It indicates that the reaction takes less than 10 min of UV 

irradiation to convert all Irgacure 907 into radicals.   

Previous studies proved that by adding crosslinker EGDMA to bis-SorbPC, the 

polymerized liposomes are more stable in surfactant solution compared to polymerized 
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liposomes from bis-SorbPC alone [67]. Upon polymerization of bis-SorbPC by direct UV 

irradiation, the size of the oligomer formed is ca. 3~10 bis-SorbPC monomers [81]. In 

contrast, the size of the polymer networks formed in the liposomes composed of bis-

SorbPC and EGDMA upon UV irradiation is much larger, as characterized by MS. As 

shown in Figure 3.3, the spectrum of the sample before UV illumination showed three 

primary peaks. The peaks at m/z 726, 1490, and 2259 correspond to bis-SorbPC 

monomers, dimers, and trimers, respectively. The data suggests that before UV 

illumination, the liposomes were composed of mainly bis-SorbPC monomers, dimers and 

trimers. The dimer and trimer peaks may result from noncovalently associated bis-

SorbPC monomers. Figure 3.4 A shows the spectrum of liposome sample following UV 

polymerization. Figure 3.4 B is an expansion of the spectrum from m/z 500 to 6000. The 

peaks at m/z 726, 1489, 2261, and 3035 correspond to bis-SorbPC monomers, dimers, 

trimers and tetramers, respectively. The peaks at m/z 919, 1687, and 2459 correspond to 

bis-SorbPC monomers, dimers, and trimers associated with one EGDMA. Figure 3.4 C 

shows the expansion of the spectrum from m/z 10000 to 28000. A distribution of large 

molecular weight species, centered at ca.14 kDa, was observed. Based on the molecular 

weight and the ratio of [EGDMA] to [bis-SorbPC] used for sample preparation, it is 

possible that the large molecular weight species were made from 12 bis-SorbPC 

monomers and 24 EGDMA monomers. Much larger lipid-polymer networks have formed 

in these liposomes compared to liposomes composed of pure bis-SorbPC. The apparent 

higher degree of polymerization may be the reason for enhanced stability. However, since 

the lipids were covalently linked together, the lateral mobility of lipids was destroyed. 
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Figure 3.2 Absorbance spectra obtained from liposomes containing BMA monomers 

and Irgacure 907. (A) Before UV irradiation. (B) After 10 min of UV irradiation. 
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Figure 3.3 Positive ion MALDI-TOF mass spectrum of LUVs from bis-SorbPC and 

EGDMA before UV polymerization. (A) The spectrum from m/z 0 to 400,000. (B) 

Expanded view of the spectrum from m/z 0 to 2,400. 
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Figure 3.4 Positive ion MALDI-TOF mass spectrum of polymerized LUVs composed 

of bis-SorbPC and EGDMA. (A) The spectrum from m/z 0 to 400,000. (B) Expanded 

view of the spectrum from m/z 500 to 6,000. (C) Expanded view of the spectrum from 

m/z 10,000 to 28,000. 
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3.3.2 DOPC liposomes stabilized with polymer from BMA and EGDMA  

 LUVs made from natural lipids, e.g. DOPC, are not physically or chemically 

stable. Stability to surfactant addition is commonly used to LUV stability 

characterization. Triton X-100 to DOPC molar ratios greater than 5, dissolve DOPC 

liposomes (Figure 3.5). The primary objective of this study is to enhance the structural 

stability of DOPC liposomes. DOPC LUVs with a diameter ca. 200 nm were incubated 

with BMA, EGDMA, and Irgacure 907. After partitioning into the hydrophobic interior 

of liposome bilayers, monomers were polymerized via UV irradiation. Hollow polymer 

spheres were formed in the lipid bilayers [148, 149]. In the presence of Triton X-100 at a 

surfactant to lipid molar ratio of 20, polymerized LUVs exhibited no change in size 

(Figure 3.6) [111].  

 Different monomer to crosslinker ratios have been examined. Not all 

combinations can provide stabilized LUVs. Thus, the stability of these LUVs is likely 

related to the size of polymer networks formed in the membrane. A goal of this study was 

to characterize the molecular weight distribution of the polymer networks formed from 

BMA and EGDMA inside DOPC bilayers. However, the crosslinked polymers were not 

sufficient solubilized in organic solvents to allow GPC or MS analysis. Therefore, linear 

polymers formed from BMA inside of the LUV membranes were characterized instead. 

The crosslinking among linear polymers connect them together, generating lager polymer 

complex. Thus, the polymer sizes from these linear polymers are expected to be a 

minimum value of the crosslinked polymers.  
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Figure 3.5 Size distribution of liposomes made from DOPC: (squares) without Triton 

X-100 treatment; (circles) in the presence of Triton X-100, with a surfactant to lipid 

molar ratio of 20:1. 
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Figure 3.6 Size distribution of liposomes made from DOPC with monomer BMA, 

crosslinker EGDMA and photoinitiator Irgacure 907: (squares) without Triton X-100 

treatment; (circles) in the presence of Triton X-100 at a surfactant to lipid molar ratio of 

20:1. 
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A commercial polyBMA standard with a narrow molecular weight distribution 

was used to optimize the experimental conditions for polymer characterization. For GPC 

analysis, the polymer standard was dissolved in THF with toluene as the internal 

calibrant. The peak shown in the GPC chromatogram at retention time ca. 20 min 

corresponds to the polyBMA standard (Figure 3.7). The GPC data showed that Mw and 

Mn for the polymer were 8313 Da and 8034 Da, respectively. The polydispersity was 

calculated as the ratio of Mw to Mn and was found to be 1.03.  

The polymer standard was also analyzed with positive ion MALDI-TOF mass 

spectrometry. The matrix material and the laser power used for sample desorption are 

critical to the success of such measurements. DIT, DHB and IAA were evaluated as 

MALDI matrix materials. No peaks were detected with DHB, while a large background 

was observed with DIT. Using IAA as the matrix, a clear mass spectrum was recorded 

(Figure 3.8). IAA was the best matrix for polyBMA characterization among the three that 

were evaluated, possibly due to enhanced solubility of polyBMA in IAA allowing the 

polymer to cocrystallize with IAA homogeneously [152, 153]. Good resolution was 

obtained when low laser powers were used (72% attenuation, 28% of total laser 

intensity). Figure 3.8 reveals peaks separated by 142 Da, consistent with the molecular 

weight of BMA monomer. The resolution was decreased with higher laser powers (32% 

attenuation, 68% of the total laser intensity), making it difficult to resolve individual 

molecular ions (Figure 3.9). As shown in Figure 3.8 and Figure 3.9, the molecular weight 

distribution of polyBMA was centered at ca. 9.5 kDa, with a range extending from 7 kDa 

to 13 kDa.  



 

 

95 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 GPC chromatogram of polyBMA standard. The number average molecular 

weight of the polymer is 8034 Da. The weight average molecular weight of the polymer 

is 8313 Da. The polydispersity of the polymer is 1.03. 
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Figure 3.8 Positive ion MALDI-TOF mass spectrum of polyBMA standard. (A) The 

spectrum from m/z 0 to 50,000. (B) Expanded view of the spectrum from m/z 5,000 to 

15,000. (C) Expanded view of the spectrum from m/z 8,500 to 10,500. Laser power with 

attenuation of 72% (28% of the total laser intensity) was applied to the sample.  
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Figure 3.9 Positive ion MALDI-TOF mass spectrum of polyBMA standard. (A) The 

spectrum from m/z 0 to 400,000. (B) Expanded view of the spectrum from m/z 0 to 

20000. Laser power with attenuation of 32% (68% of the total laser intensity) was 

applied to the sample.  
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 Analysis of polyBMA formed in DOPC liposomes is more complicated as the 

liposome solution cannot be directly used in either GPC or MS. The GPC column 

packing is highly hydrophobic. Thus, lipids in the sample adsorb to and foul the column. 

For MS analysis, DOPC molecules form the dominant molecular species compared to 

polyBMA formed in the bilayer. In addition, DOPC is much easier to ionize compared to 

polyBMA. Hence, only DOPC molecules would be detected in MALDI-TOF if the LUV 

solution was analyzed directly. Therefore, the polymer was isolated from the lipids prior 

to further analysis.   

Following removal of lipids from the composite polymer LUVs, GPC and MS 

analysis were performed. GPC analysis showed that polyBMA formed in liposome 

bilayers exhibited a wide MWD, as indicated by its polydispersity of 2.75. As shown in 

Figure 3.10, the peak centered at ca. 19 min corresponds to the polymer analyte. The Mw 

and Mn of the polymer were ca. 66 kDa and 24 kDa, respectively. This result was 

confirmed with further MS analysis (Figure 3.11). Isolated polymer was dissolved and 

mixed with IAA in acetone. When using low laser power (72% attenuation, 28% of the 

total laser intensity), no sample peaks were observed in the MALDI-TOF spectrum, 

possibly due to the high polydispersity of the polymer sample [152]. When using higher 

laser power (32% attenuation, 68% of the total laser intensity), polymers were detected 

albeit with low resolution. As shown in Figure 3.11, the molecular weight distribution 

was centered at ca. 34 kDa, with a range extending from 18 kDa to 58 kDa. This broad 

peak corresponds to the isolated polyBMA sample. However, an expansion of the 
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obtained spectrum (Figure 3.11 B) shows that the resolution is not sufficient to resolve 

individual molecular ions.  

The crosslinking among linear polymers connect them together, generating lager 

polymer complex. The size of polyBMA isolated from the liposome bilayers is expected 

to be only a minimum value for crosslinked polymers made from BMA and EGDMA. 

The large polymer networks formed in the DOPC bilayers may explain how they support 

the fragile lipid bilayers and enhance their stability in the presence of surfactants. When 

polymerized LUV solution composed of DOPC/BMA was directly analyzed by 

MALDI/TOF, only peaks corresponding to DOPC monomers and dimers were observed. 

No peaks corresponding to lipids associated with monomers were observed. The data 

suggests that there is no covalent bonding between the lipids and the polymer networks. 

The large polymers function only as a scaffold for the lipid bilayers. The size and shape 

of the polymer shell after the removal of surfactants have been characterized by a variety 

of techniques, e.g. DLS, QLS, SEM, TEM, and AFM, etc. [148, 149]. Such studies 

showed that the hollow polymer shell isolated from DOPC liposomes can maintain a 

spherical shape, possibly due to the high elasticity introduced by the large, crosslinked 

polymers acting against collapsing. The molecular weight distribution of the polymers 

determined here supplements the structural images of hollow polymer spheres obtained 

after extraction of the lipids from the LUVs.  
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Figure 3.10 GPC chromatogram of polyBMA isolated from DOPC liposomes. The 

number average molecular weight of the polymer is 23917 Da. The weight average 

molecular weight of the polymer is 65693 Da. The polydispersity of the polymer is 2.75. 
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Figure 3.11 Positive ion MALDI-TOF mass spectrum of polyBMA isolated from 

DOPC liposomes. (A) The spectrum from m/z 0 to 400,000. (B) Expanded view of the 

spectrum from m/z 16,000 to 60,000. Laser power with attenuation of 32% (68% of the 

total laser intensity) was applied to the sample.  



 

 

102 

3.3.3 DOPC liposomes stabilized with polymers from BMA and DMOEP 

Polymers formed from BMA and the crosslinker DMOEP in DOPC liposomes 

were also prepared and characterized. DMOEP degrades at low pH. From Roberts’s 

studies, LUVs prepared at pH 7 showed higher stability compared to LUVs prepared at 

pH 2 [154]. It is proposed that when DMOEP degrades at pH 2, the linkages between the 

linear polymers are broken, leading to smaller polymer networks and decreased stability. 

In general, the solubility of polymers in a given solvent will decrease with 

increasing molecular weight, allowing this property to be used for rough comparison of 

the polymer sizes [110]. A solubility comparison was performed for copolymers formed 

using BMA and DMOEP in DOPC liposomes, then isolated and incubated in THF at 

different pH values. The aqueous liposome solution was then lyophilized to remove 

water, and the resulting polymer networks were isolated from the surrounding surfactants 

by solvent extraction with THF. Isolated polymer was divided into two vials. In one vial, 

polymer was incubated in THF at pH 7 overnight, and the polymer was found to be 

insoluble (Figure 3.12 A). In a second vial, polymer was incubated in acidified THF at 

pH 2 overnight, and the polymers were found to be completely solubilized (Figure 3.12 

B). The difference in solubility of the polymers following incubation at different pH is 

likely related to differences in polymer sizes with increased solubility at pH 2 due to 

acid-catalyzed degradation of DMOEP. The two ether linkages were hydrolyzed by acid, 

leaving hydroxyl terminated chains and releasing a molecule of acetone. Polymer formed 

using BMA and EGDMA in DOPC liposomes, then isolated and incubated in THF at 

different pH was used as control. As shown in Figure 3.12 D and 3.12 E, there is no 



 

 

103 

apparent solubility difference between the polymers after incubation in acidified THF at 

pH 2 and after incubation in THF at pH 7. However, it should be noted that the solubility 

of the polymers was compared in two different solvents: pure THF and THF that was 

acidified by the addition of 2M HCl in water. To determine that the increased solubility 

of the polymers incubated in acidified THF at pH 2 was due to the pH change and not due 

to the presence of water, a control experiment was performed. Water was added into the 

polymer solution incubated at pH 7 (Figure 3.12 A). The amount of water was equal to 

the amount of HCl solution used to adjust the pH to 2 in the sample shown in Figure 3.12 

B. As shown in Figure 3.12 C, the solubility of the polymers under these conditions is the 

same as sample A, eliminating the presence of water as the cause for the change in 

solubility.   

As described isolated polymer formed from BMA and DMOEP is soluble in 

acidified THF solution after incubation overnight. Solubilization in organic solvent 

allows further analysis with MS to obtain molecular weight distributions. Briefly, the 

polymers in acidified THF solution were neutralized and then dried and washed with 

water to reduce salt levels. The purified polymer was then dissolved and mixed with IAA 

in acetone. When using low laser power (72% attenuation, 28% of the total laser 

intensity), no sample signals were detected in the MALDI-TOF mass spectrometer, 

possibly due to the high polydispersity of the polymer sample [152], attributed to non-

controlled free radical polymerization. When a higher laser power was used (32% 

attenuation, 68% of the total laser intensity), polymers were detected. As shown in Figure 

3.13, a molecular weight distribution centered at 22 kDa was observed. It can be assumed  
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Figure 3.12 Solubility measurements of polymers. (A) Polymers formed from BMA 

and DMOEP in DOPC liposomes, then isolated and incubated in THF at pH 7 

overnight. (B) Polymers formed from BMA and DMOEP in DOPC liposomes, then 

isolated and incubated in acidified THF at pH 2 overnight. (C) Polymers prepared as 

in (A) but adding water into the incubation solution overnight. (D) Polymers formed 

from BMA and EGDMA in DOPC liposomes, then isolated and incubated in THF at 

pH 7 overnight. (E) Polymers formed from BMA and EGDMA in DOPC liposomes, 

then isolated and incubated in acidified THF at pH 2 overnight.  (F) PolyBMA 

dissolved in THF.   
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Figure 3.13 Positive ion MALDI-TOF mass spectra of polymers prepared as described 

in section 3.3.3. (A) The spectrum from m/z 0 to 400,000. (B) Expanded view of the 

spectrum from m/z 16000 to 60000. Laser power with attenuation of 32% (68% of the 

total laser intensity) was applied to the sample.  
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that before the cleavage of DMOEP, the polymer molecular weight was larger than 22 

kDa. 

 Polymers formed from BMA and DMOEP in DOPC liposomes were extracted 

from the lipids. The sizes of these polymers at different pH values were studied by 

comparing solubility in a given solvent at different pH values. However, the sizes of 

polymers obtained under these conditions may not represent the sizes of polymers formed 

in liposome bilayers buffer to these pH values, since the proton accessibility to the 

polymers may vary in the presence and absence of a lipid bilayer.  In order to correlate 

the polymer sizes to the stability of liposomes, the effect of proton accessibility to 

polymers on the polymer sizes was examined. The polymer solubility measurements were 

performed comparing polymers cleaved in the presence and absence of a lipid bilayer. 

Shown in Figure 3.14, sample A was prepared by isolating the polymer from DOPC 

liposomes, dispersing it in THF, adjusting the pH to 2, and incubating overnight; sample 

B was prepared by adjusting the polymerized LUV solution to pH 2 and incubating 

overnight, followed by lyophilizing the sample and dissolving it in THF; sample C was 

prepared by isolating the polymer from DOPC liposomes and suspending it in THF at pH 

7. Sample A completely dissolved in THF, consistent with results shown in Figure 3.12 

B, likely due to accessibility of polymer to protons in solution. Samples B and C were 

found to be insoluble in THF, and the transparency to these samples was less than that of 

Sample A. Larger polymers are less soluble, and scatter more light, lowering 

transparency of the solution. Absorbance measurements were applied to these samples to 

quantify this effect. Measurements were made at 330 nm, at which the polymer has no 
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absorbance. The apparent absorbance at 330 nm is therefore due to the scattering of light, 

and the intensity of scattered light is proportional to the size and concentration of a 

polymer. The concentrations of polymers in these samples are the same. The decrease in 

detected light intensity (the increase in light scattering) of samples A, B, and C, 

respectively, is likely due to increases in the molecular weight (size) of the polymers 

(Figure 3.15). Sample B showed more scattering of light than Sample A, but less 

scattering of light than Sample C. This observation indicates that in the presence of a 

lipid bilayer, acid hydrolysis of the polymer proceeds to a lesser extent. However, the 

acidified solutions in Samples A and B were not equivalent. In Sample A the polymers 

were degraded in acidified THF, whereas the polymers in Sample B were degraded in an 

acidic aqueous environment. Therefore, Sample E was prepared as a control. Polymers 

were isolated from DOPC liposomes, then dispersed in water at pH 2 and incubated 

overnight. Then the polymer solution was lyophilized and dissolved in THF. Thus, the 

different acidified solutions were not the cause for the difference in solubility between 

Sample A and B.  

 The effect of crosslinker to monomer ratio on polymer size was examined. Shown 

in Figure 3.14, Sample C was prepared by isolating the polymer from DOPC liposomes 

and suspending it in THF at pH 7. Sample D was prepared in the same way, using the 

same amount of BMA, but double the amount of DMOEP.  As shown in Figure 3.15, the 

apparent absorbance at 330 nm of Sample D is ca. 2 times larger than that of Sample C, 

indicating larger molecular weight species were formed in Sample D. As expected, 

samples with higher crosslinker to monomer ratio are larger in molecular weight (size).  
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Figure 3.14 Solubility measurements of polymers. (A) Polymers isolated from DOPC 

liposomes were dissolved in THF and kept at pH 2 overnight. (B) Polymerized LUVs 

were kept at pH 2 overnight. Then polymers were isolated and dissolved in THF. (C) 

Polymers isolated from DOPC liposomes were dissolved in THF at pH 7. (D) Polymers 

with double the amount of DMOEP used in (C) were isolated and dissolved in THF at 

pH 7. (E) Polymers isolated from DOPC liposomes were dispersed in water and kept at 

pH 2 overnight. Then the polymer solution was lyophilized and dissolved in THF. 
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Figure 3.15 Absorbance measurements of samples A, B, C, D, prepared as indicated in 

section 3.3.3 and shown in Figure 3.14. All samples were diluted three-fold with THF 

before measuring.  
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 The occupiable volume of the hydrophobic region of a lipid bilayer appears to be 

important in determining the amount of monomers that are able to partition into a 

membrane. The hydrophobic volume per lipid and the molecular volumes of BMA, 

EGDMA, and DMOEP are shown in Table 3.1.  Partitioning occurs through one of two 

possible processes. In one possibility, the monomers and lipids may be mutually 

exclusive, which means the partitioning of monomers may lead to a thickening of the 

membrane. The other possibility is that the monomers instead fill in the gaps between the 

lipids. To further complicate matters, the partition coefficient of the monomers between 

the aqueous environment and the hydrophobic region of the lipid bilayer is unknown. 

Therefore, it is difficult to predict the occupation of monomers in a lipid bilayers based 

solely on the molecular sizes of the monomers and the volume of the hydrophobic region 

of a lipid bilayer.   
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Table 3.1 Summary of the volume per molecule for each of the constituents of the 

system [7][9]. 
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3.4 Conclusions 

 In this chapter, stabilized lipid vesicles have been prepared using two different 

strategies. In the first, a polymerizable lipid, bis-SorbPC, was mixed with a hydrophobic 

crosslinker, EGDMA, and polymerized via UV irradiation. The stability of the membrane 

to dissolution by surfactants was enhanced. However, since lipids were crosslinked 

together, the lateral mobility of lipids may be destroyed. In the second, a natural lipid, 

DOPC, was used. A hydrophobic monomer, BMA, and a crosslinker, EGDMA or 

DMOEP, were partitioned into the DOPC bilayer. UV irradiation was used to form 

polymer networks in the bilayer. Since there was no covalent boding between lipids and 

the polymer scaffold, the lateral mobility of membrane may maintain (this was not 

experimentally verified). The size of the polymer networks formed in the bilayer was 

characterized by MS and/or GPC.  

The polymer formed in liposomes composed of bis-SorbPC and EGDMA was 

centered at ca. 14 kDa. In contrast, liposomes composed of bis-SorbPC and polymerized 

by UV irradiation contained only oligomers with molecular weight less than 1 kDa. This 

may explain why the polymerized bis-SorbPC liposomes containing EGDMA were more 

stable in surfactants compared to polymerized pure bis-SorbPC liposomes. The larger 

lipid-polymer networks appear to enhance the stability of the lipid membrane.  

 LUVs from natural lipids can also be stabilized by first incorporating BMA and 

EGDMA inside of the bilayer. Upon UV irradiation, polymer networks were formed in 

the bilayer, and the stability of the liposomes to surfactant solubilization was enhanced. 

Without crosslinker, BMA can partition into the bilayer and form linear polymers with a 
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molecular weight distribution centered at 34 kDa. The crosslinked polymer should be 

even larger than the linear polymer (this was not experimentally verified). 

By partitioning the proton-sensitive crosslinker DMOEP along with BMA into 

DOPC liposomes, polymerized LUVs were prepared having different stability at different 

pH values. At neutral pH, the polymerized LUVs showed high stability compared to 

LUVs that lacked polymer. At low pH, i.e. pH 2, the crosslinker was cleaved by acid 

hydrolysis, forming linear polymers. The stability of these LUVs in surfactant solution 

was less than the crosslinked liposomes prepared at pH 7.  

Polymer networks formed inside DOPC bilayers were isolated and purified. After 

hydrolysis at pH 2 overnight, the polymer completely dissolved in THF. The size of the 

degraded polymer was analyzed by MALDI-TOF. The molecular weight distribution was 

centered at 22 kDa, similar in size to polymer made from BMA without a crosslinker.  

In summary, large polymer networks have been formed in bilayer vesicles 

composed of natural lipids. The membrane stability measurements and the size 

distribution of the incorporated polymers showed a correlation. Thus the size of the 

polymer networks appears to directly relate to the stability of the membrane.  
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CHAPTER 4  

FUTURE DIRECTIONS 

 

4.1 Future work to measure mechanical properties with GUVs  

4.1.1 Background and significance  

 Lipids with polymerizable moieties, i.e. bis-SorbPC and bis-DenPC, can self-

assemble into bilayer structures [5]. Upon polymerization, the stability of the membrane 

in the presence of surfactants is significantly enhanced, which can benefit the potential 

technological applications of these membranes. However, after polymerization, the 

physical properties of these lipid membranes may significantly change. For example, the 

mechanical stretching and bending properties of a lipid membrane may change upon 

polymerization. Many transmembrane proteins proceed through a series of 

conformational changes in order to perform their biological function [155]. There may be 

a correlation between the mechanical properties of membranes and the bioactivity of 

reconstituted transmembrane proteins. Our lab is planning to measure the mechanical 

properties of the poly(lipid) membranes and correlate these properties to transmembrane 

protein activity.  

 Mechanical property moduli are obtained by correlating the force applied to the 

membrane with the resultant deformation of the membrane. Several techniques have been 

used to characterize the mechanical properties of lipid membranes, such as AFM, 

magnetic tweezers, and micropipette aspiration [6]. Micropipette aspiration probably 

provides the most accurate mechanical property measurements [156]. This technique 
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involves measurements of the geometry changes of a single GUV when applying 

controlled aspiration forces through a micropipette. Upon mechanical pressurization, the 

membrane is partially aspirated into the micropipette.  The advantage of this technique 

over the others is that a small expansion of the membrane area of a GUV can be 

measured as a large increase in projection length into the micropipette. The membrane 

expansion is therefore greatly magnified by the use of micropipette which allows a more 

accurate measurement of membrane expansion to be obtained [156]. 

 

4.1.2 Micropipette aspiration setup 

 The instrument for micropipette aspiration has been assembled. A schematic 

diagram of main parts of the instrument has been shown in Figure 4.1.  

 

4.1.2.1 Micropipette preparation 

 The ideal micropipette is a cylindrical shaped glass tube with a flat tip and an 

inner diameter in the range of 6-10 µm. The micropipette is used to apply mechanical 

pressurization to the GUV, and it should have well defined geometry in order to measure 

the area expansion of the membrane. The micropipette can be prepared from a 1 mm 

(outer diameter) borosilicate glass tube pulled from a pipet puller (Sutter Instruments Co., 

model P-97 flaming/brown micropipette puller). The pipet has a tapered shape after this 

step. In order to get the cylindrical shaped, flat tip with an opening inner diameter of ca. 

10 µm, the pipet needs to be modified by a microforge (Narishige International Inc., 

model MF-900 equipped with Nikon 5X, 10X, and 35X objectives). In the microforge, a  
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micropipette is fixed on an x, y, z stage. A low melting point glass bead is placed on a 

platinum heating loop. To modify the micropipette, the glass bead is heated until 

liquefied. The micropipette is then moved toward the melting glass bead and the molten  

Figure 4.1 Schematic diagram of micropipette aspiration instrument: 

a) Customized acrylic microscope chamber ( 3 mm thick with a U-shaped cutout) 

b) Micropipette prepared from a pipet puller followed by modification in microforge 

c) 3-D Micropipette manipulator 

d) Fixed position water reservoir 

e) Adjustable water reservoir 

f) Micrometer which can be used to adjust the position of mobile water reservoir 

g) Three-way valve; when it is connected, the pressure between the two water 

reservoirs is zero 

h) Pressure transducer (Validyne, model DP15-26) to measure high pressure 

i) Pressure transducer (Validyne, model DP103-12) to measure low pressure 
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glass flows into the pipet. The glass bead is then allowed to cool when the molten glass 

gets to point where the pipet shows the ideal diameter. After a few seconds, the glass 

bead will withdraw due to cooling and the connection is broken, leaving a flat tip with the 

appropriate diameter. 

 

4.1.2.2 Pressure application and measurements 

 Control of micropipette suction pressure can be achieved with a customized 

manometer made in machine shop in the Chemistry Department. The manometer is 

composed of two water reservoirs. One has a fixed position, while the other one is 

adjustable. After connecting the tubing controlled by a three-way valve (g in Figure 4.1), 

the water levels in the two water reservoirs are the same and the pressure is zero. By 

adjusting the micrometer, the adjustable water reservoir can move up and down. The 

height difference between the water levels in two water reservoirs creates a pressure, 

which is measured by pressure transducers (Validyne Engineering, model DP15-26 and 

model DP103-12). Through a demodulator (Validyne Engineering, model CD280-2), the 

pressure can be readout by a digital voltage meter. After passing through the pressure 

transducer, the tubing is connected to the micropipette holder (Harvard Bioscience Co., 

MP series for 1.0 mm glass o.d.). 

 

4.1.2.3 Micromanipulation and image recording 

The sample is placed in a customized acrylic microscope chamber. The chamber 

is made from a 3 mm thick acrylic rectangle with a U-shape cutout on one side. To make 
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a chamber, two glass coverslips are glued on the top and bottom of the cutout by silicone 

grease. The micropipette is controlled by a 3-D micromanipulator (Sutter Instruments 

Co., model MP-285) which is mounted on a rotating base on top of a tall gantry stand 

(Sutter Instruments Co., model MT-75). The micropipette can approach the microscope 

chamber at ca. zero degree with a customized z-axis extension.  

The entire apparatus is assembled around an inverted microscope (Nikon Inc., 

Model Eclipse, TE-2000-S) equipped with phase contrast objectives (Nikon Inc., 20X 

and 40X). A CCD camera (Moticam 480) connected to the microscope is used to record 

images or video for inspection of micropipette-aspirated GUVs.  

 

4.1.3 Theories of membrane mechanical property measurements 

 In thin materials, deformation can be represented by independent shape changes: 

area expansion (dilation or condensation), bending (curvature change), and in-plane 

extension (surface shear). First-order elastic constitutive relations for each of the three 

shape changes consist of proportionalities between the strains and resultant deformations 

(as shown in Figure 4.2). For liquid, the shear modulus is zero. Therefore, for a bilayer 

membrane heated to greater than the phase transition temperature, the shear rigidity is 

always zero.  Area expansion modulus (K) and bending modulus (kc) can be used to 

characterize model membranes.  
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Figure 4.2 Diagrams and equations for membrane mechanics: 

Left column: diagram of independent modes of deformation for a thin material [8] 

Middle column: constitutive relations for membrane mechanics  

Right column: symbols for different terms 
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 The mean tension can be calculated from the suction pressure, the vesicle 

diameter, and the pipette inner diameter. The suction pressure is measured using the 

pressure transducers. The change in membrane area can be calculated from the vesicle 

diameter, the micropipette inner diameter, and the projection length. This information can 

be obtained from the micropipette-aspirated GUV image. The equations are shown as 

follows: 

  

where P is the pipette suction pressure, Dp is the pipette inner diameter, Do is the vesicle 

diameter, ∆L is the membrane projection length inside micropipette. From the tension 

and relative area change (∆A/A0), the area expansion modulus (K) and bending modulus 

(kc) can be obtained [51].  

   

4.1.4 Experimental plans 

4.1.4.1 Characterization of the mechanical properties of membranes composed of 

polymerizable lipids 

 The instrument will be tested by examining GUVs from natural lipids for 

comparison to published data. After establishment of the capability of the instrument, 

GUVs from poly(lipids) will be tested.  

The effect of several parameters on the mechanical properties of membranes will 

be investigated. The first parameter is the degree of polymerization. Changes in 

mechanical moduli before and after polymerization will be examined. By applying 
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different polymerization methods, different degrees of polymerization can be obtained, 

and the respective mechanical properties of the membrane will be compared. The second 

parameter is the location of the polymerizable moieties. GUVs will be prepared from bis-

SorbPC and bis-DenPC (Structures were showed in Figure 1.5). The polymerizable 

moieties in bis-SorbPC are at the termini of the hydrocarbon chains. In bis-DenPC, the 

polymerizable moieties are close to the headgroup of the lipid. From the previous studies, 

the location of reactive moiety in lipids can affect the stability of the membrane. 

However, their influence on mechanical properties is still unknown and will be examined 

with the micropipette aspiration technique.  

 The ultimate goal of this study is to correlate the bioactivity of incorporated 

transmembrane proteins and the elasticity of model membranes.   

 

4.1.4.2 Characterization of the mechanical properties of membranes stabilized by 

incorporating hydrophobic monomers into lipid bilayers  

 As shown in Chapter 3, one strategy to enhance the stability of LUVs is to 

incorporate hydrophobic monomers and crosslinkers into the hydrophobic interior of the 

lipid bilayers.  Upon polymerization, a polymer scaffold is formed in the bilayers. BMA 

and EGDMA were added into concentrated LUV solution (2 mg/mL with respect to lipid) 

and were allowed to partition into the lipid bilayers by stirring the mixture overnight. 

This strategy cannot be applied to GUVs due to the requirement of very low lipid 

concentration (0.015 mg/mL with respect to lipid) for GUV preparation. Attempts were 

made to premix BMA, EGDMA and DOPC together in organic solution at the same ratio 
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used in LUV experiments. The mixture was spread on the bottom of a beaker evenly, and 

was dried under vacuum for 4 h. GUVs were prepared using the spontaneous rehydration 

method described in Chapter 2. As shown in Figure 4.3, the presence of BMA and 

EGDMA didn’t hinder the formation of GUVs. The monomers in the GUV membranes 

were polymerized via UV irradiation. However, the GUV stability against surfactant 

solubilization was not characterized due to the low lipid concentration (the concentration 

of lipid for GUV being imaged is 0.003 mg/mL). At a Triton X-100 to lipid mole ratio of 

100:1, the concentration of Triton X-100 would be 0.04 mM, which is lower than its 

critical micelle concentration (ca. 0.2 mM at 25 °С). 

 The micropipette aspiration technique will be used for stability characterization of 

GUVs. DOPC GUVs will be prepared as control. GUVs composed of DOPC, BMA and 

EGDMA will be examined before and after polymerization. GUVs will be aspirated with 

a micropipette using the instrument setup described in the previous section. The 

membrane tension will be increased via the manometer. At a critical point, the increased 

tension will produce a failure of the membrane and rupture of the vesicle. This tension is 

lysis tension (τlys) [73]. The goal of this study is to quantitatively characterize the 

mechanical stability of GUVs by measuring lysis tension. 
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Figure 4.3 Epi-fluorescence images of GUVs composed of DOPC/BMA/EGDMA (at 

mole ratio of 1:1:0.1) doped with 0.5 mole % of Rhodamine-DOPE. (A) Before 

polymerization. (B) After polymerization via 15 min UV irradiation. 
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4.2 Future work to characterize ion channel behavior reconstituted in GUVs 

4.2.1 Background and significance 

 A biological membrane functions as a permeability barrier to most ions, which 

allows a chemical gradient to build up across the membrane. Active transport of ions is 

usually facilitated by transmembrane ion channels. Ion channels differ in size, 

conformation and polarity, which give them very high selectivity for particular ions and 

the capability to transport large ion fluxes [11]. These properties make ion channels 

potentially useful for biosensor design. Many previous studies have tried to incorporate 

ion channels into lipid bilayers as part of a biosensor device [13, 14]. However, the long-

term use of these devices is greatly limited by the instability of the lipid bilayers [20]. 

Our group is trying to reconstitute ATP-sensitive K+ channels into stabilized bilayer 

membranes composed of polymerizable lipids.   

 However, as noted above, the physical properties of the lipid bilayer may change 

significantly after polymerization. In addition, the polymerization process, i.e. 

photopolymerization, redox polymerization or thermal polymerization, may affect the 

protein activity. Therefore, reconstituted K+ channel activity needs to be examined before 

and after polymerization of the lipid bilayer. Patch clamp techniques can be used to 

characterize individual ion channel activity [157]. In brief, a micropipette with an 

opening diameter around 2-3 µm is prepared. One electrode is inside of the micropipette. 

By pressing the micropipette against the membrane and applying a suction to the pipet, a 

gigaohm seal is formed between the pipet and the membrane. At constant voltage, the 

opening and closing of the ion channel can be recorded as a stepwise changing in current. 
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The ion channel activity is reflected in the magnitude of the current and the frequency of 

the opening and closing of the channel.  

 Many patch clamp studies on reconstituted ion channels have been performed in 

black lipid membranes (BLMs) [21, 158]. The formation of BLMs involves the use of a 

high boiling point organic solvent, which may affect the behavior of the bilayer and 

incorporated proteins. GUVs are formed without such solvents, so they may be a better 

model membrane for patch clamp studies of ion channels [159-161].   

 

4.2.2 Experimental plans 

 In order to perform patch clamp measurements, an impermeable membrane must 

be prepared. Therefore, the current changes will only arise from the opening/closing of 

the ion channels, instead of the ion leakage through defects in the model membranes. 

Permeability measurements will be performed on a series of model membranes composed 

of polymerizable lipids, i.e. bis-SorbPC, bis-DenPC, and mixture of polymerizable lipids. 

The membrane permeability to ions can be measured by examining membrane patches 

excised from GUVs that have not been reconstituted with ion channels. If a gigaohm seal 

can be formed on the bilayer membrane patches, the membrane is useful for further 

electrophysiological measurements.  

Once the lipid composition for an impermeable polymerized membrane is 

obtained, isolated K+ channels will be reconstituted into GUVs from polymerizable 

lipids. After the micropipette forms a gigaohm seal with the unpolymerized membrane, 



 

 

126 

the membrane is excised from the vesicle. Ion channel activities are then recorded before 

and after membrane polymerization.  

The ultimate goal of this study is to identify the best lipid composition for a 

stabilized membrane that can maintain the bioactivity of incorporated transmembrane 

proteins.  
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