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Abstract 

 Lipid vesicles are ideal drug delivery carriers due to their small size, 

biocompatibility, non-toxic behaviour and ability to transport hydrophobic and 

hydrophilic drugs. Although the mechanism of drug release/uptake following liposome-

cell surface contact remains speculative, membrane fusion can occur between the 

liposome and the cell membrane, thereby releasing the drug. 

 We have previously shown that a general anesthetic (halothane) can be used as a 

fusion agent in unilamellar vesicles of dioleoylphosphatidylcholine (DOPC).
1
 We 

investigated this new class of fusion agents to better understand the molecular 

interactions that occur between general anesthetics and membranes and to gain a deeper 

understanding of the mechanism that describes anesthetic-induced membrane fusion. 

Fluorescence spectroscopic assays were utilized to determine the kinetics of various 

stages in the fusion mechanism. We determined that some anesthetics (chloroform, 

halothane and isoflurane) were able to induce fusion to a greater extent than others 

(enflurane and sevoflurane). We suggest that an anesthetic’s ability to induce membrane 

fusion is related to its partition coefficient, aqueous solubility, polarity and size. 

 Our work supports that lipid rearrangement towards the formation of fusion 

intermediate states as the rate limiting in the fusion mechanism. We studied the transition 

state dynamics for halothane-induced lipid mixing and obtained values for the activation 

energy, enthalpy and entropy. Our results suggest that halothane can lower the energy 

barrier for lipid mixing to a greater extent than other fusion agents previously reported.
2-4

 

 To understand the intricacies of fusion between a drug delivery vehicle and a 

cell membrane, the systematic determination of the effect each membrane component has 

on membrane fusion was examined. We found that the addition of cholesterol or 

dipalmitoylphosphatidylcholine (DPPC) to DOPC vesicles resulted in an overall decrease 

in the kinetics and the extent of halothane-induced lipid mixing, and therefore membrane 

fusion. The physical properties of the membrane/presence of membrane domains are 

suggested to be the main contributing factors directing fusion dynamics. The results 

presented here increase understanding of how membrane structure and composition 

influences membrane fusion, which can lead to the development of better fusion agents 

and/or liposomal drug delivery vehicles. 
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Chapter One: Introduction to Drug Delivery Vehicles and Membrane Fusion in 

Model Lipid Membranes 

 

1.1 Motivation 

 

 Drug delivery is a growing field of research aimed at decreasing the toxicity 

and/or increasing the efficacy of the parent drug.
5
 Lipid vesicles, or liposomes, are 

attractive drug and gene delivery vehicles in the field of nanomedicine due to their small 

size, biocompatibility, non-toxic behaviour and ability to transport both hydrophobic and 

hydrophilic drugs.
6
 However, the mechanism for drug release/uptake once the liposome 

reaches the cell surface remains speculative. Lipid vesicles can be either taken up by 

endocytosis or fusion can occur between the liposome and the plasma membrane, 

releasing the vesicle contents (drugs) into the cell.
7
  

 Although, the mechanism of membrane fusion has been under debate for many 

years, it is now generally accepted that both proteins and lipids play an important role in 

the process of fusion. However, there have been many membrane fusion studies 

conducted using pure lipid membranes
1,2,8-16

 that suggest proteins are not necessarily 

required for fusion to occur. Previous work in the Cramb lab has shown that a general 

anesthetic (halothane) can be used as a novel fusion-inducing agent in unilamellar 

vesicles of dioleoylphosphatidylcholine (DOPC).
1
 The body of work reported in this 

thesis aims to build upon this previous discovery. Therefore, we investigated whether or 

not other general anesthetics (chloroform, isoflurane, enflurane and sevoflurane) shared 

similar fusion enhancing properties on model lipid membranes. Furthermore, we aspired 
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to understand the molecular interactions between general anesthetics and lipid 

membranes and gain a deeper understanding of the mechanism which describes 

anesthetic-induced membrane fusion. By understanding the mechanism of fusion, as well 

as what affects membrane fusion, better fusion enhancing agents and/or lipid drug 

delivery vehicles can be developed for use in liposomal drug delivery. 

 

1.2 Drug Delivery 

 

 Nanoparticle drug delivery has been used in medicine for various applications 

including gene therapy, vaccine formulations and in ophthalmology; however, the most 

prevalent application has been for the chemotherapeutic treatment of cancer.
17

 Cancer is 

caused by the uncontrolled growth and spread of abnormal cells and remains a major 

cause of morbidity and mortality across the world.
18,19

 In the last several decades major 

advancements have been made in the understanding of cancer biology, which has led to 

better diagnostic and treatment modalities.
18

 Despite these efforts, the cure rates for 

cancer are still low. Of the over 1.5 million estimated new cancer cases for 2010, 35% of 

these are estimated to result in death.
20

 Current cancer treatments involve a combination 

of surgical resection, radiation and chemotherapy.
18

  

 Chemotherapeutic drugs induce cytotoxic effects and have been widely used as a 

treatment for cancer as they have the most pronounced effects on rapidly proliferating 

cells.
18

 However, most chemotherapy drugs do not differentiate between healthy and 

cancerous tissues.
18

 Therefore, systemic delivery of chemotherapy drugs often results in 

deleterious effects to all cells, particularly healthy rapidly proliferating cells within the 
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body such as hair, bone marrow and intestinal epithelial cells.
19

 The most effective cancer 

treatments utilize the agents that are the most cytotoxic, which often results in severe side 

effects (nausea, fatigue and cardiotoxicity).
17

 Furthermore, free chemotherapeutic drugs 

tend to have short circulation half-lives
17

. Encapsulation of chemotherapy drugs in 

nanoparticles is a targeted and controlled method to deliver anticancer drugs, resulting in 

an increase in circulation time and drug effectiveness and a reduction of toxic effects to 

healthy cells.
19

  

 

1.2.1 Liposomal Drug Delivery Carriers 

 

 Lipid vesicles (aka liposomes or spherical shells of lipid) are ideal drug delivery 

carriers owing to their small and easily controllable size, biocompatibility, non-toxic 

behaviour and ability to transport both hydrophobic and hydrophilic drugs.
6
 Liposomes 

are composed of amphiphilic lipid molecules that self assemble into enclosed bilayer 

spheres that have an aqueous center.
18

 There are various lipids that can be used to form 

liposomes, however most formulations used in drug delivery consist of synthetic 

phospholipids, typically phosphatidylcholine.
5
 Figure 1.1 describes the generic structure 

of a phospholipid.
5
 Generally, phospholipids are classified by their respective polar head 

and hydrophobic tail groups.   
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Table 1.1 lists some common phospholipid head groups. Generally, phospholipids can be 

either zwitterionic, or negatively charged depending on the chemistry of R3. The length 

and degree of saturation of the acyl chains within the tail group (R1 and R2) effects the 

physical characteristics of the lipid membrane. Longer acyl chains result in thicker 

bilayer membranes, while increased saturation in acyl chains increases bilayer rigidity 

and decreases membrane fluidity.
5
 Membranes with increased degrees of saturation and 

longer acyl chains will have elevated phase transition temperatures (gel phase to liquid 

crystal phase) compared to membranes composed of shorter or unsaturated acyl chains.
5
 

 

 

 

Figure 1.1 Generic structure of a phospholipid illustrating the different amphiphilic 

structure components (head group and tail group, respectively). Reproduced with 

permission from Lian and Ho.
5
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Table 1.1 Commonly used phospholipid headgroups and their respective membrane 

charge. Reproduced with permission from Lian and Ho.
5
 

Head group: R3 Charge 

Choline –CH2-CH2-N(CH3)3
+ 

Zwitterionic, net charge 0 

Ethanolamine –CH2-CH2-NH3
+ 

Zwitterionic, net charge 0 

Serine –CH2-CH(COO
-
)-NH3

+ 
Negative, net charge -1 

Glycerol –CH2-C(OH)CH2OH Negative, net charge -1 

 

 The amphiphilic nature of phospholipids allows for the easy encapsulation and 

delivery of both hydrophilic and hydrophobic drugs, as illustrated in Figure 1.2. 

Hydrophilic drugs can be encapsulated within the liposome aqueous interior, while 

hydrophobic drugs will preferentially sequester within the hydrophobic core of the 

bilayer created by the lipid acyl chains. 
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Figure 1.2 Schematic of a liposome drug delivery vehicle. Hydrophilic drugs can be 

entrapped within the aqueous center of the liposome, while hydrophobic drugs are 

sequestered within the bilayer amongst the lipid acyl chains. 

 

1.2.2 Factors Effecting Drug Delivery 

 

 Ideal drug delivery vehicles will stealthily circulate within the patient for long 

periods without inducing an immunological response and will specifically target diseased 

cells. Targeting of drug delivery vehicles can be accomplished actively or passively. 

Active targeting uses molecular recognition mechanisms such as ligand-receptor and 

antigen-antibody interactions to target specific types of cells.
18

 Passive targeting of drug 

delivery vehicles to solid tumors utilizes the unique tumor physiology and structure that 

produces the enhanced permeability and retention (EPR) effect.
18

 Liposomal properties 

(such as charge and size) can be easily controlled to maximize drug delivery efficiency 

via passive targeting to tumor tissues.  
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1.2.2.1 Charge 

 

 A particle’s surface charge can influence particle stability, biodistribution pattern,  

interactions with target cells and resultant uptake into said cells.
5
 The charge of the 

membrane can be controlled based on the chemistry of the lipid head group.
5
 Depending 

on the type of lipid used, liposomes can either be negative, neutral, or positive in charge.
5
 

Neutral (or zwitterionic) liposomes are less likely to be cleared by the reticuloendothelial 

system (RES), which rids the body of foreign objects,
18

 and are therefore able to circulate 

longer after systemic administration.
5
 Negatively charged liposomes are known to 

aggregate less than neutral liposomes. Furthermore, it has been suggested that neutral 

liposomes containing a small amount of negatively charged lipids could reduce 

aggregation effects seen in pure neutral liposomes. However, recent work in the Cramb 

group saw no indication of aggregation in neutral dioleoylphosphatidylcholine (DOPC) 

vesicles over the course of an hour after systemic administration into the blood vessels of 

a chicken embryo chorioallantoic membrane (CAM)
21

. Interestingly, relative zeta 

potential measurements of DOPC liposomes compared to other negative and positively 

charged particles suggest that neutral DOPC liposomes are slightly negatively charged at 

biological pH.
21

 Therefore, based on charge effects, zwitterionic phosphatidylcholine 

(PC) liposomes should be good delivery vehicles for prolonged circulation. 
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1.2.2.2  Size 

 

 Size is an important factor to consider when designing a drug delivery vehicle. To 

ensure long circulation time, particles need to avoid the body’s clearance mechanisms. 

Particles need to be at least 10 nm to avoid being cleared by first pass renal filtration.
18

 

This lower boundary for nanoparticle size is not an issue when using lipid vesicles as 

drug delivery carriers as the formation of very small, highly curved, liposomes is not 

energetically favoured.  

 The upper boundary of particle size for drug delivery to tumor sites depends on a 

number of factors. Passive targeting of drug carriers to tumors is diffusion-mediated and 

therefore dependant on size.
18

 It has been shown that the upper size limit for 

nanoparticles to participate in the EPR effect is 400 nm. Diffusion into the interstitium 

(the collagen rich matrix that yields structural support to tumor cells
22

) is size dependant, 

where smaller particles (<50 nm) are able to penetrate deeper
23

. Larger particles (>400 

nm) are unable to effectively diffuse through the tumor interstitium to yield any 

therapeutic effect.
24

 Tumor vasculature is known to be highly permeable, as the blood 

vessels possess a number of fenestrations (200-800 nm in size) within their wall and 

allow for the accumulation of particles into surrounding tissues
25

. Additionally, for 

liposomes composed of the same lipids, it is observed that increasing liposome size 

results in increased uptake by RES.
26

 To summarize the above, smaller particles circulate 

longer (cleared more slowly by RES) and penetrate deeper into solid tumors. There is a 

lower limit for liposome size as the stable formulation of very small liposomes (<50 nm) 
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is difficult. However, larger stable liposomes can accumulate in tumor tissues and upon 

drug release, the smaller drugs can then penetrate deeper into the tumor interstitium.
27

 

 Taking all of these factors into account, the ideal size of a liposome drug delivery 

vehicle must strike a balance between liposome stability, plasma half life, vascular or 

lymphatic clearance and tumor vascular permeability to maximize liposome 

accumulation in tumors.
27

 This optimal liposome size was reported to be 100 nm.
27

  

 

1.2.3 Drug Release 

 

 Once the targeted liposome reaches the cell surface, drug release efficiency 

becomes critical; however, the mechanism for drug release/uptake remains poorly 

understood.
7
 The drug could leak from the liposome and enter the cell via diffusion.

7
 

Depending on the size of the liposome, it may also be actively taken up by the cell via 

endocytosis (particles <150 nm in diameter).
7
 Alternatively, the liposome may fuse 

directly with the cell membrane, thereby releasing the drug into the cell or cell 

membrane.
7
 The intricate mechanism of membrane fusion will be further investigated 

within this body of work and resultant potential implications for drug delivery will be 

discussed. 

 

1.3 Membrane Fusion Background 

 

 Membrane fusion is the process in which two phospholipid bilayers merge 

together in an aqueous environment to form one mixed lipid bilayer
28

. It is an essential 
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mechanism in the function of eukaryotic cells and is responsible for the transportation of 

food and waste, intercellular communication, sexual reproduction and the asexual transfer 

of genetic material
29

. It is even believed to be the crucial event in the origin of life, and 

has attracted the interest of researchers to develop a model explaining the fusion 

process
28

. 

 The mechanism of membrane fusion has been under debate for many years; 

however, it is now generally accepted that both proteins and lipids play an important role 

in the process of fusion. Nonetheless, studies conducted using membrane compositions 

containing only lipid molecules that have also illustrated fusion
1,2,8-16

, which indicates 

that proteins are not necessarily required for fusion to occur, further exemplifying the role 

lipids play within the fusion mechanism
12

. 

 

1.3.1 Mechanism of Membrane Fusion 

 

 The current supported mechanism for membrane fusion includes the following 

stages: aggregation/contact, stalk formation, hemifusion/trans-monolayer contact and 

finally the formation of a fusion pore, which is followed by the complete mixing of the 

vesicle contents.
12,30,31

 Figure 1.3 is a schematic of the proposed mechanism for 

membrane fusion. Aggregation or membrane contact occurs following the displacement 

of water (dehydration) between two approaching membranes (Figure 1.3A). Following 

membrane contact, lipid mixing occurs between the cis-monolayers (Figure 1.3B, outer 

leaflets, labeled in red and yellow), which produces an hour-glass shape “stalk” 

intermediate. The “stalk” is thought to be a highly distorted lipid structure, which is 



 

11 

described as being more like a nonlamellar than a lamellar (i.e. membrane-like) lipid 

phase.
12

 In the stalk intermediate, contacting monolayers have merged together, but the 

trans-monolayers (inner leaflets, labeled in green and blue) remain intact, thus separating 

the respective aqueous contents.
12

 Expansion of the stalk radially results in another fusion 

intermediate structure, where the trans-monolayers contact each other at their 

hydrophobic surfaces to form a small bilayer, called the hemifusion diaphragm, that 

separates the aqueous contents (Figure 1.3C).
12

 This second intermediate structure is 

known as hemi-fusion or transmembrane contact (TMC), which is also sometimes 

referred to as the “modified stalk” within the literature.
12

 Disruption of the hemifusion 

diaphragm results in the formation of the fusion pore (Figure 1.1D), where lipid mixing 

of the outer leaflets occurs and allows for the mixing of the aqueous contents (delivery of 

the drug into the cell), thus completing the fusion process.
32

 It is of note that, Figure 1.3 

is a simplified static representation of the membrane fusion mechanism consisting of 

fixed intermediate structures; in actuality each fusion intermediate state is complex and 

should be considered as a dynamic ensemble of similar intermediate structures that can 

have different mechanical properties.
12

 

 In order to increase the extent and/or the rate of drug release via membrane 

fusion, we must understand the energy barriers that are associated with the fusion 

mechanism. To form the initial fusion intermediate (stalk, Figure 1.3B) opposing 

membrane surfaces must overcome hydration repulsion energy; however, membrane 

contact, or vesicle association, does not necessarily result in fusion. Thus, the energy 

contributions related to fusion intermediates must be considered. When examining the 

structures of the fusion intermediates (Figure 1.3 B-D) it is not unreasonable to envision 
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that the formation of the stalk intermediate, and the formation of the fusion pore (Figure 

1.3D), would involve energetically unfavorable lipid-water rearrangements (i.e. breaking 

of favourable hydrogen bonds and/or exposure of hydrophobic acyl chains to water 

molecules).
33

 Furthermore, it has been suggested that the free energy of the fusion 

intermediates are comprised mainly from contributions associated with bending planar 

monolayers into non-planar structures and energies associated with producing non-

lamellar lipid structures (Figure 1.3B) without creating hydrophobic “voids” due to lipid 

packing mismatch of the bent monolayers.
31

 In reality, true “voids” do not exist and 

distorted lipid arrangements such as changes in lipid packing, lipid chain tilt and acyl 

chain stretching will occur to reduce hydrophobic mismatch.
31

 It is likely that a 

combination of energetic factors, including water-lipid interactions, membrane bending, 

and lipid packing (“void” energy), contribute to the activation energy for membrane 

fusion. Taking all of these energy contributions into account, it is reasonable to postulate 

that stalk formation and/or the formation of the fusion pore may be rate limiting. 
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Figure 1.3 Mechanism of vesicle fusion. A) Membrane approach, where dehydration 

occurs between approaching bilayers. B) Lipid mixing within the cis-monolayers 

(labeled red and yellow) results in the formation of the stalk intermediate. C) 

Expansion of the stalk to form a hemifusion diaphragm/trans-monolayer contact 

(TMC) intermediate. D) Rupture of the hemifusion diaphragm produces the fusion 

pore and lipid mixing within the trans-monolayers occurs (labeled green and blue). 
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1.3.2 Induction of Membrane Fusion 

 

 There are two general approaches to increasing membrane fusion. The first is to 

increase the probability of vesicle association, as membrane fusion cannot occur if the 

vesicles are not in contact with each other. Alternatively, one can attempt to drive the 

fusion mechanism itself forward. 

 A wide variety of molecules have been shown to aid in the induction of either 

vesicle association or membrane fusion. Generally, the molecules that induce either 

vesicle association or membrane fusion interact with the lipid head group or insert 

themselves into the membrane.
34

 In both cases, interactions between the respective lipid 

bilayers and between the lipid molecules themselves are altered, which induces changes 

in membrane structure and can result in membrane fusion.
34

 

 

1.3.2.1 Promotion of Vesicle Association 

 

 As the distance between approaching membranes decreases, membranes will repel 

each other due to the electrostatic, steric and hydration forces that exist between opposing 

membranes.
34

 Subsequently, membranes must be partially dehydrated to be brought close 

together. Dehydration of membranes is the basis for polyethylene glycol (PEG) induced 

fusion.
34

 Hydrophilic polymers such as PEG compete with the lipid vesicles for water 

molecule association. Therefore, the addition of PEG to liposome solutions results in the 

partial dehydration of the bilayer and promotes the occurrence of membrane fusion.
34
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 Interactions between ions (di- and trivalent) and membrane surfaces can also 

induce fusion.
34

 Not only do ions screen electric charges on the membrane, they can 

modify the surface polarity of the membrane, thus affecting the hydration-dependent 

membrane-membrane repulsion.
35

  

 It is of note that increased vesicle association does not necessarily result in an 

increase in the extent or rate of membrane fusion. Even in the presence of vesicle 

association enhancers, a driving force for membrane fusion must also be present for 

fusion to occur. 

 

1.3.2.2  Membrane Fusion Driving Forces 

 

 It is known that small highly curved lipid vesicles are capable of fusing 

spontaneously.
36,37

 Figure 1.4 illustrates the difference between vesicles that have high 

and low radii of curvature. Because they are more energetically unstable, small highly 

curved lipid vesicles fuse with each other more readily than vesicles of lower radii of 

curvature. Small highly curved vesicles are composed of fewer lipid molecules; as a 

result, the head groups of the adjacent lipid molecules are not packed tightly together as 

is the case for less curved vesicles. This results in the exposure of the lipid’s hydrophobic 

areas to water, which is energetically unfavourable. The higher energy initial unfused 

state of small vesicles drives fusion forward as the vesicles strive to lower their energy by 

forming larger less curved vesicles. 
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Figure 1.4 Schematic comparing lipid membrane monolayers that have (A) high 

radius of curvature and (B) low radius of curvature. Smaller lipid vesicles have 

higher radii of curvature and have higher energy than less curved vesicles due to 

exposure of hydrophobic groups to water. 

 

 The use of highly curved vesicles as drug delivery vehicles is not very practical, 

as the drug carriers would fuse indiscriminately to any nearby cells in an attempt to lower 

their energy. This non-specific fusion would negate any potential benefits and/or 

increased efficacy of the drug carrier. 

 Incorporation of membrane perturbants can alter lipid rearrangement and packing 

within the membrane, resulting in a greater propensity for membrane fusion. The addition 

of membrane perturbants, such as fatty acids or differently shaped lipids, to phospholipid 

bilayers has been shown to induce membrane fusion at very low ratios.
38,39

  

 The curvature of lipid perturbants has been shown to affect membrane fusion.
39,40

 

Figure 1.5A illustrates the highly curved (net negative curvature stress) nature of the stalk 

and trans-monolayer contact (TMC, hemifusion) fusion intermediates.
39

 Differently 
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shaped lipids will have different intrinsic curvature, which is defined by the ratio of the 

cross-sectional area of the head group and acyl chains (Figure 1.5B). The presence of 

positively curved lipids, such as lysophosphatidylcholine, in the cis-monolayer of fusing 

vesicles (Figure 1.5A, pink) increases the bending energy required to form the extremely 

negative curved stalk and TMC fusion intermediates, which subsequently increases the 

energy barrier for membrane fusion.
39

 The presence of negatively curved lipids within 

negatively curved monolayers (Figure 1.5A, blue) reduces the bending energy and 

therefore lowers the energy barrier for membrane fusion.
39

 

 We have previously shown that general anesthetics, such as halothane, can also 

induce membrane fusion.
1
 General anesthetics are lipophilic molecules that are taken up 

into bilayer membranes where they can perturb lipid packing and subsequently promote 

the occurrence of membrane fusion.
1,41

 Their use as fusion agents will be the focus of the 

body of this thesis and shall be discussed in detail in Chapters 3-5. 
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Figure 1.5 Schematic illustrating areas of negative curvature in the stalk and trans-

monolayer contact fusion intermediates. The free energy to form these fusion 

intermediates is dominated by monolayer bending and “void” energies 

(hydrophobic mismatch, labeled in yellow). Positively curved lipids (pink) and 

negatively curved lipids (blue) located at points of high negative curvature results in 

increased and decreased bending energies, respectively. B) Intrinsic curvature of 

differently shaped lipids. The shape of a lipid molecule is described by a ratio of the 

cross-sectional areas of the head group and acyl chain.
39
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1.3.3 Measuring Membrane Fusion 

 

 Due to the small size of liposomes typically used to model membrane fusion (100 

nm), direct visualization of the fusion processes is not possible using standard light 

microscopy. Direct confirmation of the presence of membrane fusion intermediates can 

be accomplished using cryo-electron microscopy (C-EM).
42

 Isenberg et al.
42

 were able to 

directly visualize fusion intermediates produced from talin peptide-induced vesicle fusion 

in DOPC/cholesterol donor and DOPC/DOPS target liposomes (Figure 1.6B-D) that were 

not seen in the absence of peptide (Figure 1.6A). 

 

 

 

Figure 1.6 Cryo-electron micrographs of talin peptide induced vesicle fusion.
42

 A) 

Control, DOPC/cholesterol donor and DOPC/DOPS target liposomes in the absence 

of peptide, mag. 14,000X. B-D) Direct visualization of various stages of peptide-

induced vesicle fusion, mag. 22,000X, scale bars are 100 nm. Reprinted with 

permission from Elsevier.
42
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 Due to the imaging conditions associated with EM (i.e. ultra high vacuum), 

sample preparation of liposomes for imaging involves flash freezing of thin layers of 

liposome samples.
42

 As such, only static snap shots of the fusion process can be gleaned 

from EM, making fusion kinetics challenging to follow. 

 The dynamic measurement of membrane fusion is often accomplished by indirect 

means. Fusion assays that utilize fluorescently labeled lipid vesicles are the most 

commonly used in the literature.
1,2,8-16

 In these types of assays, changes (either increase 

or decrease, depending on the assay design) in measured fluorescence intensity are 

indicators for different stages of membrane fusion. Lipid mixing is most commonly 

assayed using fluorescence resonance energy transfer (FRET)
34

, while contents mixing 

assays usually involve encapsulation of hydrophilic dyes and quenchers to monitor 

mixing of aqueous contents. In-depth descriptions of the various assays used in this study 

are reported in Chapter 2. The assays utilized in the literature are designed to measure 

either lipid mixing or contents mixing and are used in combination to elucidate the 

membrane fusion mechanism as a whole.
12,43

 However, lipid and contents mixing assays 

that are traditionally used are unable to report on the initial aggregation stage in 

membrane fusion, as aggregation and membrane contact occur prior to lipid and contents 

mixing.  

 Fluorescence cross-correlation spectroscopy (FCCS) is a technique that has been 

previously applied to measure bi-molecular binding
44-46

 and can also be applied to report 

on the initial stages of membrane fusion
1,47

. Briefly, in FCCS fluorescence intensities 

from two spectrally separate fluorophores are temporally cross-correlated. A cross-
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correlation signal occurs only when the two detection channels record synchronous 

fluorescence fluctuations. This indicates that the spectrally distinct fluorophores are 

physically linked, and thus are diffusing together as one entity.
1
 Therefore binding is 

detected through labeling two populations of liposomes with different colored 

fluorophores, which results in a dually colored particle can be detected with great 

specificity. A detailed introduction to FCCS and resultant FCCS vesicle association assay 

is presented in section 2.3.4. 

 One of the major drawbacks of relying on indirect methods to measure the 

complex dynamics of membrane fusion is that we are unable to decisively deconvolute 

and directly observe structural changes at a molecular level.
48

 Molecular dynamics (MD) 

simulations can be used to model and directly visualize the motion of model lipid 

molecules within a membrane, and can give insight into the membrane fusion mechanism 

and complement experimental observations.
48

 

 Coarse-grain simulations of two mixed DPPC:DPPE vesicles have been shown to 

support the proposed fusion mechanism previously described in Figure 1.3. Figure 1.7 

illustrates the fusion intermediate structures observed during the simulations.
49

 The lipid 

head groups are represented as large spheres, which are colored brown and black for cis-

monolayers and grey and yellow for trans-monolayers. Figure 1.7A represents the stalk 

intermediate where the cis-monolayers of the opposing membranes are mixing, while the 

trans-monolayers remain distinct. The presence of a hemifusion intermediate is shown in 

Figure 1.7B, where the trans-monolayers of each respective vesicle come into contact. 

Figure 1.7C and D, illustrate the formation of the fusion pore and the final fused product. 

It is of note that to increase the length of simulations, the coarse-grain model simplifies 
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some atomic details and, therefore, the spheres used in the model actually represent a 

cluster of atoms, molecules or chemical groups
48

. Thus, the degrees of freedom of the 

model system are greatly reduced and atomic details are lost when using coarse-grain 

models. 

 

 

Figure 1.7 A) Schematic of the stalk-pore model of the membrane fusion 

mechansim. Red and yellow depict cismonolayers of opposing membranes and green 

and blue represent trans-monolayers, repectively. B) Molecular dynamics 

simulations of fusion intermediates in the fusion of two mixed DPPC:DPPE vesicles. 

Large spheres represent lipid head groups, cis- (brown and black) and trans- (grey 

and yellow) monolayers; large orange spheres represent amine groups of DPPE 

lipids; purple spheres represent water. Reprinted with permission from ref.
49

, 

copyright 2003, American Chemical Society. 
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 Recent advances in computing technology have made atomic-resolution MD 

simulations more feasible by reducing the time required to compute the simulation. 

Kasson et al.
50

 simulated the fusion of two 15 nm mixed POPC:POPE vesicles in atomic 

detail; their results also support the stalk hypothesis outlined in Figure 1.3. Moreover, 

Kasson et al.
50

 were able to identify a transition state for the formation of the fusion stalk. 

Cross-sectional slices at the vesicle-vesicle interface of two associating vesicles (blue and 

green, respectively) are shown in Figure 1.8.
50

 Panels A-D depict the progression of 

vesicle association towards the formation of the stalk intermediate.
50

 As vesicle 

association progresses, thinning of the water layer between opposing vesicles is observed, 

which allows for the contact between the lipid head.
50

 Utilizing committor analysis, 

Kasson et al.
50

 determined that the transition state for stalk formation occurs when lipid 

tails of the opposing cismonolayers contact each other in the polar interface (Figure 1.9). 

This is expected as the protrusion of hydrophobic lipid tails into a polar region is 

energetically unfavoured. The simulations conducted by Kasson et al.
50

 suggest that 

hydrophobic contact of a single pair of lipid tails is sufficient to nucleate the formation of 

a stalk. Once contact of the lipid tails is achieved, the total number of lipid tails in contact 

can then grow to form a stable stalk structure.
50

 

 Although advances in computing technology have increased the feasibility of 

atomistic molecular dynamics, the simulation of fusion events between vesicles typically 

used for drug delivery (~100 nm diameter) over time scales on the order of μs–ms, may 

still be unreasonably costly. However, smaller scale simulations (both in length and time) 

can still yield useful insights into the molecular interactions that are observed 

experimentally. 
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Figure 1.8 Molecular dynamics simulation of membrane contact between two lipid 

vesicles performed by Kasson et al.
50

. (A-D) Slices through the interface between two 

vesicles. As vesicle association progresses the water layer between the vesicles thins 

to allow contact between lipid polar headgroups. The transition state for association 

occurs when hydrophobic tails make contact (C and D). Lipids from opposing 

vesicles are labeled green and teal, respectively. Lipid tails are rendered as sticks, 

head-groups as lines and water as surface form.
50
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Figure 1.9 Molecular dynamics simulation of membrane contact transition state 

performed by Kasson et al.
50

. Simulations showed that contact between a single pair 

of hydrophobic tails was enough to nucleate stalk formation. Panels illustrate the 

rendering of a pair of lipids from opposing vesicles: at the time of first encounter 

(left), during the transition state where hydrophobic tails contact (middle), and 

when the nascent (budding) stalk first forms (right).
50

 

 

1.4 Current Direction of Study 

 

 Understanding what affects membrane fusion at a molecular level will ultimately 

allow for the design of better fusion agents and drug delivery vehicles, thereby increasing 

the effectiveness of drug delivery and release. 

 As mentioned in the previous section, in Chapter 2, we will describe in detail the 

theory, materials and methods associated with the fluorescence fusion assays utilized to 

report on the different stages in the membrane fusion mechanism. 
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 We have previously found that the general anesthetic halothane was able to 

induce fusion in DOPC liposomes.
1
 This discovery opened up a potential new class of 

fusion agents consisting of other volatile general anesthetics. Therefore, the effect of 

other anesthetics (chloroform, isoflurane, enflurane and sevoflurane) on DOPC 

membranes will be investigated in Chapter 3. We aim to relate the efficiency of each 

anesthetic to induce membrane fusion to its chemical and physical attributes to gain a 

deeper understanding of the molecular mechanism that explains anesthetic induced 

membrane fusion. 

 In Chapter 4, we delve deeper into the molecular interactions and energetics by 

which halothane promotes membrane fusion. We examined the transition state dynamics 

of halothane induced lipid mixing. Moreover, we examined the kinetics of halothane-

uptake into the bilayer to further our understanding of halothane-bilayer interactions. 

 Biological membranes are molecularly complex systems. Therefore, to adequately 

understand the intricacies of membrane fusion (of a potential drug delivery vehicle) with 

a cell membrane, the systematic determination of the effect each membrane component 

has on membrane fusion should be examined. Thus, in Chapter 5, we investigate the 

addition of cholesterol and/or dipalmitoylphosphatidylcholine (DPPC) to the membrane 

model to ascertain of the effect each component has in anesthetic enhanced membrane 

fusion. 
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Chapter Two: Theory, Materials and Methods for Fluorescence Fusion Assays 

 

2.1 Introduction 

 

 The work described here aims to examine the membrane fusion of biologically 

relevant model membranes and seeks to deconvolute the extent and kinetics of each step 

within the fusion mechanism. As previously discussed in Chapter 1, the current supported 

mechanism for membrane fusion includes the following stages: cis-monolayer (outer 

leaflet) membrane contact/vesicle aggregation, lipid rearrangement towards stalk 

formation, hemifusion/trans-monolayer (inner leaflet) contact and finally lipid 

rearrangement towards the formation of a fusion pore, which is followed by the complete 

mixing of the vesicle contents (Figure 1.3). A variety of fluorescence based assays is 

required to report on separate stages of the fusion mechanism, the combination of which 

will yield an overall impression of the complete mechanism. The assays utilized within 

this body of work can be classified into two categories: a) assays that monitor vesicle 

association and b) assays that monitor lipid mixing/rearrangement  

 An assay utilizing the technique of two-photon excitation fluorescence cross-

correlation spectroscopy (TPE-FCCS) was used to monitor the initial stages of fusion 

through the measurement of the association of two vesicles. Various assays which 

measure bulk fluorescence were used to report on later stages of vesicle fusion. Lipid 

mixing or lipid rearrangement can be monitored using two bulk fluorescence assays. The 

total lipid mixing fluorescence dequenching (TLM-FD) assay reports on lipid mixing as a 

whole throughout all stages of the fusion mechanism. Conversely, the inner leaflet lipid 
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mixing fluorescence resonance energy transfer (ILLM-FRET) assay is sensitive to lipid 

rearrangement involving the inner leaflet of the vesicles, thus yielding information on the 

final stages of membrane fusion. In the following sections, a general introduction to the 

theory, materials and methods of all the fluorescence based assays listed above will be 

outlined. 

 

2.2 Materials 

 

 1,2-Dileoyl-sn-3-glycero-3-phospocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-

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

rhodamine B sulfonyl, ammonium salt (lissamine-DOPE), and cholesterol were obtained 

from Avanti Lipids. Oregon Green
®
 488 1, 2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine (OG-DHPE), 2-(4,4-difluoro-5,7-diphenyl-4-bora-3a,4a-diaza-s-

indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (β-BODIPY-C5-

HPC (530/550), which will henceforth be called BODIPY), N-(7-nitrobenz-2-oxa-1,3-

diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium 

salt (NBD-DHPE), Lissamine
TM

 rhodamine b 1,2 dihexadecanoyl-sn-glycero-3-

phosphoethanolamine, and triethylammonium salt (lissamine-DHPE), were all obtained 

from Invitrogen. 1-Bromo-1-chloro-2,2,2-trifluoroethane (halothane), 2-Chloro-1,1,2-

trifluoroethyl difluoromethyl ether (enflurane), 1-Chloro-2,2,2-trifluoroethyl 

difluoromethyl ether (isoflurane) and 1,2,2,2-tetrafluoroethyl difluoromethyl ether 

(sevoflurane) were purchased from Alfa Aesar. Spectroscopic grade chloroform was 

purchased from Sigma. All lipids, fluorescence labels and anesthetics were not purified 
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further prior to use. Stock solutions of DOPC and DPPC (~3.5 × 10
-3 

M), and all 

fluorophores (Oregon green-DHPE, lissamine-DOPE, BODIPY, NBD-DHPE, Rh-DHPE, 

~10
-5

M) were prepared in chloroform and stored at -20C until required. Quartz sample 

chambers were used throughout all experiments. 

 

2.3 Measurement of Vesicle Association via TPE-FCCS 

 

2.3.1 TPE Theory 

 

 In 1931, Maria Göppert-Mayer first described multi-photon excitation processes 

in her dissertation on the theory of two-photon quantum transitions in atoms.
51

 Göppert-

Mayer’s predictions were not experimentally realized until the 1960’s by Kaiser and 

Garret, when they reported two-photon excitation (TPE) of CaF2:Eu
2+

.
52

 The invention 

and commercialization of the titanium sapphire femtosecond pulsed laser system in the 

1990s
53

 allowed the widespread use of TPE in many fields of research. 

 One-photon excitation (OPE) and TPE are photophysically and quantum 

mechanically similar; however, they have different electronic transition selection rules, 

which depend on molecular symmetry. A modified Jablonski diagram comparing OPE 

and TPE is shown in Figure 2.1. In OPE, a molecule absorbs a photon, which must have 

sufficient energy to span the energy gap in the singlet spin manifold between the ground 

state (S0) and the first excited state (S1). While in TPE, the combined energies of two 

simultaneously absorbed photons is sufficient to promote the molecule from the ground 

to the excited state. The first photon (h2) excites the molecule from the ground state to a 
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intermediate virtual state (i) and is brought to the excited state by the absorption of a 

second photon.
52

 This virtual state exists only in the presence of an externally applied 

electric field, which is not the case for the ground and excited states, as they are 

electronic eigenstates. 

 

 

Figure 2.1 Jablonski diagram for one-photon excitation (OPE) and two-photon 

excitation (TPE) processes. In OPE, a photon (h1) excites the molecule from the 

ground state (S0) to the first excited state (S1). While in TPE,  the combined energies 

of two photons (h2) excite the first excited state through an intermediate virtual 

state (i). Following excitation the relaxation processes are the same for OPE and 

TPE. The molecule relaxes to the lowest vibrational level in the excited state (pink 

arrow) and can return to the ground state by emitting a photon (h’). Alternatively, 

once in the lowest vibrational level of S1, the molecule can undergo intersystem 

crossing (ISC) to the triplet excited state (T1), and emit a photon of light as 

phosphorescence (hp), thus returning the molecule to the ground state. 
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 Once a molecule is in the excited state, the process of deactivation is the same for 

both OPE and TPE, for a molecule in the condensed phase. A molecule can be excited 

into a number of vibrational energy levels within the excited state; however, according to 

Kasha’s rule, fluorescence will only occur from the lowest vibrational level of the lowest 

excited state (v = 0, of S1). Therefore, the molecule will quickly relax from a higher 

vibrational level to the lowest vibrational level (pink arrow, Figure 2.1), before emitting a 

photon (h’). The emitted photon is of lower energy than the excitation photon in OPE 

(h1 > h’), and higher energy than the excitation photon in TPE (h’ >> h2). An 

alternative deactivation process that also involves the emission of a photon is 

phosphorescence (hp, Figure 2.1). The molecule in the singlet excited state can undergo 

intersystem crossing (ISC) and enter the triplet excited state. Once in the triplet excited 

state, the molecule will relax to the lowest vibrational level of the first triplet excited state 

(pink arrow) and return to the singlet ground state by slowly emitting over a period of 

time (seconds to minutes). 

 The probability of absorption of two photons simultaneously is orders of 

magnitude lower than absorption of one photon. Therefore, a tightly focused pulsed laser, 

which provides a high photon flux per pulse, is needed to drive two-photon excitation. 

The efficiency of TPE, or the number of photons absorbed per fluorophore per pulse (na), 

is given by:
52

 

 

Equation 2.1      
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where     is the average laser power,  is the two-photon absorption cross-section (in 

cm
4
/photon) at the wavelength , p is the pulse duration of the laser, fp is the laser 

repetition rate, NA is the numerical aperture of the objective lens, 2/h  where h is 

Planck’s constant, and c is the speed of light. Equation 2.1 illustrates that at a constant 

average power and laser repetition rate, TPE efficiency can be increased by increasing the 

NA of the objective lens and decreasing the width of the laser pulse. Decreasing the 

width of the laser pulse will increase the photon density of each pulse, while the use of a 

higher NA objective lens will spatially confine the excitation beam to a smaller volume.
52

 

Moreover, the pulsed laser intensity, and therefore the excitation probability, decreases 

exponentially as the distance from the focal plane increases.
54

 Thus, the excitation is 

confined to a well defined volume near the focal plane of the objective lens, which 

suppresses unfocused background emission and reduces thermal damage within 

samples.
54

 The resultant femtoliter excitation volume produced from focusing the pulsed 

excitation beam for TPE is illustrated and compared to the excitation volume produced 

using OPE in Figure 2.2. 

  



 

33 

 

Figure 2.2 Illustration of the focused laser excitation volume produced via one-

photon excitation (OPE) and two-photon excitation (TPE). The excitation laser 

enters the objective lens from the left, which is then focused by the objective lens, 

producing the excitation volume shown to the right of the lens. Reproduced with 

kind permission of Springer Science + Business Media.
55

  

 

 In addition to the small femtoliter excitation volume, TPE offers a variety of 

advantages over OPE. Many of these advantages are due to the use of near-IR 

wavelengths (~750–1100 nm), instead of higher energy ultra-violet (UV) and visible light 

utilized by OPE. TPE can exploit the “optical window” of tissue, where absorption of 

light is orders of magnitude less than that of UV and visible light. Moreover, in the case 

of Rayleigh scatterers (i.e. scattering particles that are much smaller than the wavelength 

of light), the intensity of the light scattered is inversely proportional to the fourth power 

of wavelength.
56

 As a result, longer wavelengths scatter less light, yielding greater depths 

of light penetration.  
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2.3.2 Fluorescence Correlation and Cross-Correlation Spectroscopy 

 

 FCS was first developed in the 1970s at Cornell University as an alternative to 

dynamic light scattering.
57

 The combination of FCS with confocal microscopy in the 

1990s increased the signal-to-noise ratio and allowed for the detection of single 

molecules.
58

 Single color fluorescence correlation spectroscopy (FCS) is a well 

established, highly sensitive method that can yield information on diffusion coefficients, 

local concentration, rate constants and both association and dissociation constants in vitro 

and in vivo
59

. Since spontaneous fluctuations at thermodynamic equilibrium are regulated 

by the same precepts that describe the kinetic relaxation of a system towards 

equilibrium
60

, FCS can also characterize kinetic processes that lead to changes in the 

fluorescence, such as Brownian motion and fluorophore blinking. 

 

2.3.2.1 Autocorrelation 

 

 The autocorrelation function describes the self-similarity of a fluorescence signal 

as a function of time and can be used to report on processes that result in non-random 

changes in fluorescence intensity within the excitation volume.
61

 In general, the 

normalized fluorescence correlation functions (Gii(τ)) can be described by the following: 

 

Equation 2.2          
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where , the brackets    denote a time average,  represents the lag time, subscript i 

represents the measured emitter,       is the instantaneous fluorescence signal minus the 

average fluorescence signal:
62

 

 

Equation 2.3                      

 

When  = 0, Equation 2.2 becomes: 

 

Equation 2.4          
              

       
 

        

       
 

 

The number of fluorescent emitters within the focal volume (N) is proportional to 

fluorescence intensity, and thus can be substituted for F(t). Therefore,          will 

become      , which is the difference between the instantaneous and the average 

number of particles (emitters) in the focal volume, also known as the variance. The 

particles within the focal volume at any time are governed by Poissonian distribution. 

Therefore, the variance equals the average number of fluctuating particles, <N>.
63

 

 

Equation 2.5          
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Figure 2.3 Fluorescence correlation spectroscopy. (A) Fluorescence intensity 

fluctuations as fluorescent particles diffuse in and out of the excitation volume. (B) 

Fluorescence intensity fluctuation as a function of time. (C) Autocorrelation decay 

obtained from the fluctuations in fluorescence. The amplitude of the autocorrelation 

function (G(0)), equals 1/number of particles in the excitation volume. Reproduced 

with kind permission of Springer Science + Business Media.
55

 

 

 Figure 2.3A and B illustrates temporal fluorescence intensity fluctuations that 

result from a change in the number of fluorescence emitters within the excitation 

volume.
46

 The fluctuations in fluorescence intensity over time, also known as the count 
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rate trajectory (Figure 2.3B), can be analyzed using an autocorrelation analysis, Equation 

2.2, and is shown in Figure 2.3C. The decay of the autocorrelation curve represents the 

probability distribution that a fluorophore, which was present in the focal volume at an 

initial time t = 0, is still present in the focal volume at a later time, t + .
64

 At very small 

lag times (  0.01 – 0.1 ms) the autocorrelation function essentially plateaus, as the 

particle has not yet diffused out of the focal volume; thus, the correlation amplitude is at 

a maximum. As the lag time increases, the probability of finding the original particle in 

the focal volume decreases; therefore, in most cases when t > 100ms, the probability will 

approach zero.  

 Assuming a three-dimensional Gaussian excitation volume, Brownian diffusion of 

the fluorophores can be described by:
62

 

 

Equation 2.6           
 

 
    

 

  
 
  

   
 

    
 
    

  

 

S is the aspect ratio of the elliptic excitation volume (        , where r0 is the laser 

beam radius at its focus (perpendicular to the direction of laser propagation), and z0 is the 

depth of excitation volume (in the direction of laser propagation).
65

  is the lag time and 

D is the residence time of the diffusing molecule within excitation volume. D can be 

expressed in terms of the diffusion coefficient of the fluorophore, D: 
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Equation 2.7      
  
 

   
 

 

 where  equals 4 for OPE and 8 for TPE.
62

 Collected autocorrelation decay curves can 

therefore be modeled and fitted using the following equation (red line shown in Figure 

2.3C):
1
 

 

Equation 2.8           
   

   

  
  

  

   
   

  
  

    

    
 

 
 
   

  
   

  

 

where C is the concentration of the diffusing fluorophore and the effective volume of 

excitation (focal volume), Veff, equals (/2)
3/2

r0
2
z0. 

 The concentration of the emitting diffusing species can be easily determined from 

the amplitude of the autocorrelation function, G(0). As described in Equation 2.5, when 

there is a single species diffusing, the autocorrelation amplitude is equal to 1/number of 

fluorescently diffusing species within the interrogation volume. As shown in Figure 2.4
44

, 

as the concentration of the emitter increases, the amplitude of autocorrelation decay 

decreases. It should be noted that as the number of emitting particles increases, the 

relative fluorescence fluctuations decreases; therefore, it is critical to reduce the average 

number of emitters in the excitation volume to within 0.1 and 1000.
62

 For an excitation 
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volume of 1 femtoliter, the ideal concentration of emitters range from a few nanomolar to 

submicromolar.
62

 

 

 

Figure 2.4 An example illustrating the effect of concentration and diffusion on the 

appearance of the autocorrelation decay. As the concentration of the emitter 

increases, the amplitude of the autocorrelation decay decreases. As particles diffuse 

more slowly, the autocorrelation decay shifts to longer lag times. Reproduced with 

kind permission of Springer Science + Business Media.
55

 

 

 The diffusion coefficient of the fluorescent particles can be obtained from the 

autocorrelation decay curves, as described in Equation 2.8. Large particles will diffuse in 

and out of the excitation volume more slowly and the resultant correlation decay will 
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shift to longer lag times (Figure 2.4). Utilizing the Stokes-Einstein relationship, the 

hydrodynamic radii of the diffusing species can also be determined,
45,66

 

 

Equation 2.9     
  

    
  

 

where D is the diffusion coefficient, k is the Boltzmann constant, T is temperature,  is 

viscosity, and R is the hydrodynamic radius of the diffusing species.
46

 

 

2.3.2.2 Cross-Correlation 

 

 In fluorescence cross-correlation spectroscopy (FCCS), fluorescence intensities 

from two spectrally separate fluorophores are correlated with each other. The normalized 

cross-correlation signal, Gij(), also known as Gx(τ), can be described as: 

 

Equation 2.10          
                

              
 

 

where subscripts i and j, denote the two independently measured emitters. 

 A cross-correlation signal occurs only when the two detection channels record 

synchronous fluorescence fluctuations. This indicates that the spectrally distinct 

fluorophores are physically linked, and thus, are diffusing together as one entity. Figure 
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2.5A depicts a count rate trajectory, which measures the fluorescence fluctuations of two 

spectrally distinct fluorophores, diffusing throughout the excitation volume, as a function 

of time. Coincident fluctuations in both detection channels are correlated in time, which 

yields a cross-correlation decay curve (Figure 2.5B). 

 

 

Figure 2.5 (A) Fluorescence trajectories from two spectrally separate emission 

channels, incidences where fluorescence fluctuations in both channels coincide (~ 43 

s) are correlated in time and results in a cross-correlation decay curve (B). 

Reprinted with permission from ref.
47

, Copyright 2009, American Chemical Society 

 

 Assuming a Gaussian TPE volume, cross-correlation decays can be modeled and 

fitted using the following equation:
67

 

 

Equation 2.11                  
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where ij is dual-color bound diffusing species, and Gx(0) is the cross-correlation 

amplitude. The concentration of the bound spectrally separate fluorophores is directly 

proportional to the Gx(0). Assuming the size of the excitation volume, Veff , is known 

(through calibration using a dye with a known diffusion constant), the concentration of 

the dual-labeled particles (Cij) can be calculated from the amplitudes of the cross- and 

dual auto-correlation decays, as follows
45

: 

 

Equation 2.12         
     

                  
    

 

where Gii(0) and Gjj(0) are the autocorrelation amplitudes from the individual colored 

emitters, ii and jj, respectively. 

 

2.3.3 TPE-FCS/FCCS Instrumentation 

 

 A schematic diagram of a typical two-photon excitation FCS setup is illustrated in 

Figure 2.6. A mode-locked Ti:Sapphire, 100 fs pulsed laser, operating at 82 MHz, with 

an excitation wavelength of 780 nm, was used in all TPE-FCS/FCCS experiments. The 

excitation laser beam, which was previously expanded by a series of lenses to optimally 

fill the back aperture of a 40x, 1.2 NA, 0.8 mm working distance Zeiss objective lens was 

directed into the back of a Zeiss Axiovert 200 fluorescent microscope. Fluorescence 
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emission from the diffusing fluorophores was collected back through the objective lens 

and was reflected off the dichroic optic (Chroma 700DCSPXR), which separates the 

emitted light from the excitation source. Another dichroic optic (Chroma 565DCLP) 

situated outside of the microscope separates the two different fluorescence emissions (red 

and green). The spectrally separated fluorescence emissions are filtered (Chroma, 

D535/50x (green), D605/40m (red)), and can then be directed via optical fibres to the 

avalanche photodiodes (APD, Perkin-Elmer, SPCQ-200). Intensity information from the 

two APDs is then analyzed by a PC using a correlator card (ALV-6000). All data 

collected was plotted and analyzed using OriginPro 7.0 software. 
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Figure 2.6 Schematic of a two-photon FCS laser setup. A 100 fs pulsed 

titanium:sapphire laser is expanded to fill the back of the objective lens, which 

focuses the beam to a tight spot. Fluorescence emission is collected through the 

objective and is separated from the excitation source. A dichroic is used to separate 

the fluorescence emissions, which are filtered and directed by an optical fibre to an 

avalanche photodiode (APD). Reproduced with kind permission of Springer Science 

+ Business Media.
55
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2.3.4 TPE-FCCS Vesicle Association Assay 

 

 A schematic of the TPE-FCCS assay is illustrated in Figure 2.7A, in which 

vesicle populations labeled with spectrally separate fluorophores are mixed together. A 

fusion agent is introduced to the sample and the presence of vesicles that contain both red 

and green labels are monitored. Examples of data obtained from the TPE-FCCS assay are 

shown in Figure 2.7B-D. Figure 2.7B is a fluorescence count rate trajectory of a sample 

containing two vesicle populations labeled with OG-DHPE (green) and lissamine-DOPE 

(red), respectively, in the absence of anesthetic/fusion agent. The fluorescence 

fluctuations collected in Figure 2.7B illustrates that no association between green and red 

vesicles, as there are very little incidences of concurrent fluctuations in both the red and 

green detection channels, which indicates that the red and green labels are diffusing 

independently of each other. Figure 2.7C is a fluorescence count rate trajectory, 120 min 

post anesthetic (chloroform) addition; coincident fluorescence fluctuations that occur in 

both red and green detection channels indicate the presence of physically linked red-

green vesicles, which yields a cross-correlation signal seen in Figure 2.7D. 
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Figure 2.7 TPE-FCCS vesicle association assay. (A) Schematic depiction of the 

vesicle association/fusion process. (B) Fluorescence count rate trajectory obtained 

from lissamine-DOPE labeled DOPC and OG-DHPE labeled DOPC vesicles prior to 

addition of anesthetic. (C) Fluorescence count rate trajectories 120 min post 

anesthetic addition (chloroform, 2% v/v). (D) Corresponding cross-correlation 

decay curve obtained from the data shown in (C). Reprinted with permission from 

ref.
47

, Copyright 2009, American Chemical Society. 

 

2.3.4.1 Methods 

 

 Appropriate amounts of lipid (DOPC/DPPC) and either lissamine-DOPE (red 

label) or OG-DHPE (green label) stock solutions were added to a clean glass scintillation 

vial to yield final lipid and fluorescent probe concentrations of 0.1 mM and 500 nM, 

respectively. N2 gas was used to evaporate all of the solvent and the dried labeled lipid 

film was rehydrated in a phosphate buffered saline (PBS) buffer containing 320 mM 
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sucrose.
1,47

 The rehydrated film was agitated unexposed to light (mechanical stirring or 

vortexing) for 30 min, to ensure complete resuspension of the lipid into the buffer and 

subsequent formation of large multilamellar vesicles (MLVs). After adequate mixing, 

small unilamellar vesicles (SUVs) were produced by alternating cycles of sonication and 

stirring/vortexing until the vesicle solution became clear (approximately 5 cycles), after 

which they were stored protected from light at 4C for no more than 5 days. Prior to 

experimentation respectively labeled vesicles were extruded
68

 using a Miniextruder 

(Avanti Polar Lipids Inc.) equipped with a 100-nm nuclepore track-etch membrane 

(Whatman nuclepore). 500 L of each labeled vesicles (red and green) were pipetted into 

an eppendorf tube. 2% (v/v) anesthetic was added and the sample was inverted ten times 

to ensure complete mixing. After an incubation time of 2 minutes, 400 L of the sample 

was placed into a quartz sample chamber and was immediately placed on the inverted 

microscope. Fluorescence auto-correlation and cross-correlation decays were collected 

every 5 min for the first 15 min following anesthetic addition, followed by collection of 

data every 15 min until a total of 120 min had elapsed. In all experiments the laser power 

was attenuated with a neutral density filter, to 15 mW, before entering the microscope. 

 

2.3.4.2 FCCS Data Reduction: Cross-Talk Correction 

 

 Recall that we are able to obtain the concentration of bound red-and-green 

vesicles from the amplitudes of the cross-correlation and autocorrelation decays, as 

shown in Equation 2.12. However, the complete separation of OG-DHPE and lissamine-

DOPE emissions is not possible, as the red tail of the OG-DHPE emission bleeds into the 
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lissamine-DOPE detection channel (Figure 2.8), which results in an apparent cross-

correlation signal when there are no bound species present. 

 

 

Figure 2.8 Example of cross-talk in emission detection channels. Green and red 

curves correspond to emission spectra of Oregon Green and Lissamine membrane 

dyes, respectively, while blue and black traces illustrate spectral cut offs of the green 

and red emission filters. It can be seen that the long red tail of the green emission 

leaks into the red detection channel. Reproduced with kind permission of Springer 

Science + Business Media.
55

 

 

 To account for this unspecific crosstalk, the true cross-correlation amplitude 

(      ) can be calculated from the bleed-through ratio of the green dye into the red 

detection channel (κ), and the measured count rates and amplitudes of the cross and 

autocorrelation decays
69

.  
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Equation 2.13   
      

      
 

     

      
   

  
  

 

    
  
  

 

 

Equation 2.14     
  

   

  
    

 

κ is determined from a calibration measurement of a sample containing experimentally 

relevant concentration of only green-labeled particles and determining the respective 

fluorescence intensity in the red and green channel (  
    and   

   , respectively). Once 

the true cross-correlation amplitude is obtained (Equation 2.15), the concentration of 

dually labeled RG vesicles can be calculated through substitution into Equation 2.12 to 

yield Equation 2.16. 

 

Equation 2.15          

     

      
   

  
  

 

    
  
  

 

       

Equation 2.16        
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 The chemical equation used to represent the fusion kinetics of the association of 

an equimolar distribution of vesicles labeled with red and green dyes in the TPE-FCCS 

assay is as follows: 

 

Equation 2.17                  

 

where R and G represent red and green labeled vesicles respectively and RG represents 

the fused red and green vesicles. RR is the result from the fusion of two red labeled 

vesicles, while GG is the result of the fusion of two green labeled vesicles. Thus, in the 

TPE-FCCS fusion assay, one has a mixture of fused species, some with double the 

brightness of the original and some with the same brightness. 

 Equation 2.16 accounts for crosstalk of green fluorescence into the red detection 

channel; however, Equation 2.16 does not distinguish that some of the fused species will 

have twice the brightness, when same colored vesicles fuse together. Subsequently, their 

brightness will factor into the interpretation of the G(0)’s for both the auto and cross-

correlation decays. Therefore, for the cross-correlation decays the following relationship 

was established:  

 

Equation 2.18          
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where NRG is the number of red-green fused species, NR is the number of monomer red 

species, NG is the number of monomer green species, and N2R is the number of red-red 

fused species. The absolute particle brightness for both fluorescent species (ηii and ηjj) 

cancel out in Equation 2.18, assuming that the brightness does not change as a function of 

binding. Moreover, when NG = NR we can further simplify Equation 2.18 to obtain the 

following equation: 

 

Equation 2.19         
   

              
  

 

It is of note that NRtotal = NR + NRG + 2N2R = NR(initial), which applies only in the case of 

the fusion of monomers to form dimers. 

 

Equation 2.20         
   

            
  

 

Therefore, theoretically the cross-correlation amplitude should start at zero and increase 

to a value of 1/[2NR(initial)], for the formation of dimers. Our data shows that the cross-

correlation amplitude does not start at zero, because some green fluorescence leaks into 

the red channel, which results in low apparent cross-correlation which is not real.  

 We can examine the auto-correlation decays in a similar fashion, using the same 

assumptions previously applied in the analysis of the cross-correlations decays, which 

results in the following equation for the red channel: 
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Equation 2.21        
   

    

         
 

   
              

    

                     
  

 

 
           

  
          

 

 

Simplifying Equation 2.21 yields: 

 

Equation 2.22        
 

           
 

    

  
          

 

 

 
 

           
 

 

            
 

 

 

 

           
 

 

Equation 2.21 can be applied similarly to the green channel, substituting the number of 

particles and the particle brightness for the green fluorophore, respectively. Thus, at short 

time scales, as red or green monomers fuse together to form dimers the amplitudes of the 

auto-correlation functions in both channels will remain relatively constant. However, at 

longer time scales, higher order fusion events may occur, which could cause an increase 

(factor of 1.5, maximum) in auto-correlation amplitudes to be observed. 
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2.3.4.3 FCCS Data Reduction: Vesicle Association Kinetics 

 

 Assuming the simple bimolecular association of a labeled red vesicle (R) with a 

labeled green vesicle (G) to from a dually labeled vesicle (RG) is the only association 

event that is occurring early in the reaction, the following equation can be used to 

represent association kinetics: 

 

Equation 2.23          

 

 The increase in dually labeled RG vesicles can be represented by the differential 

rate law: 

 

Equation 2.24   
     

  
  

    

  
         

 If the initial concentrations of red and green vesicles are equal, Equation 2.24 can 

be simplified to: 

 

Equation 2.25    
    

  
       

 

The integrated rate law of Equation 2.25 is determined to be: 

 

Equation 2.26   
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The FCCS vesicle association assay measures [RG] directly, we can describe the change 

in concentration of R, due to the formation of RG as: 

 

Equation 2.27   
 

           
    

 

    
 

 

2.4 Measurement of Total Lipid Mixing Using a Fluorescence Dequenching Assay 

 

 The total lipid mixing fluorescence dequenching (TLM-FD) assay was derived 

from a fluorescence resonance energy transfer (FRET) fusion assay, which utilized the 

FRET donor-acceptor pair of BODIPY 500-PC and BODIPY 530-PE.
70

 In the previously 

published FRET assay, lipid vesicles containing both FRET donors and acceptors were 

fused with unlabeled lipid vesicles containing no fluorescent probes. The resultant 

dilution of the donor-acceptor pairs would result in an increase in the distances between 

the FRET donor-acceptor pairs, thus reducing the intensity of the FRET signal. BODIPY 

is known to dimerize within membranes in high concentrations (0.5 – 2.5 mol%) and 

therefore can be utilized in a FD fusion assay similar to previously used FRET assays.
1
  

Figure 2.9A illustrates the emission spectra of DOPC vesicles labeled with 5 mol% 

BODIPY. It can be seen that the BODIPY dimer emission spectra (blue Gaussian curve) 

is red-shifted from the BODIPY monomer emission spectra (green Gaussian curve). The 

red-shifting of the BODIPY dimer emission can be explained in Figure 2.10, where the 

energy levels of two BODIPY monomers mix to form new energy levels for a BODIPY 
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dimer. The resultant transition between the dimer excited state and ground state (D* and 

D0, respectively) is lower in energy than the transition between the monomer excited and 

ground state (M* and M0, respectively), and therefore red shifted. 

 

 

Figure 2.9 Fluorescence emission spectrum for DOPC vesicles labeled with 

BODIPY(5%) excited at 480 nm. (A) The emission spectrum contains contributions 

from BODIPY monomers and dimers, which are modeled by Gaussian peaks (green 

curve and blue curve, respectively). The sum of the Gaussian peaks produces the fit 

(red curve) to the raw data (black curve). (B) Schematic of the fusion of an 

unlabeled and labeled vesicle in the presence of a fusion agent (anesthetic). Fusion of 

the two vesicles separates some of the BODIPY dimer molecules into monomers. 

Reprinted with permission from ref.
47

, Copyright 2009, American Chemical Society. 

 

 A schematic of the TLM-FD assay is illustrated in Figure 2.9B. Briefly, lipid 

vesicles were labeled with BODIPY at concentrations to yield dimerization of the probe 
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within the membrane. Upon the fusion and subsequent lipid mixing with an unlabeled 

vesicle, dilution of the BODIPY dimers will occur, resulting in an increase in the 

concentration of BODIPY monomers. The increase in monomer BODIPY fluorescence 

intensity can be used to as a measure of the extent and rate of lipid mixing occurring. 

 

 

 

Figure 2.10 Energy diagram illustrating the mixing of ground and excited states of 

two monomers (M0 and M*, respectively) to form the dimer ground and excited 

states (D0 and D*, respectively). Subsequently, emission from D* to D0 (red arrow) is 

lower in energy than emission from M* to M0 (green arrow). 

 

2.4.1 Methods 

 

 Unlabeled lipid vesicles were prepared by aliquoting the appropriate amount of 

DOPC or DPPC stock solution to yield a concentration of 0.1 mM. BODIPY labeled 

vesicles were produced by aliquoting the appropriate amounts of BODIPY and lipid stock 

solutions to produce concentrations of 5 M and 0.1 mM, respectively. SUV’s of both 
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unlabeled and fluorescently labeled vesicles were produced as outlined in section 2.3.4.1. 

Prior to experimentation, vesicles were extruded through a 100 nm filter. A 5:1 (v/v) ratio 

of unlabeled to labeled lipid SUVs was pipetted into a 10 mm path length quartz 

fluorescence cuvette. The sample was then inverted several times to ensure complete 

mixing and an emission spectrum was obtained. An anesthetic (2% v/v) was added to the 

cuvette and inverted 10 times to ensure rapid mixing.
41,71

 Fluorescence spectra were 

collected using a Varian Cary Eclipse fluorescence spectrometer. The instrument was set 

to a medium scan speed and both emission and excitation slit widths were set to 5 nm. 

Emission spectra were obtained by exciting the sample at 480 nm and collecting the 

emission from 490 to 700 nm. Spectra were obtained every 5 min following anesthetic 

addition for the first 15 min, followed by collection of spectra every 15 min for 90 min 

and every 30 min after that until 360 min total had elapsed.
1
 

 To determine the BODIPY contributions from the dimer and monomer peaks, the 

data obtained was fit using the sum of two Gaussian functions
1
 (Figure 2.9), and the ratio 

of the peak areas for each spectra component was determined. Maximum extent of lipid 

mixing FD was determined by dispersion of the BODIPY label evenly amongst all the 

vesicles, effectively diluting the probe by a factor of 5 (1% labelling). Fluorescence 

measurements were obtained in the presence of anesthetic to account for any membrane 

swelling due to the uptake of anesthetic, which allowed for direct comparison with the 

data obtained in the TLM-FD assay. 
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2.4.2 Data Reduction 

 

 Previous work, which utilized the BODIPY FD assay
1
, examined fluorescence 

data by plotting the ratio of integrated fluorescence of monomer to dimer (Amonomer/Adimer) 

as a function of time. The shape of the plot was then compared to normalized TPE-FCCS 

data to confirm the presence of fusion. However, rate constants of fusion obtained via 

both methods could not be directly compared with each other. Therefore the proposed 

fusion mechanism of the BODIPY dequenching assay was further investigated to produce 

rate constants that are directly comparable to those obtained via TPE-FCCS. Assuming 

the fusion of an unlabeled vesicle with a labeled vesicle is the only fusion event that is 

occurring early in the reaction, the following equation can be used to represent fusion 

kinetics in the FD assay: 

 

Equation 2.28                         

 

where DOPC(D) represents a labeled DOPC vesicle which contains BODIPY dimers, 

which fuses with an unlabeled DOPC vesicle and produces a larger DOPC vesicle 

(DOPC2(M)), which contains both BODIPY monomers and dimers. The increase in 

monomer intensity (equivalent to [DOPC2(M)]) can be represented by the differential rate 

law: 

 

Equation 2.29  
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The reaction can also be described with respect to the change in dimer concentration 

using: 

 

Equation 2.30  
          

  
                   

 

If the concentration of unlabeled vesicles used was in excess, it can be considered as a 

constant and can be grouped with k to yield k’. Equation 2.30 can be reduced to a pseudo-

first order rate law: 

 

Equation 2.31  
          

  
             

 

The integrated rate law of Equation 2.31 is determined to be: 

 

Equation 2.32                       
     

 

The increase in [DOPC2(M) ] due to the loss of dimer can be represented by the following 

equation: 

 

Equation 2.33                                  
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The substitution of Equation 2.32 into Equation 2.33 yields: 

 

Equation 2.34                                   
    

 

 

However, we must consider and account for the initial presence of monomer, as the initial 

labeled vesicle will not only contain BODIPY dimers, but some monomer as well. 

Therefore, 

 

Equation 2.35                                                 
     

 
 

 

Equation 2.35 can then be rearranged and simplified to yield: 

 

Equation 2.36  
                      

          
          

 

 

where the [DOPC2(M)] and [DOPC(D)] are represented by the area under the BODIPY 

emission peak intensities.  
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2.5 Measurement of Inner Leaflet Lipid Mixing Using a Fluorescence Resonance 

Energy Transfer Assay 

 

2.5.1 Fluorescence Resonance Energy Transfer (FRET) Theory 

 

 Fluorescence resonance energy transfer (FRET) occurs when the electronic 

excitation energy of a donor (D) chromophore is transferred to a nearby acceptor (A) 

molecule via long range dipole-dipole interactions between the donor-acceptor (D-A) 

pair.
72

 Figure 2.11 is a Jablonski diagram illustrating the occurrence of FRET. A ground 

state donor molecule (D) is excited into the excited state (D*). The excited molecule can 

relax non-radiatively (dashed arrows) into the lowest vibrational level of the excited state 

where it can return to the ground state through the emission of a photon (yellow arrow). 

The excited donor molecule can also relax back to the donor ground state by transferring 

its energy non-radiatively to an acceptor molecule if the excited state energy levels 

overlap with the donor excited state energy levels. The rate of energy transfer from the 

excited donor to the acceptor is defined as kt. Thus, an acceptor molecule in the ground 

state (A) can become excited into the excited state (A*), where it can relax to the lowest 

vibrational energy level and return to the ground state through the release of a photon 

(red arrow). The efficiency of FRET is never unity; therefore, a FRET donor-acceptor 

pair will often emit two different wavelengths of light (donor and acceptor emission, 

respectively) when excited by a single wavelength. 
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Figure 2.11 Jablonski diagram illustrating the occurrence of fluorescence resonance 

energy transfer (FRET). A donor molecule is excited from the ground state (D) to 

the excited state (D*). Once in the excited state, the molecule can non-radiatively 

relax to the lowest vibrational level in the excited state, where it can return to the 

ground state by emitting a photon (yellow arrow). Alternatively, the excited donor 

molecule can relax to the ground state by transferring its energy to an acceptor 

molecule, the rate of which is defined as kt. The acceptor molecule is thus excited 

from the ground state (A) to an excited state (A*), where it can relax to the lowest 

vibrational level of the excited state before returning to the ground state by emitting 

a photon (red arrow). 

 

FRET efficiency is defined by the following equation, 

 

Equation 2.37     
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where R0 is the Förster distance, which is the distance at which half of the energy is 

transferred (50% efficiency), and r is the actual distance between the D and the A.
72

 The 

Förster distance can be defined as: 

 

Equation 2.38                               

 

where 
2
 is the orientation factor that relates the relative orientation of the transition 

dipoles of the donor and acceptor in space, which is generally assumed to be 2/3 for 

random orientation of freely rotating dipoles; n is the refractive index of the medium; D 

is the quantum yield of the donor in the absence of the acceptor; and J() is the overlap 

integral, which describes the degree of spectral overlap between the donor emission and 

acceptor absorption. 

 It is clear from Equation 2.37 and Equation 2.38 that the efficiency of the energy 

transfer is dependent on the quantum yield of the donor, the relative orientation and 

separation of the two transition dipoles, and the overlap between the donor emission and 

acceptor absorption spectra.
73

 Figure 2.12 illustrates the orientation associations of 

transition dipoles and the spectral overlap requirements for FRET.
73

 The oscillating 

electronic wave functions of the donor and acceptor are coupled via Coulombic 

interactions such that their transition dipoles are similarly oriented, which results in the 

transfer of energy from the donor to the acceptor molecule.
74

 The relative angle between 

the donor and acceptor transition dipoles, shown in Figure 2.12A, is responsible for the 
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depolarization of fluorescence upon energy transfer. Moreover, the orientation factor 
2
 

can be deduced from the following equation:
75

 

 

Equation 2.39                        
  

 

where T is the angle between the donor and acceptor dipole moments, which can be 

defined as:
75

 

 

Equation 2.40                                   

 

where D, A are the angles between the transition dipoles with the axis joining A and D 

(r), and  is the angle between the corresponding planes of the dipoles. Figure 2.12B is 

an illustration of the fluorescence absorption and emission spectra for both the D and A 

molecule. The D molecule is excited at a wavelength within its absorption spectrum 

(green dashed curve), the subsequent D emission (green solid curve) and A absorption 

(red dashed curve) spectra must overlap energetically in order for energy transfer to 

occur. The spectral overlap (J(λ), yellow area) is proportional to the FRET efficiency. 

Therefore, with a greater the overlap between D emission and A absorption a higher 

FRET efficiency can be expected. 
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Figure 2.12 Schematic of the fluorescence resonance energy transfer process. (A) 

Illustration of the orientation of acceptor and donor transition dipoles.  is the angle 

between the two planes of the donor and acceptor dipoles; D and A are the angles 

of the dipoles with the axis that joins the donor and acceptor; and T is the resultant 

angle between the two dipole moments. (B) Absorbance and emission spectrum of 

donor and acceptor respectively. J() is the overlap integral between the donor 

emission (ED) and the acceptor absorption (AA).
73

 

 

The rate of energy transfer is defined as: 

 

Equation 2.41         
 

    
 
  

 
 
 
 

 

where      is the fluorescence lifetime of the D in the absence of energy transfer.
76

 

Therefore, with Equation 2.37 and Equation 2.41, it can be seen that the rate of energy 

transfer and the FRET efficiency is inversely proportional to the sixth power of the 
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distance between the D and A. Thus, the energy transfer efficiency is extremely sensitive 

to distance changes and, therefore, FRET is typically observed over a distance range of 1 

to 10 nm.
77

 

 

2.5.2 Inner Leaflet Lipid Mixing – FRET Assay 

 

 Inner leaflet lipid mixing (ILLM) assays were completed by using a fluorescence 

resonance energy transfer (FRET) fluorescence dequenching assay as described by 

Langosch et al.
78

 A schematic of the ILLM-FRET lipid mixing assay is shown in Figure 

2.13. The premise of the assay was to monitor lipid mixing contributions due to the 

rearrangement of lipids situated within the inner leaflet of the vesicle. NBD-DHPE donor 

fluorescence from the outer leaflet was extinguished with sodium dithionite (top panel). 

Thus, energy transfer only occurs from NBD-DHPE donors that are present within the 

inner leaflet. Upon the fusion with unlabeled lipid vesicle, dilution of the FRET pair 

within the inner leaflet will occur, resulting in a reduction of energy transfer and 

subsequent increase in donor fluorescence intensity and decrease in acceptor intensity 

(Figure 2.13B). 
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Figure 2.13 Schematic of the inner leaflet mixing fluorescence resonance energy 

transfer (ILLM-FRET) lipid mixing assay. (A) Lipid vesicles are labeled with FRET 

donor and acceptor pairs (NBD-DHPE (green) and lissamine-DHPE (red), 

respectively). NBD-DHPE donor fluorescence from the outer leaflet of the vesicle is 

quenched by sodium dithionite. Subsequently, fusion with an unlabeled lipid vesicle 

will result in separation of the FRET donor-acceptor pairs within the inner leaflet. 

(B) Emission spectra of a sample of unlabeled DOPC vesicles and DOPC vesicles 

labeled with NBD-DHPE and lissamine-DHPE, before the addition of anesthetic. As 

unlabeled vesicles fuse with labeled vesicles, acceptor emission intensity (Rh) will 

decrease and donor emission intensity (NBD) will increase. 
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2.5.3 Methods 

 

 Unlabeled vesicles were prepared by aliquoting the appropriate amount of DOPC 

stock solution to yield a concentration of 0.1 mM. Fluorescently labeled vesicles were 

produced by aliquoting the appropriate amounts of NBD-DHPE and lissamine-DHPE 

stock solutions to yield 1 mol% labelling of each probe. SUV’s of both unlabeled and 

fluorescently labeled vesicles were produced as outlined in section 2.3.4.1. Liposomes 

were extruded through a 100 nm filter the day of experimentation. NBD-DHPE 

fluorescence from the outer leaflet of labeled vesicles was extinguished though 

incubation with 20 mM sodium dithionite for 30 minutes at 4C. Excess sodium 

dithionite was removed through three buffer exchanges using a Zeba desalting spin-

column (Thermo Scientific), which were centrifuged at 3000 rpm using a swing bucket 

rotor at 20C for 8 min. 

 Preliminary spectra of a 5:1 (v/v) ratio of unlabeled DOPC to labeled (NBD-

DHPE and lissamine-DHPE) DOPC vesicles was obtained in the absence of anesthetic. 

Following anesthetic addition, the sample was inverted 10 times and spectra were 

obtained every 5 min for the first 15 min, followed by collection of spectra every 15 min 

for 90 min and every 30 min after that until a total of 240 min had elapsed. Samples were 

excited at 460 nm and emission spectra were collected between 470-750 nm. NBD-

DHPE donor emission was taken at 530 nm while lissamine-DHPE acceptor emission 

was recorded at 590 nm. 

 The extent of lipid mixing was observed by monitoring the increase in NBD-

DHPE donor emission. Calibration of the ILLM-FRET assay was achieved by setting the 
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initial fluorescence intensity at 530 nm of the vesicle sample in the absence of anesthetic 

as 0% lipid mixing. The maximum extent of lipid mixing was obtained by lysing the 

vesicles with Trition X-100 (0.625% v/v), which eliminates energy transfer and yields the 

NBD-DHPE fluorescence intensity at infinite dilution. It is of note that the NBD-DHPE 

fluorescence intensity must also be corrected for sample dilution and any inherent 

quenching of NBD-DHPE due to the presence of the detergent.
79

 This factor (~1.7) was 

obtained by incorporating NBD-DHPE (0.1% labelling) into DOPC vesicles, a 

concentration where no self-quenching of the probe is expected, and measuring the 

fluorescence intensity before and after Triton X-100 addition.
79

 The resultant corrected 

fluorescence intensity of NBD-DHPE in the lysed sample was set as 100% lipid mixing. 
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Chapter Three: Effects of Various Anesthetics on Membrane Fusion 

 

3.1 Motivation 

 

 Previous work in the Cramb lab has illustrated that an inhalational general 

anesthetic, halothane, has fusogenic properties, enhancing membrane fusion in DOPC 

vesicles
1
. The goal of this chapter is to determine whether other inhalational general 

anesthetics, such as chloroform, isoflurane, enflurane and sevoflurane, could also be used 

as fusion agents and to understand the molecular interactions between fusogenic 

anesthetics and lipid membranes. To determine the fusogenic abilities of each anesthetic, 

fluorescence-based fusion assays were utilized to report on various individual stages of 

the fusion mechanism, yielding an overall portrait of the fusion process. 

 

3.2 Introduction to General Anesthetics 

 

 Nitrous oxide, diethyl ether and chloroform were the first anesthetics discovered 

in the 1840’s and were widely utilized in surgeries for nearly a century.
80

 Not until the 

1960’s did we see a push to synthesize a better inhaled anesthetic. Modern anesthetics, 

those halogenated at least in part with fluorine, replaced all previously used anesthetics, 

with the exception of nitrous oxide.
80

 Ethers were removed from practice due to their 

flammability, while compounds halogenated with chlorine such as chloroform lost favour 

due to their toxicity.
80

 Since their discovery, general anesthetics have been extensively 
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used to induce immobility, amnesia and unconsciousness for surgical procedures; 

however, the mechanism of general anesthesia has remained poorly understood.
81

  

 At the start of the twentieth century, Overton and Meyer were the first to identify 

a strong correlation between an anesthetic’s potency and its oil solubility.
82,83

 Figure 3.1 

is a plot illustrating the Overton-Meyer correlation, which correlates the minimum 

alveolar concentration (MAC) of the anesthetic that can inhibit patient response to a 

surgical incision in 50% of the population to its oil/gas partition coefficient, or its 

lipophilicity. This correlation was the first attempt to explain the mechanism of anesthetic 

action.
81

 Following the work of Overton and Meyer, the dominate belief was that 

anesthetic action was non-specific in nature and completely lipid-mediated.
84

 Several 

lipid based theories attempted to explain the mechanism of anesthetic action, which 

included anesthetic-induced volume expansion of the cell membrane
85

, and increased 

fluidity of the cell membrane
86

. 
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Figure 3.1 Meyer-Overton correlation. The minimum alveolar concentration (MAC) 

of anesthetic that prevents movement in response to a surgical incision plotted as a 

function of oil/gas partition coefficient, which correlates potency of an anesthetic 

and lipophilicity. 

 

 It was not until 1984, when Franks and Lieb illustrated anesthetics can compete 

with endogenous ligands in binding to specific receptors
87

, did a shift in thinking occur 

within the literature regarding the mode of anesthesia
84,88-91

. Today, the protein-mediated 

mechanism for anesthetic action is now generally favored.
92

 Many neuronal proteins were 

found to be affected by general anesthetics and it is generally agreed that some ligand-

gated ion channels, which are important to neuronal function, are also sensitive to general 

anesthetics.
84

 To account for the variety of chemical structures capable of inducing 

anesthesia, it is suggested that the anesthetic molecules exert their effects on proteins by 
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occupying gaps or pockets within the protein structure.
81

 Anesthetic uptake into these 

sequestered areas of a complex folded protein is dependent on the anesthetic’s ability to 

penetrate hydrophobic amino acid sequences, thereby following the relationship 

originally predicted by the Overton-Meyer correlation.
81

  

 Although, the mode of anesthetic action is generally believed to be protein 

mediated, the early lipid mediated theories of anesthetic action can still be utilized 

towards the understanding of how anesthetics induce membrane fusion in model lipid 

vesicles. And since they would partition onto membrane proteins via the membrane 

lipids, understanding anesthetic-bilayer interactions remains essential to understanding 

anesthesia.  

 

3.3 Anesthetics Used in This Study 

 

 Early work by the Cramb group discovered a novel fusion agent in the form of a 

general inhaled anesthetic, halothane.
1
 Various inhaled general anesthetics that have 

historically been used were selected to determine if they are also capable of inducing 

membrane fusion in model DOPC membranes. Figure 3.2 illustrates the chemical 

structures and the space filling diagrams for chloroform, halothane, isoflurane, enflurane 

and sevoflurane used in this study. The physical properties of each anesthetic are 

summarized in Table 3.1, which includes the anesthetic’s solubility in water, oil/water 

(o/w) partition coefficient, the product of solubility and o/w partition coefficient, 

molecular dipole and molecular volume. Oil/water partition coefficients were calculated 

by taking the ratio
93

 of known oil/gas and water/gas partition coefficients
94,95

. 
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Figure 3.2 Chemical and space filling structures of DOPC, chloroform, halothane, 

enflurane, isoflurane and sevoflurane. Atoms colored orange, green, cyan, blue, and 

white represent phosphorus, chlorine, fluorine, carbon and hydrogen, respectively. 

Red atoms represent oxygen except for halothane, where the red atom is bromine. 

The space filling models were drawn using PyMol (DeLano Scientific, San Carlos, 

CA, USA). 
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Table 3.1 Summary of the water solubilities, oil/water (o/w) partition coefficients at 

37ºC, the product of solubility and o/w partition coefficient, molecular dipoles, and 

molar volumes for the general anesthetics: halothane, chloroform, isoflurane, 

enflurane, and sevoflurane. 

 

Anesthetic 
Solubility 

(mM) 

Oil/water 

(o/w) 

partition 

coefficient 

(37ºC) 

(Solubility) x 

(o/w partition 

coefficient) 
 (D) 

Molar 

Volume 

(A
3
) 

Halothane 21
96

 313
94

 6573 1.5
97,98

 100
99

 

Chloroform 67
94

 61
94

 4087 1.0
100

 70
99

 

Isoflurane 15
94

 168
94

 2520 2.0
101

 110
99

 

Enflurane 15
94

 124
94

 1860 0.7
101

 110
99

 

Sevoflurane 6
102

 148
103

 888 2.3
97

 130
99

 

 

 We propose that enhanced membrane fusion in the presence of anesthetics is 

dependent on where the anesthetic incorporates into the bilayer and on the lipophilicity of 

the anesthetic. The general anesthetic halothane has previously been shown to localize in 

the bilayer just below the head group region.
71

 Baber et al.
104

 has also shown that 

halothane, enflurane and isoflurane localizes evenly in the hydrocarbon region of the 

bilayer near the membrane-solution interface.
104

 The presence of these general 
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anesthetics below the head group of the bilayer perturbs the membrane. This perturbation 

can lead to a lateral swelling perpendicular to the bilayer plane
105

 caused by increased 

membrane fluidity, which can increase the occurrence of lipid rearrangements, resulting 

in a greater potential for the formation of fusion intermediates, which can progress into 

fusion pore states.
1,12,104

 Moreover, if other general anesthetics incorporate into the 

bilayer in a similar manner to halothane
104

, we would expect to observe similar fusogenic 

properties. Finally, one may expect that the potency of these general anesthetics as fusion 

agents is related to their octanol/water partition coefficients, polarity and molecular 

volume. 

 

3.4 Results  

 

3.4.1 Effect of Various Anesthetics on Vesicle Association 

 

 Two color TPE-FCS allows for the simultaneous detection of two spectrally 

distinct fluorophores diffusing through a known excitation volume. Example FCS data is 

shown in Figure 3.3. Fluorescence intensity trajectories of OG-DHPE and lissamine-

DHPE labeled DOPC vesicles are shown in Figure 3.3A as green and red traces, 

respectively. The fluctuations in fluorescence intensities from each detection channel 

(Figure 3.3A) are time correlated, resulting in the respective autocorrelation functions 

shown in Figure 3.3B. Initial concentration of both red and green labeled vesicles can be 

determined from the amplitudes of the autocorrelation decays prior to anesthetic addition, 

which is inversely proportional to the number of fluorescently labeled particles in the 
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excitation volume (Figure 3.3B). In the absence of anesthetic, no aggregation of labeled 

vesicles was observed, as evident by the observation of regular fluorescence fluctuations 

of similar magnitude observed in each channel (Figure 3.3A). The presence of 

aggregation would result in infrequent large spikes in fluorescence intensity observed in 

the count rate trajectory, which would manifest as a large increase in the autocorrelation 

amplitude, as the aggregate becomes the only particle that is observed. 

 

 

 

Figure 3.3 Fluorescence correlation spectroscopy (FCS) data. (A) Count rate 

trajectory illustrating fluctuations on fluorescence intensity for a sample containing 

OG-DHPE labeled DOPC vesicles (green trace) and lissamine-DHPE labeled DOPC 

vesicles (red trace). (B) Resultant autocorrelation functions produced from 

fluorescence fluctuation data in (A). 
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 Red and green labeled vesicles that are bound or associated to one other can be 

detected via FCCS. Figure 3.4A illustrates the fluorescence fluctuations from red and 

green labeled vesicles collected 5 minutes after halothane addition; the resultant cross-

correlation decay is shown in Figure 3.4B. Figure 3.4C and D show fluorescence count 

rate trajectories and corresponding cross-correlation decay 60 minutes post halothane 

addition. When comparing the fluorescence fluctuations in Figure 3.4A and C, the 

incidences where fluorescence fluctuations in the red and green detection channels 

coincide are more prevalent, resulting in the increased amplitude of the respective cross-

correlation decay (Figure 3.4B and D).  

 The amplitude of the cross-correlation decay can be monitored over time after the 

addition of halothane as shown in Figure 3.5A. The amplitude of the cross-correlation 

decay curve is proportional to the number of the associated/bound red-green species 

within the TPE volume, which can be calculated using Equation 2.16. The resultant 

concentration of associated/bound species can be plotted as a function of time after 

anesthetic addition (Figure 3.5B).  
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Figure 3.4 Fluorescence cross-correlation spectroscopy (FCCS) data. A) Count rate 

trajectory illustrating the fluorescence fluctuations of individually labeled red and 

green vesicles (lissamine-DHPE and OG-DHPE, respectively) 5 min after halothane 

addition. B) Corresponding cross-correlation function produced from data shown in 

A. C) Count rate trajectory of individually labeled red and green vesicles 60 min 

post halothane addition. D) Corresponding cross-correlation function produced 

from data shown in C. 
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Figure 3.5 A) Cross-correlation decays obtained at different time points following 

the addition of halothane. B) Example kinetics plot for halothane illustrating the 

association of red and green labeled vesicles over time. 

 

 The progression of vesicle association can also be monitored by examining the 

diffusion coefficients of the labeled particles as a function of time. The diffusion 

coefficient can be obtained simply from fitting the cross- and autocorrelation functions 

with Equation 2.11 and Equation 2.8, respectively. As the association of monomers to 

form dimers occurs, the radius of the dimers increases by a factor of √2; therefore we 

would expect to observe a decrease in diffusion coefficient, because larger particles 

diffuse more slowly than smaller particles, as described by the Stokes-Einstein 

relationship (Equation 2.9). Figure 3.6 compares the diffusion coefficient of red vesicles 

(red circles, obtained from fitting autocorrelation decays) to that of associated dually 

labeled red-green vesicles (black squares, obtained from fitting cross-correlation decays) 

in the presence of halothane. The initial diffusion coefficient of unassociated red vesicles 
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(initial measurement taken in the absence of halothane) was observed to be ~5 x 10
-12

 

m
2
s

-1
 (~65 nm in diameter). At early times (less than 1800 s (30 min)), the diffusion 

coefficients for dually labeled RG vesicles were found to be smaller than those measured 

for red-labeled vesicles (~2-3 x 10
-12

 m
2
s

-1
, ~100-160 nm). FCCS and FCS vesicle 

association rate constants were obtained by fitting the data presented in Figure 3.6 to a 

single exponential decay. The vesicle association rate constant obtained from FCCS 

measurements was faster (1.9 ± 0.4 s
-1

) than the rate constants obtained from FCS 

measurements (1.2 ± 0.3 s
-1

). Collectively, the results presented in Figure 3.6, suggests 

that FCCS is capable of resolving early binding events better than FCS. This is due to the 

fact that FCCS measures only RG dimers, while FCS measures all particles with a red 

label (R monomers, RR dimers and RG dimers). In the early stages of the experiment the 

majority of the red-labeled particles are monomers, while only a few may form RR or RG 

dimers. As FCS and FCCS are ensemble techniques, the diffusion coefficients obtained 

are averages that correspond to the average number of labeled particles present in the 

focal volume. As such, FCS measures an average diffusion coefficient for all diffusing 

red-labeled particles, which at early times are mostly red-labeled monomers. Thus, very 

little change in the diffusion coefficient is observed at early times using FCS. At longer 

times, the diffusion coefficients measured by FCS and FCCS become similar; as more 

dimers are formed and higher order fusion events occur.  
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Figure 3.6 Diffusion coefficients obtained from the fits of auto– and cross-

correlation functions of red-labeled (red circles) and dually labeled red-green (black 

squares) vesicles in the presence of halothane. The diffusion coefficient of red 

vesicles initially, in the absence of halothane is shown as a blue triangle. As vesicle 

association occurs in the presence of halothane a decrease in diffusion coefficient 

was observed. 

 

 Kinetics plots illustrating the association of vesicles induced by various general 

anesthetics are shown in Figure 3.7A. Each data point represents an average of three data 

sets for each anesthetic. It can be seen that, within error, the data for all of the anesthetics 

are quite similar, as the maximum concentration of associated red-green vesicles for all 

anesthetics range between approximately 1x10
-10

 to 5x10
-10

 M. The kinetics data in 

Figure 3.7A was linearized by plotting the inverse concentration of red vesicles 
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(reactants) as a function of time, which supports that the mechanism for vesicle 

association can be described by a second order rate law (Equation 2.27, Figure 3.7B). The 

fitted linearized data for each anesthetic are shown separately in Figure 3.8 A-E. The 

slope of the linear fits yields the rate constant for the association of red and green vesicles 

with each other (Figure 3.8 F). At long experiment times, higher order fusion events are 

probable and the resultant data becomes difficult to interpret. Therefore, short time scales 

(less than 60 min) were examined. Vesicle association rate constants obtained from the 

slope of the linearized second order data for chloroform, halothane, isoflurane, enflurane 

and sevoflurane are summarized in Table 3.2 (pg. 95). 
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Figure 3.7 FCCS vesicle association results for all anesthetics. A) Vesicle association 

kinetic plots for all anesthetics. B) Data from A linearized according to 2
nd

 order 

rate laws. Plots for each individual anesthetic are shown in Figure 3.8. 
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Figure 3.8 Kinetics data for vesicle association for various anesthetics linearized 

according to 2
nd

 order rate laws (Equation 2.27). Rate constants for vesicle 

association are obtained from the slope of the linear fits (Table 3.2, pg. 95). A-E) 

Kinetics plots for halothane, chloroform, isoflurane, enflurane and sevoflurane, 

respectively. F) Comparison of linear fits for all anesthetics. 
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3.4.2  Effect of Various Anesthetics on Lipid Mixing 

 

3.4.2.1 Total Lipid Mixing Fluorescence Dequenching (TLM-FD) Assay 

 

 Recall that the total lipid mixing fluorescence dequenching (TLM-FD) assay 

involves the fusion of a non-fluorescently labeled lipid vesicle with a vesicle that 

contains the BODIPY probe in high enough concentration to yield fluorophore 

dimerization. The fusion of an unlabeled vesicle with a labeled vesicle, results in the 

dilution of the BODIPY probe. As illustrated by Figure 1.3, as membrane fusion 

proceeds, lipid mixing of the contacting (cis-/outer) monolayers of the vesicles occurs as 

part of the initial stalk formation. Eventually the stalk expands and mixing of the inner 

(trans-) lipid monolayers results. The lipid rearrangement required to produce the fusion 

stalk and fusion pore can be monitored using the TLM-FD fusion assay, as fusion of the 

unlabeled vesicles results in a dilution of BODIPY dimers within the labeled vesicles. 

The increase in lipid concentration separates the BODIPY dimers into monomers and an 

increase in monomer intensity can be observed. Figure 3.9A illustrates the emission 

spectra obtained from a mixture of labeled and unlabeled vesicles that were collected 

over time in the presence of halothane. It is clear that the monomer peak intensity 

increases with time. The apparent increase in the dimer peak is due to the spectral overlap 

between the monomer and dimer emissions, which is actually contribution from the 

increase in monomer fluorescence. Over the span of 120 min, the monomer peak 

intensity increased 227% in the case where halothane was used as a fusion agent. The 
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percent increases of monomer intensity for all other anesthetics were 225%, 37%, 33%, 

and 21% for chloroform, isoflurane, enflurane and sevoflurane, respectively. 

 

 
Figure 3.9 Example of typical total lipid mixing fluorescence dequenching (TLM-

FD) assay results for halothane. A) Fluorescence emission spectra of a mixture of 

unlabeled DOPC vesicles and DOPC vesicles labeled with BODIPY over time after 

halothane addition. Note the increase in BODIPY monomer peak intensity. B) 

Kinetics plot produced from of data from A, which is fitted to Equation 2.36 (red 

line). Reprinted with permission from ref.
47

, Copyright 2009, American Chemical 

Society. 

 

 By plotting the ratios of the monomer and dimer peak contributions as a function 

of time, according to Equation 2.36, we can obtain a kinetics plot for lipid mixing 

induced by halothane (Figure 3.9B). Assuming that the concentration of the unlabeled 

vesicles were in excess, the kinetics data for halothane in Figure 3.9B was fit using 

Equation 2.36 (red curve), and the resultant rate constant for lipid mixing stage of the 
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fusion mechanism was obtained. Note that this is the true rate constant, k, as k’ 

determined from the fit was divided by the initial unlabeled vesicle concentration, 

consistent with Equation 2.30 and Equation 2.31.  

 It is possible that anesthetics, such as halothane, can induce lateral bilayer 

swelling.
41,106,107

 Figure 3.10 compares the packing of DOPC lipids in the absence (left) 

and presence (right) of halothane. Incorporation of halothane within a DOPC membrane 

alters lipid packing, as DOPC molecules must accommodate halothane’s volume. This 

results in lateral separation of the lipid molecules and causes the membrane to swell. 

Molecular dynamics simulations of DPPC membranes have shown that the addition of 

halothane increases acyl chain disorder via increased gauche defects, which causes 

thinning of the membrane and increased membrane volume (greater than the volume of 

halothane added).
106,107

 Furthermore, these simulation studies support our group’s 

previous atomic force microscopy (AFM) studies that observed domains of membrane 

thinning due to the inhomogeneous incorporation of halothane within DOPC and DPPC 

membranes. Subsequently, membrane swelling could effectively dilute the fluorescent 

labels, thus altering the monomer/dimer peak ratios. 
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Figure 3.10 Schematic illustrating halothane induced membrane swelling in DOPC 

membranes. The presence of halothane within the membrane alters lipid packing by 

causing separation of the lipid molecules as they try to accommodate halothane’s 

volume. 

 To ascertain if there is any contribution from bilayer swelling to the increase in 

monomer intensity, the FD assay was conducted in the absence of the unlabeled DOPC 

vesicles. Assuming that the concentration of the fluorescent probe was the same in each 

vesicle, one would expect no change in monomer fluorescence intensity to be observed 

upon addition of anesthetic unless some swelling of the bilayer occurred. It is also 

possible for the spontaneous transfer of fluorescently labeled lipids from labeled vesicles 

to unlabeled vesicles through collisions. The results from the fusion of fluorescently 

labeled and unlabeled DOPC vesicles in the presence and absence of halothane (black 

squares and red circles, respectively), was compared to the fusion results obtained in the 
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absence of unlabeled vesicles (green triangles) in Figure 3.11. It is clear that the increase 

in monomer fluorescence intensity is vastly reduced both in the absence of unlabeled 

lipid vesicles and in the absence of halothane. Therefore, we can ascertain that the 

increase in monomer fluorescence intensity is not significantly affected by membrane 

swelling or spontaneous probe transfer. 

 

 

 

Figure 3.11 Example of typical total lipid mixing fluorescence dequenching (TLM-

FD) kinetics plots comparing halothane data (black squares) to experiment controls 

(green triangles and red circles). Red circles represent lipid mixing data from 

labeled and unlabeled vesicles in the absence of halothane. Green triangles represent 

data obtained from labeled vesicles in the absence of unlabeled vesicles and in the 

presence of halothane illustrating the effect of membrane swelling due to anesthetic 

uptake.  
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 The effectiveness of each anesthetic as a fusion-inducing agent can be determined 

by comparing the kinetic plots produced by each anesthetic, as illustrated in Figure 3.12. 

The data shown in Figure 3.12 can be separated into two distinct categories: anesthetics 

that induced the greatest amount of lipid mixing (halothane and chloroform), evidenced 

by the largest increase in monomer fluorescence intensity and anesthetics that induced 

little or no lipid mixing (isoflurane, enflurane and sevoflurane), resulting in the smaller 

change in monomer fluorescence intensity. The extent of total lipid mixing for each 

anesthetic is summarized in Table 3.3 (pg. 95). The rate constants of lipid mixing 

obtained from fitting each of the anesthetics kinetics plots is summarized in Table 3.2 

(pg. 95), and were similar within error for chloroform, halothane and isoflurane (~5x10
2
 

M
-1

s
-1

), and were found to be greater than the rate constants for both enflurane and 

sevoflurane (~2x10
2
 M

-1
s

-1
). 
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Figure 3.12 Example of typical kinetics curves for the fusion of BODIPY labeled and 

unlabeled DOPC vesicles induced by various anesthetics (2% v/v). Emission 

contributions from the BODIPY monomer and dimer were deconvoluted. A ratio of 

emission peak areas were plotted as a function of time, these curves were fit with 

Equation 2.36; the results of the fits are summarized in Table 3.2 (pg. 95). Reprinted 

with permission from ref.
47

, Copyright 2009, American Chemical Society. 

 

3.4.2.2  Inner Leaflet Lipid Mixing Fluorescence Resonance Energy Transfer (ILLM-

FRET) Assay 

 

 As previously stated in section 2.5.2, the ILLM-FRET assay involves the dilution 

of FRET donor (D)-acceptor (A) pairs within the inner leaflet of lipid vesicles through 

the fusion with unlabeled vesicles. Energy transfer is reduced as the separation of the D-
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A pairs occurs, resulting in a increase in D fluorescence intensity and decrease in A 

fluorescence intensity. Figure 3.13A illustrates the loss of energy transfer between D-A 

pairs in the presence of halothane. It can be seen that D emission (NBD-DHPE, ~525 nm) 

increases, while A emission (Rh-DHPE, ~590 nm) decreases over time following 

halothane addition. Calculated percent lipid mixing from the spectra shown in Figure 

3.13A can be plotted as a function of time to yield the kinetics plot illustrated in Figure 

3.13B. Assuming the concentration of unlabeled vesicles are in excess, we can fit the 

kinetics plot to a pseudo first order rate law (Figure 3.13B, red line), to obtain the rate 

constant for ILLM induced by halothane. 

 

 

 

Figure 3.13 Example of typical results obtained for the inner leaflet lipid mixing 

fluorescence resonance energy transfer (ILLM-FRET) assay. A) Spectra of DOPC 

vesicles labeled with NBD (~525 nm) and Rh (~590 nm) over time in the presence of 

halothane. B) Inner leaflet lipid mixing kinetics plot for halothane, which is fit to a 

pseudo-first order rate law (red line). 
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 The ILLM kinetics plots for all the anesthetics are shown in Figure 3.14. It is 

clearly shown that only chloroform, halothane and isoflurane induced a significant 

amount of ILLM, while enflurane and sevoflurane showed no ILLM. Rate constants for 

ILLM were determined for the kinetics plots of the anesthetics that illustrated ILLM and 

are summarized in Table 3.2 (pg. 95). The ILLM rate constants obtained for chloroform, 

halothane and isoflurane, were determined to be similar within error, ~6x10
2
 M

-1
s

-1
. The 

extent of ILLM for chloroform, halothane and isoflurane are summarized in Table 3.3 

(pg. 95). 

 

 

Figure 3.14 Example of typical inner leaflet lipid mixing fluorescence resonance 

energy transfer (ILLM-FRET) kinetics plots obtained for all anesthetics. Data from 

anesthetics which induced ILLM were fit with a pseudo-first order rate equation 

(red lines). 
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Table 3.2 Rate constants obtained for vesicle association, total lipid mixing, and 

inner leaflet lipid mixing induced by various anesthetics. 

Anesthetic 

Association rate 

constant 

(x 10
5
 M

-1
s

-1
) 

Total lipid mixing 

rate constant 

(x 10
2
 M

-1
s

-1
) 

Inner leaflet lipid 

mixing rate constant 

(x 10
2
 M

-1
s

-1
) 

Chloroform 4.4 (±3.5) 5.2 (±1.4) 7.1 (±1.5) 

Halothane 10.7 (±6.4) 5.8 (± 0.7) 6.4 (±1.0) 

Isoflurane 3.2 (±2.1) 3.8 (±0.4) 3.9 (±2.2) 

Enflurane 0.2 (±0.2) 2.5 (±0.4) NA 

Sevoflurane 0.7 (±0.5) 2.1 (±0.1) NA 

 

 

Table 3.3 Extent of lipid mixing induced by various anesthetics. Total lipid mixing 

involves both outer and inner bilayer leaflets, while inner leaflet lipid mixing 

involves only the inner bilayer leaflet. 

Anesthetic % Total Lipid Mixing 
% Inner Leaflet Lipid 

Mixing 

Chloroform 46 (± 6) 25 (± 4) 

Halothane 53 (± 16) 16 (±1) 

Isoflurane 27 (± 7) 4 (±1) 

Enflurane 17 (± 5) 0 

Sevoflurane 15 (± 4) 0 
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3.5 Discussion 

 

3.5.1 Comparison of Vesicle Association and Lipid Mixing Rate Constants 

 

 Work by Weinreb and Lentz
12

 illustrated the complexity of the vesicle fusion 

process. They submitted a model where a rapid association step is followed by rate-

limiting stalk formation steps. Further, the authors detailed the possibility of fusion 

occurring through two sequential intermediate states and that within these states lipid 

mixing, contents mixing and contents leakage can all occur simultaneously.
12

 Our work 

aimed to probe and distinguish the different stages in the fusion mechanism: initial 

aggregation or contact of vesicles and the stages which involve lipid mixing towards 

complete vesicle fusion. 

 Comparing the rate constants summarized in Table 3.2, the general trend of 

vesicle association being faster than lipid mixing is clear. We can conclude this arises 

from the following: FCCS reports on the initial association steps, because only associated 

vesicles register a cross-correlation signal. This can be compared with the TLM-FD assay 

and the ILLM-FRET assay, which only reports on changes in the fluorescent-lipid 

concentration and therefore is not sensitive to association without lipid mixing. The 

average rate constant for both total and inner leaflet lipid mixing was found to be four 

orders of magnitude lower than that for association. Interestingly, this suggests that 

anesthetics increase both association and lipid mixing rates, but apparently not in the 

same way. 
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3.5.2 Anesthetics Effect on Lipid Mixing 

 

 Lipid mixing can be associated with both hemifusion and/or full fusion
12

. 

Utilizing the TLM-FD and ILLM-FRET assays, we are able to separate lipid 

rearrangement involving only the inner leaflet of fusing vesicles from the total lipid 

mixing that occurs throughout all stages of membrane fusion, thus distinguishing 

hemifusion from full fusion. By comparing the rate constants obtained for TLM with 

those obtained for ILLM, it was determined that the rate constants for lipid mixing were 

the same. This suggests that the TLM and ILLM assays measure the same rate limiting 

step. Since the TLM assay reports on lipid rearrangement that occurs throughout the 

course of the experiment and the ILLM only reports on lipid mixing of the inner (trans-) 

leaflet, we propose that lipid mixing involving the inner leaflet towards the formation of 

the fusion pore may be rate limiting in the fusion mechanism. Since we are unable to 

measure the rate constant for stalk formation separately, there is a small possibility that 

the rate constant of stalk formation is the same as pore formation, which would also yield 

equal rate constants obtained from both assays.  

 Chakraborty et al.
33

 and Weinreb and Lentz
12

 measured the membrane fusion 

kinetics of DOPC:DOPE:sphingomyelin:cholesterol lipid vesicles in the presence of PEG 

(23 nm and 100 nm, respectively). Both studies reported that the rate constant for the 

conversion of unfused vesicles to the stalk intermediate was an order of magnitude faster 

than the rate constant for fusion pore formation.
12,33

 Moreover, Chakraborty et al.
33

 found 

that the rate constant for pore formation was slowest over a wide range of temperatures 
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(26 - 43C). These studies correlate well with our findings that the formation of the 

fusion pore is likely the rate limiting step in the membrane fusion mechanism. 

 The extent (i.e. maximum amount) of lipid mixing for both TLM and ILLM can 

be seen in Figure 3.12 and Figure 3.14, respectively, and are summarized in Table 3.3 

(pg. 95). The following trend is observed for the extent of TLM: halothane > chloroform 

> isoflurane > enflurane > sevoflurane. It is possible that the less potent fusion agents 

(isoflurane, enflurane and sevoflurane) do not actually induce complete membrane 

fusion, but instead only cause hemifusion. In the case of isoflurane, of the 27% total lipid 

mixing observed, only 4% was due to inner leaflet lipid mixing, which indicates the 

possibility of small number of full fusion events occurring. Moreover, enflurane and 

sevoflurane illustrated a small percentage of TLM (17 and 15%, respectively), of which 

none could be attributed to ILLM. Therefore, our ILLM results suggest that enflurane and 

sevoflurane do not induce complete membrane fusion. Any TLM observed by enflurane 

and sevoflurane was due to lipid rearrangement towards a state of hemifusion.  

 The trend observed within the TLM and ILLM rate constants was halothane ~ 

chloroform ~isoflurane > enflurane ~ sevoflurane. When comparing the extent of lipid 

mixing due to each anesthetic with the rate constant for lipid mixing the trends observed 

are quite similar. The differences observed in the extent and rate constants of lipid mixing 

for each of the anesthetics should be attributable to their molecular properties. One might 

expect that the anesthetic position and/or quantity in the bilayer will be important in this 

respect. Therefore, trends of lipid mixing as a function of bilayer partitioning, molecular 

volume and electric dipole moment will be examined (Table 3.1, pg. 75).  
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 It is notable that increasing partition coefficient (Table 3.1, pg. 75) is correlated 

with an increase in the extent of lipid mixing and lipid mixing rate constant (Table 3.3 

and Table 3.2, respectively). An exception to this trend is chloroform, which has the 

lowest partition coefficient, highest lipid mixing rate constant and the second largest 

extent of lipid mixing. The discrepancy of chloroform could be explained by examining 

the solubility of the different anesthetics in water (Table 3.1, pg. 75). The solubility of 

chloroform is 66.6 mM
94

, which is more than four times greater than that of enflurane 

and isoflurane. Therefore, under our experimental conditions, a higher concentration of 

chloroform would be present in the aqueous liposome solution. Subsequently, more 

chloroform is available to partition into the bilayer and likely accounts for chloroform 

appearing to behave differently than the other anesthetics. Low solubility in water can 

also explain why sevoflurane, which has a higher partition coefficient than enflurane, 

yielded the smallest rate constant and lowest extent of lipid mixing. 

 Haque and Lentz
39

 have shown that the addition of small amounts of lipids with a 

negative intrinsic curvature will alter bilayer packing and promote membrane fusion 

through the reduction of the energy barrier between the two intermediate states resulting 

in the formation of a fast pore. As mentioned in Section 1.3.2.1, the presence of 

negatively curved lipids reduces the bending energy required to form the highly negative 

curved areas within the fusion intermediates shown in Figure 1.5, thereby reducing the 

energy barrier for fusion. Moreover, the addition of positively curved lipids inhibited 

fusion due to the increase in energy required to bend the monolayer into the highly 

negatively curved structures needed for stalk and TMC formation, thus increasing the 

free energy for membrane fusion.
39

 Incorporation of anesthetics within the bilayer could 
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affect the packing of neighbouring lipids, thereby locally altering the curvature of the 

membrane.  

 The location of anesthetics within the membrane and their respective molecular 

volumes will determine the extent of the interactions between neighbouring lipids. The 

polarity (electric dipole moment) will be correlated with anesthetic position in the 

bilayer. Species with larger dipole moments will tend to sequester near the headgroup 

region, whereas less polar anesthetics will sequester closer to the tails.
108

 Therefore, 

sevoflurane, with the largest dipole moment of 2.3 D, would be located closer to the 

headgroup region compared to halothane and chloroform, which have intermediate dipole 

moments of ~1 D. The molecular volumes of anesthetics may affect their abilities to 

localize and change locations within a bilayer. When comparing the volumes of the 

anesthetics (70 – 130 Å
3
), to the volume of the acyl chain region of a lipid molecule 

(volume of CH2 = 30Å
3
)
39

, it is clear that the presence of anesthetics could induce a 

change in packing between adjacent lipid molecules as they are similar in size. A smaller 

volume molecule (chloroform and halothane) could be more versatile in accommodating 

bilayers versus larger volume molecules (enflurane and sevoflurane), therefore larger 

anesthetics could perturb the membrane to a greater extent. Moreover, as shown in Figure 

3.15, anesthetics (sevoflurane) that reside closer to the head groups could produce 

positively curved perturbant areas in the membrane that can inhibit fusion by increasing 

the bending energy, while anesthetics deeper in the membrane (halothane) could promote 

more negatively curved areas that promote fusion by reducing the bending energy. 

However, it is also possible for non-homogenous distribution of the perturbants to occur 

between the bilayer leaflets, depending on which leaflet accommodates their intrinsic 
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curvature better.
39

 Therefore, even anesthetics that produce positively curved perturbant 

areas could either increase or decrease the rate of fusion, depending on their 

concentration in each leaflet. 

 

 

 

Figure 3.15 Schematic illustrating the possible effect anesthetics have on membrane 

curvature. Anesthetics with high molecular dipoles (sevoflurane) will reside near the 

polar headgroups and could alter lipid packing, thereby inducing areas of positive 

membrane curvature. Anesthetics with lower molecular dipoles will reside deeper in 

the membrane and could alter lipid packing to induce areas of negative membrane 

curvature. (Schematic not drawn to scale). 

 

 It seems likely the anesthetics that influence bilayer bending rigidity the most will 

have the greatest effect on lipid mixing (or fusion). These anesthetics appear to be 

chloroform and halothane. Interestingly, prior work from our group has shown some 

evidence in support of this hypothesis. Atomic force microscopy of halothane containing 

unilamellar DOPC vesicles indicates that they do not collapse as readily on a mica 
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surface as those free of halothane.
109

 This suggests that with halothane incorporated, the 

vesicles may be under less curvature strain. Additionally, when halothane was added to a 

preformed supported planar bilayer, the lipid features that formed resembled that of large 

vesicles, further suggesting that the structural thermodynamic minimum for halothane-

containing DOPC bilayers is curved. 

 Recall that, in addition to bending energy, the other major contribution to the 

energy barrier for membrane fusion is the hydrophobic mismatch, or “void”, energy that 

occurs when forming non-lamellar fusion intermediate structures. It has been suggested 

that long chained hydrocarbons lower the “void” energy by providing hydrocarbon mass 

near the center of the bilayer, thus reducing hydrophobic mismatch within the stalk and 

hemifusion intermediates.
39

 It is possible that the presence of anesthetics within the 

hydrophobic region of the membrane could alter the packing of neighbouring lipid tails 

and fill in areas of hydrophobic mismatch, thereby lowering the “void” energy. 

Additionally, evolution of different types of non-lamellar lipid structures may also be 

possible and can influence the “void” energy. Recall, we illustrated the effect of lipid 

shape on membrane curvature in Figure 1.5B. It is clear when reviewing Figure 1.5B that 

positively curved lipids can produce micelles (hydrophobic tails pointing in), while 

negatively curved lipids can form inverted micelles (hydrophobic tails pointing out). 

Formation of inverted micelles can also fill the “void” space and lower the “void” energy 

for membrane fusion. Therefore, it is possible that the presence of anesthetics could 

increase the negative curvature of DOPC and promote the formation of inverted micelles, 

which naturally have only a slight negative curvature (~0.96 ratio between head group 

and acyl chains
39

). 
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 Modal and Sarkar reported that the oxicam family of non-steroidal anti-

inflammatory drugs (NSAIDs, Figure 3.16) was able to perturb the membrane and induce 

membrane fusion in dimyristoylphosphatidylcholine (DMPC) vesicles.
2
 Kundu et al.

110
 

measured the surface pressure versus specific molecular area isotherms of Langumir lipid 

monolayers in the presence of NSAIDs and suggested that two competing forces are 

involved in the interaction between the NSAIDs and DMPC monolayers. An “in plane” 

force (along the monolayer/water interface), is due to the negatively charged phosphate 

groups which sit on the water surface and aid in the integration of the NSAID in the plane 

of the lipid monolayer.
110

 Due to hydrophobic interactions, the methyl moieties of the 

positively charged (CH3)3N
+
 groups and the acyl chains of the lipid point out of the water 

interface, which contributes to the “out of plane” (perpendicular to the membrane plane) 

force.
110

 It is this “out of plane” force that is thought to be the reason for NSAID-induced 

membrane perturbation, as the incorporation of the NSAID into the monolayer results in 

molecular geometry that does not have a well defined plane.
110

 Therefore, it is thought 

that the hydrophobic nature of a NSAID may be responsible for its perturbative/fusogenic 

ability. 

 Modal and Sarkar reported lipid mixing rate constants for the different NSAIDs 

that ranged between 2.4 – 7.8 x 10
-3

 s
-1

, at a drug/lipid ratio of 0.027.
2
 Our results for 

lipid mixing rate constants obtained for the various anesthetics ranged between 1.0 - 2.5 x 

10
-4

 s
-1

. It is of note, that the work of Modal and Sarkar utilized a lipid concentration of 

1.1 mM
2
, an order of magnitude larger than our work. Therefore, the results obtained by 

Modal and Sarkar
2
 complement our own rate constants when the lipid concentration of 

each respective study is considered. 
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Figure 3.16 Chemical structures of the non-steroidal anti-inflammatory drugs 

(NSAIDs) piroxicam, meloxicam, and tenoxicam, used as fusion agents in the work 

of Mondal and Sarkar. Reproduced with permission from ref.
2
, Copyright 2009, 

American Chemical Society. 

 

 Interestingly, analogous to our study with anesthetics, previous work from the 

Sarkar lab suggests that, although structurally similar (only one ring is structurally 

different, Figure 3.16), some NSAIDs induce fusion to a greater extent than others, as 

summarized in Table 3.4. The authors attribute the differences in the extent and rate of 

contents mixing (full fusion) to differences in NSAIDs hydrophobicity (i.e. position in 

the bilayer), which they suggest is represented by their respective octanol/water partition 

coefficients.
111

 The authors suggest that increased hydrophobicity would cause 

meloxicam to partition deeper in the membrane; conversely, tenoxicam, which is less 

hydrophobic, would partition closer to the water interface.
111

 There seems to be a 

discrepancy when comparing the extent of fusion with hydrophobicity, as similar 

magnitude of contents mixing is observed for the most hydrophobic (i.e. meloxicam) and 

the least hydrophobic (i.e. tenoxicam). Increased membrane concentration of tenoxicam, 

which has the largest lipid/buffer partition coefficient, could explain this difference, as 
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more tenoxicam would be able to partition into the membrane at given drug/lipid ratio. It 

should be noted that other than hydrophobicity, which determines location within the 

membrane, no other physical properties of the NSAIDs were examined; therefore, it is 

difficult to know what other factors (e.g. molecular volume) could affect an NSAID’s 

ability to perturb the membrane and drive fusion. 

 

Table 3.4 Reported lipid/buffer partition coefficients, contents mixing extents and 

rate constants obtained for fusion of DMPC vesicles by various NSAIDs at a 

drug/lipid ratio of 0.045 and 37C
111

. 

NSAID 

Lipid/buffer 

partition 

coefficient 

(pH 7.4)
111

 

Log 

Poctanol/water
111

 

Extent 

contents 

mixing 

(%)
111

 

Contents mixing 

rate constant 

(x 10
-3

 s
-1

)
111

 

Piroxicam 26 -0.14 7.4 (± 1.0) 1.7 (± 0.2) 

Tenoxicam 181 -0.75 12.5 (± 0.9) 1.15 (± 0.3) 

Meloxicam 110 0.7 13.4 (± 1.4) 2.9 (± 0.3) 

 

 If increased hydrophobicity, or location within the bilayer, is the key factor for 

NSAID-induced fusion, it is possible that incorporation of these NSAIDs into a lipid 

membrane could alter the packing of lipid molecules in a similar fashion as previously 

described for our work with anesthetics. Thus, these NSAIDs could aid in the progression 

of fusion by lowering the bending and void energies associated with the formation of 

fusion intermediate structures, decreasing the activation barrier for fusion. 



 

106 

3.5.3 Anesthetic Effect on Vesicle Association 

 

 Two distinct groups were observed when comparing the rate constants obtained 

for the FCCS association assay (Table 3.2). The rate constants for the association of 

labeled vesicles were found to follow the following trend halothane ~ chloroform ~ 

isoflurane > sevoflurane ~ enflurane. Interestingly, the anesthetics with the largest 

association rate constants (halothane, chloroform and isoflurane) are the same anesthetics 

that induced the greatest extent of lipid mixing. The difference in the vesicle association 

rate constants obtained for the general anesthetics indicate that some anesthetics decrease 

the energy barrier for vesicle association to a greater extent than other anesthetics. Recall, 

that halothane, chloroform and isoflurane have the greatest potential for increased 

concentration within the membrane (solubility x partition coefficient, Table 3.1, pg. 75), 

which could result in an increased amount of membrane swelling (Figure 3.10). Increased 

membrane swelling could affect vesicle association rate constants as separation of 

neighbouring lipid head groups may promote the mixing of polar head groups of 

approaching membranes. Additional anesthetic properties could also have an effect on the 

association rates possibly by affecting the bilayer headgroups’ hydration.
41

 Wen et al.
112

 

have previously illustrated the ability of halothane and isoflurane to increase the 

dehydration of POP and POE block co-polymer segments, and trigger the formation of 

polymer micelles. Moreover, it was determined that isoflurane was slightly more 

effective in inducing micelle formation than halothane.
112

 Therefore, it can be 

extrapolated that anesthetics such as halothane and isoflurane may also disturb the water 
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of hydration surrounding biological membranes
112

, the extent of which could explain the 

difference in vesicle association rate constants obtained for each anesthetic.  

It is of note that the vesicle association rate constants obtained utilizing general 

anesthetics as fusion agents coincide well with rate constants previously reported for Ca
2+

 

induced aggregation of DOPC/cardiolipin LUV’s (3.5 x 10
6
 M

-1
s

-1
)
113

 and Ca
2+

 induced 

aggregation of phosphatidylserine (PS) LUV’s (1.7 x 10
7
 M

-1
s

-1
)
114

, which further 

supports the claim that some general anesthetics, particularly chloroform, halothane and 

isoflurane, can be utilized as novel fusion agents, as the partitioning of an anesthetic into 

the bilayer would perturb the contacting monolayers of the associated vesicles, therefore 

increasing the probability of lipid mixing and subsequent fusion pore formation
115

. 

 

3.6 Conclusions 

 

We have illustrated that some general anesthetics (i.e. halothane and chloroform) have a 

greater propensity to induce membrane fusion in model DOPC lipid membranes, which is 

related to their respective partition coefficients, aqueous solubilities, polarity and size. 

The general anesthetics that induce membrane fusion, likely do so through the 

perturbation of the contacting monolayers of the associated vesicles, which results in a 

reduction of the energy barrier for stalk formation, likely through changing the bending 

modulus of the bilayer. Our work further supports the theory that lipid rearrangement 

towards the formation of fusion pore is rate limiting in the membrane fusion mechanism 

of simple vesicles.  
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Chapter Four: Molecular Interactions of Halothane with DOPC Vesicles: Towards 

the Understanding of Membrane Fusion 

 

4.1 Motivation 

 

 As shown in the previous chapter, the rate constant for lipid mixing was found to 

be much slower than that of vesicle association. It is clear that lipid mixing is involved in 

the rate limiting stage in the mechanism for membrane fusion and that halothane likely 

plays a role in the dynamics. The goal of this chapter is to understand the molecular 

interactions and energetics by which halothane promotes membrane fusion. 

 

4.2 Transition state dynamics of Lipid Mixing induced by halothane 

 

4.2.1 Activation Energy of Lipid Mixing in DOPC Vesicles by Halothane 

 

 Recall, the mechanism of membrane fusion involves a dynamic ensemble of 

various intermediate stages, in which two separate membranes merge into a single 

membrane. The merger of two membranes involves drastic rearrangement of the lipid 

molecules. As previously discussed in Chapter 3, incorporation of anesthetics into the 

lipid membrane perturbs the membrane, thus enhancing membrane fusion. Furthermore, 

the rate constants for membrane fusion lipid mixing for all anesthetics were measured to 

be orders of magnitude slower than that of vesicle association. Moreover, total lipid 

mixing (TLM) and inner leaflet lipid mixing (ILLM) rate constants were observed to be 
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the same. This suggests that the TLM and ILLM assays kinetically measure the same 

rate-limiting step. Since the ILLM assay only measures lipid rearrangements that involve 

the inner leaflet, lipid rearrangement that involves the inner leaflet towards the formation 

of the fusion pore is thought to be rate limiting. We propose that the uptake of anesthetics 

perturbs the membrane, thereby lowering the energy barrier towards the formation of 

fusion intermediates. Assuming the TLM assay accurately reports on lipid mixing, one 

can obtain the energy of activation for anesthetic-enhanced lipid mixing. The Arrhenius 

equation describes the relationship between the rate constant of a reaction and 

temperature (T), 

 

Equation 4.1          
  

  
       

 

where Ea is the energy of activation, R is the universal gas constant, and A is the pre-

exponential factor. Therefore, for a given anesthetic, if one can measure the rate constant 

of lipid mixing at different temperatures, the energy activation for states that involve lipid 

mixing can be determined. 
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Figure 4.1 Example of typical total lipid mixing fluorescence dequenching (TLM-

FD) kinetics plots induced by halothane at various temperatures. 

 

 Figure 4.1 illustrates an example of typical TLM-FD kinetics plots obtained at 

various temperatures (10-40C, 283.15-313.15 K) using halothane as the fusion agent. 

Each kinetics plot was fit with a pseudo-first order rate law to obtain the TLM rate 

constant at each temperature. These constants are summarized in Table 4.1. The natural 

logarithm of an average of three lipid mixing rate constants for each temperature was 

plotted as a function of inverse temperature to yield the Arrhenius plot shown in Figure 

4.2. 
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Table 4.1 Rate constant of total lipid mixing (TLM) at various temperatures in the 

presence of halothane. 

Temperature (C) TLM rate constant (M
-1

s
-1

) 

10.0 332 (± 15) 

12.5 365(± 152) 

15.0 367(± 114) 

22.0 575 (± 65) 

30.0 751 (± 237) 

35.0 1050 (± 59) 

40.0 1269 (± 110) 
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Figure 4.2 Arrhenius plot produced by rate constants for TLM obtained from 

pseudo-first order fits of data shown in Figure 4.1. Plot is fit to a linear function, the 

slope of which is used to calculate the energy of activation (Ea) as described in 

Equation 4.1. 

 

 

Table 4.2 Summary of slope of Arrhenius plot and energy of activation (Ea) for 

halothane induced lipid mixing. 

Pre-exponential factor, A  

(s
-1

Lmol
-1

) 
Slope (K) Ea (kJ mol

-1
) 

7.1x 10
8
 -4152.5 34.5 (±2.7) 
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 The pre-exponential factor describes the frequency of events that result in product 

formation.
116

 Our result for the pre-exponential factor was determined to be reasonable, 

as experimentally derived values of A for seemingly simple reactions can range widely 

(10
2 

- 10
13

 s
-1

Lmol
-1

).
117

  

 To date, few studies have been published reporting the activation energy 

associated with membrane fusion. Table 4.3 summarizes lipid mixing activation energies 

obtained from the literature. Of the studies summarized in Table 4.3, only one uses 

membrane perturbants (i.e. oxicam NSAIDs) as the fusion driving force.
2
 The other 

studies utilized highly curved vesicles to drive fusion in the presence of an aggregation 

agent (i.e. PEG).
3,4

 

 It is clear that the activation energy we have obtained for 100 nm DOPC vesicles 

in the presence of halothane (34.5 (±2.7) kJ/mol) was lower than the values previously 

reported in the literature. This result is interesting because it is known that with 

decreasing vesicle curvature (increasing vesicle size), a large increase in the energy 

barrier between fusion intermediates is observed.
31

 In the case of small, highly curved 

vesicles, their initial unfused state has higher energy than their larger, less curved 

counterparts, which inherently lowers the activation energy and is the driving force for 

fusion. Therefore, one would expect the largest energy of activation with 100 nm 

vesicles, when compared to 60, 45 and even 20 nm vesicles. The fact that the smallest 

activation energy is observed with the largest vesicles suggests that the presence of 

halothane is responsible for the large decrease in the energy barrier. The proposed 

mechanism by which halothane is able to lower the energy barrier for membrane fusion 

has been previously discussed in detail in Chapter 3. Briefly, to recap, the incorporation 
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of halothane could lower the void energy by occupying space amongst the lipid tails, 

which can reduce hydrophobic mismatch that occurs in the fusion intermediate structures. 

The incorporation of halothane also perturbs the membrane by altering the packing of 

lipid molecules. It is possible that the presence of halothane could influence the intrinsic 

curvature environment of neighbouring lipid molecules. The presence of lipids 

environments with increased negative curvature could lower the bending energy required 

to form highly curved (i.e. net negative) fusion intermediate structures (Figure 1.5 and 

Figure 3.15). Additionally, halothane-induced negatively curved lipids are more likely to 

form inverted hexagonal lipid phases, otherwise known as inverted micelles, which can 

occupy space in the hydrophobic region and reduce the void energy.  

 

Table 4.3 Comparison of activation energies reported in the literature for the rate 

determining step (fusion pore) of membrane fusion in various lipid vesicle systems 

with halothane induced fusion in DOPC vesicles. 

Lipid system 
Fusion/Aggregation 

Agent 

Diameter 

(nm) 
Ea (kJ mol

-1
) Ref. 

DOPC Halothane 100 34.5 (±2.7) 
 

DMPC Oxicam NSAIDS 50-60 66-89 
2 

DOPC:DLPC 

(85:15) 
PEG (5-17.5 wt %) 20 33-65 

3 

DOPC:DLPC 

(85:15) 
PEG (17.5 wt %) 45 88-155 

4 

 



 

115 

 Of all reported results in the literature, the work of Mondal and Sarkar
2
 which 

used molecules within the oxicam group of NSAIDs as membrane perturbants (Figure 

3.16), to drive fusion in dimyristoylphosphatidylcholine (DMPC) vesicles, was found to 

be the most comparable to our own work with DOPC vesicles, when both liposome 

diameter and activation energies are considered. It is of note that the transition 

temperature of DMPC is 23C and all results reported by Modal and Sarkar
2
 were 

obtained well above the lipid transition temperatures. Therefore, calculated activation 

energies for lipid mixing were obtained when both lipid systems (DOPC and DMPC) 

were in liquid crystalline phase. As previously discussed in section 3.5.2, it may be 

possible that anesthetics and NSAIDs perturb the membrane similarly and, as a result, 

reduce the energy barrier for membrane fusion in a similar fashion, through lowering of 

the bending and void energies. If this is the case, it would appear that halothane is able to 

lower the energy barrier for fusion to a greater extent than the oxicam NSAIDs.  

 It is of note, that the chemical structures of the NSAIDs are very similar, as shown 

in Figure 3.16, yet a two-fold increase in activation energy is observed when comparing 

piroxicam (66 kJ/mol) to meloxicam (89 kJ/mol)
2
. The difference in an NSAID’s 

fusogenic ability, measured by the extent and rate constant of contents mixing, has been 

previously discussed in section 3.5.2 (pg. 104 - 105) and was suggested to be correlated 

to hydrophobicity (Table 3.4).
111

 It is clear that hydrophobicity alone does not fully 

explain the fusogenic abilities of NSAIDs, as the most hydrophobic drug (i.e. meloxicam) 

illustrated the fastest rate constant for contents mixing (Table 3.4), yet had the highest 

activation energy. Clearly, other molecular properties must contribute to an NSAID’s 

ability to lower the energy barrier for membrane fusion. In the future, it would be 
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interesting to correlate structurally similar anesthetics, previously discussed in Chapter 3, 

with their lipid mixing activation energies to better understand how different anesthetics 

induce membrane fusion to varying degrees. 

 

4.2.2 Activation entropy and enthalpy of lipid mixing in DOPC vesicles by halothane 

 

 The enthalpy (ΔH
‡
) and entropy (ΔS

‡
) of the transition state can be calculated 

using transition state theory with the following equations:
117

  

 

Equation 4.2             

 

Equation 4.3           
    

  
    

 

where NA is Avogadro’s number and h is Plank’s constant. Using a temperature of 22C 

(typical experiment conditions), and the pre-exponential factor and energy of activation 

from Table 4.2, the entropy of activation and enthalpy of activation for halothane induced 

lipid mixing was calculated to be -83.7 J mol
-1

K
-1

 and 32.1 kJ mol
-1

, respectively (Table 

4.4). 
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Table 4.4 Enthalpy of activation (ΔH
‡
) and entropy of activation (ΔS

‡
) of total lipid 

mixing in DOPC vesicles in the presence of halothane at 22C compared to ΔH
‡
 and 

ΔS
‡
 of lipid mixing in DMPC vesicles in the presence of various NSAIDs at 37C

2
. 

Lipid:fusogen system ΔH‡ (kJ mol
-1

) ΔS‡ (J mol
-1

K
-1

) 

DOPC:halothane 32.1 -83.7 

DMPC:NSAIDs
2
 41.6 - 75.2 -50.7 to -152.0 

 

 The values for ΔH
‡
 and ΔS

‡
 we obtained for lipid mixing correlate well with those 

reported by Mondal and Sarkar, where ΔH
‡
 = 41-75 kJmol

-1
 and ΔS

‡
 = -50.7 to -152.0 

Jmol
-1

K
-1

 (Table 4.4).
2
 The magnitude ΔH

‡
 and ΔS

‡
 indicates the relative change in the 

degree of structural rearrangement of the transition state compared to the initial state.
118

 

Recall, the proposed mechanism for membrane fusion was outlined in Figure 1.3. The 

fusion of two separate vesicles involves the contact of approaching membranes, followed 

by the progression through various fusion intermediates (i.e. stalk and hemifusion/trans-

monolayer contact), towards the formation of the fusion pore and subsequent mixing of 

aqueous contents. The positive value of ΔH
‡
 obtained for lipid mixing indicates that 

energy was required to form the transition state from the initial state. This is expected as 

progression through the fusion intermediate states involve lipid rearrangement to form 

energetically unfavourable lipid structures. The final stages in the fusion mechanism 

involve rupture of the hemifusion diaphragm, which results in the formation of the fusion 

pore (transition from Figure 1.3 C to D). Rupturing the relatively stable hemifusion 

diaphragm, so that lipid mixing of the opposing transleaflets can occur, involves the 
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breaking of favourable polar headgroup-water interactions associated with the respective 

trans-leaflets (Figure 1.3 C, green and blue). ΔS
‡
 describes the change in configurations 

of the reactants, or the change in organization, due to the formation of the transition 

state.
117,118

 The negative ΔS
‡
 obtained suggests that the fusion intermediate states are 

more ordered, or have fewer degrees of freedom, compared to the initial state. The 

decrease in activation entropy could be explained by examining the transition towards the 

formation of the fusion pore. As previously mentioned, the progression from the 

hemifusion/trans-monolayer contact intermediate to the fusion pore is enthalpically 

unfavourable. The formation of the fusion pore is also entropically unfavourable, as 

rupture of the hemifusion diaphragm will expose hydrophobic regions to water from the 

aqueous interior of the respective liposomes. These water molecules must orientate 

themselves appropriately around the hydrophobic areas, which reduces their degrees of 

freedom, and increases order, and a net negative ΔS
‡ 

is expected. 

 

4.3 Kinetics of Halothane Uptake into DOPC Membranes 

 

 An interesting observation was made from the results obtained in the 

determination of the energy of activation for lipid mixing. The kinetics plots at 

temperatures lower than 30C illustrated a lag in the kinetics prior to 30 min post 

anesthetic addition. This slower kinetics period or “induction” period was observed in all 

kinetics plots collected below 30C, examples of which are illustrated in Figure 4.3. 

Within this induction period, little change in the kinetics was observed, and was most 

pronounced in kinetics plots collected below 22C.  
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Figure 4.3 Examples of TLM-FD kinetics plots of DOPC vesicles in the presence of 

halothane at 10, 15, 22, and 30C. Note all have similar “induction” period prior to 

25 min, where the kinetics of lipid mixing lags over time. 

 

 It may be possible that the uptake of the anesthetic into the membrane is affected 

by temperature. If halothane uptake or partitioning into the bilayer is slower at lower 
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temperatures, then one would expect the early stages of lipid mixing to be hindered, 

resulting in slower lipid mixing kinetics observed at early stages of the experiment. To 

ascertain if halothane uptake within DOPC vesicles is correlated with temperature, rate 

constants for halothane uptake at different temperatures were obtained. 

 

4.3.1 Halothane Uptake Kinetics via Quenching of Hydrophobic Dyes 

 

 Halothane uptake into lipid vesicles can be quantitatively determined through the 

measurement of fluorescence quenching of a fluorophore located within the membrane. 

Halogen-containing molecules, such as halothane, can act as quenchers via the heavy 

atom effect.
76,117

 Therefore, as halothane partitions (is taken up) into the membrane, it can 

quench the fluorescence of some dyes located in the membrane. Prodan and laurdan are 

fluorophores commonly used to report on different areas within the bilayer membrane. 

Early studies using Fourier-transform infrared spectroscopy have shown that laurdan 

embedded deeper within DMPC membranes than that of prodan.
119,120

 Laurdan is 

anchored deeper within the hydrophobic core of the lipid membrane due to the van der 

Waals interactions between the laurdan’s lauric acid tail and the lipid acyl chains.
121

 On 

the other hand, prodan is less anchored within the membrane, due to its shorter propinyl 

tail.
121

 Subsequently, prodan resides within the membrane near the polar head group-

water interface, while laurdan resides deeper in the membrane just below the head group 

region (Figure 4.4). To determine which fluorophore is best suited for the determination 

of halothane uptake kinetics, we first must identify where halothane resides in the bilayer 

in relation to the two fluorophores. 
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Figure 4.4 Schematic of the outer leaflet of a lipid membrane composed of DOPC 

containing both laurdan and prodan fluorescent probes. Prodan resides within the 

membrane near the head group-water interface, while laurdan is incorporated 

deeper within the membrane, just under the head groups.
121
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 Lipid vesicles labeled with either prodan or laurdan were formulated using the 

method previously described in section 2.4.1, with a fluorescence probe to lipid ratio of 

1:100.
122

 Vesicles were extruded through a 100 nm pore poly-carbonate filter 

immediately prior to experimentation. Halothane (2% v/v) was added to labeled vesicles 

in a quartz cuvette and was not mixed further.
71

 Samples were excited at 360 nm and 

emission spectra were collected every 5 min following anesthetic addition for 15 min, 

followed by collection of spectra every 15 min for the next 90 min and every 30 min 

thereafter, until no further changes in intensity were observed.  

 Examples of emission spectra for the quenching of laurdan and prodan by 

halothane over time are shown in Figure 4.5 A and B, respectively. The corresponding 

kinetics decay plots obtained from the spectra maxima as a function of time are shown in 

Figure 4.5 C and D for laurdan and prodan, respectively. Each decay plot was fit with a 

single exponential decay function and the resultant rate constants were calculated and are 

displayed in Table 4.5. The maximum extent of fluorescence quenching by halothane are 

also presented in Table 4.5. 
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Figure 4.5 Examples of typical fluorescence emission spectra of (A) laurdan (1%) 

and (B) prodan (1%) in DOPC vesicles over time after the addition of halothane. 

Kinetics plots obtained relating emission peak maxima as a function of time for 

laurdan and prodan (C and D, respectively), which were fit with a single exponential 

decay (red line). 
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Table 4.5 Summary of prodan and laurdan quenching by halothane in DOPC 

liposomes.  

Probe Extent of Quenching (%) Quenching Rate Constant (M
-1

s-
1
) 

Prodan 45 (± 6) 272 (± 86) 

Laurdan 50 (± 24) 423 (±148 ) 

 

 

 The values obtained for the extent of and rate constants of fluorescence quenching 

of prodan and laurdan were found to be the same within error. Neither fluorophore was 

preferentially quenched by halothane, which suggests that halothane localizes in the 

membrane in between the relative positions of each fluorophore (below prodan and above 

laurdan). Although, halothane quenches both fluorophores equally, prodan was selected 

to measure halothane uptake kinetics into the membrane due to the smaller standard 

deviations obtained for both the extent of quenching and the quenching rate constant. 

 

4.3.2 Temperature Dependence of Prodan Quenching by Halothane 

 

 Prodan-labeled DOPC vesicles were synthesized using the same protocols 

outlined in section 2.4.1. Prodan quenching experiments were conducted using the same 

experiment conditions as the TLM-FD assay presented in the above section 4.2.1. 

Halothane (2% v/v) was added to the labeled vesicles and the sample was inverted 10 

times to ensure rapid mixing.
41,71

 Figure 4.6A represents typical prodan emission spectra 
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obtained at 15C following halothane addition. A kinetics plot of fluorescence intensity 

as a function of time (Figure 4.6B) can be generated from emission peak maxima 

obtained from Figure 4.6A. It can be clearly shown that the resultant kinetics data 

obtained is best fitted with a bi-exponential decay (red line) function rather than a single 

exponential decay (green line). The bi-exponential decay fitting model yields two distinct 

rate constants for halothane uptake, kslow and kfast, which are different by three orders of 

magnitude and are tabulated in Table 4.6. The values obtained for kslow at various 

temperatures were determined to be the same within error (~2.5 x 10
2
 M

-1
s

-1
). Moreover, 

the values obtained for kfast were also determined to be the same within error (~0.5 x 10
5
 

M
-1

s
-1

). The fact that no change in rate constant (either slow or fast) was observed over a 

range of temperatures implies that halothane uptake (or prodan quenching via halothane) 

is not temperature dependant. Therefore, the “induction” period observed in the TLM-FD 

kinetics plots (Figure 4.3) are not due to slower halothane uptake into the bilayer at lower 

temperatures. An alternative explanation for the observation of the low temperature 

induction period could be due to lower collisional frequency at lower temperatures, 

which ultimately hinders the number of opportunities which allow for lipid mixing to 

occur. 
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Figure 4.6 Example of typical results of prodan (2%) quenching within DOPC 

liposome by halothane at 15C. A) Fluorescence emission spectra of prodan over 

time after the addition of halothane. B) Decay of prodan fluorescence intensity as a 

function of time, fit to a single exponential decay (green line) and a bi-exponential 

decay (red line). 

 

Table 4.6 Rate constants of prodan quenching by halothane in DOPC vesicles at 

various temperatures. 

T (C) k
fast 

(x10
5
 M

-1
s

-1
) k

slow

 

(x 10
2
 M

-1
s

-1
) 

10 1.3 (± 0.7) 2.4 (± 1.4) 

12.5 0.4 (± 0.5) 4.1 (± 0.5) 

15 0.2 (± 0.1) 2.6 (± 1.7) 

22 0.2 (± 0.03) 1.7 (± 0.8) 

30 10.4 (± 12) 2.3 (± 0.2) 
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 Although we were unable to correlate halothane uptake with the occurrence of the 

low temperature “induction” stage, the observation of a slow and fast component to the 

prodan quenching rate constant warrants further discussion. It is of note that in samples 

that were not mixed following the addition of halothane a single component rate constant 

for prodan quenching was obtained (Figure 4.5B). Moreover, the rate constants obtained 

without sample mixing are comparable to kslow obtained for samples that were inverted 

post halothane addition. Assuming homogenous distribution of the fluorescent label 

throughout the lipid bilayer, one would expect a slight increase in the number of prodan 

molecules within outer leaflet compared to the inner leaflet, as the outer leaflet will 

contain more lipid molecules due to its larger radius. Previous AFM work in our lab has 

shown that the uptake of halothane in DOPC and DPPC membranes occurs 

inhomogeneously, resulting in the formation of concentrated halothane domains that 

caused the membrane to thin.
41

 These results were further supported by molecular 

dynamics simulations conducted by Koubi et al.
123

. A schematic of a liposome labelled 

with prodan in the presence of halothane is illustrated in Figure 4.7. The pink squares 

represent the location of prodan near the water-head group interface in each respective 

leaflet and the green circles represent halothane molecules that partition into the 

membrane. It is possible that agitation of the sample induces rapid inhomogeneous 

uptake of halothane into the outer membrane leaflet, forming membrane domains 

consisting of high concentrations of halothane. Quenching of prodan molecules within 

these halothane-enriched domains results in a fast quenching rate constant. Furthermore, 

it would not be unreasonable to postulate that the slow quenching rate constant is due to 
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the passive diffusion of halothane throughout bilayer to quench prodan molecules 

localized in other areas of the membrane (i.e. further from initial halothane domains). 

 

 

Figure 4.7 Schematic of a DOPC vesicle labeled with prodan (pink squares) in the 

presence of halothane (green circles). Prodan is known to sequester within a 

membrane below the head group and is assumed to be equally distributed 

throughout the membrane. Halothane uptake within lipid membranes is known to 

be inhomogeneous, therefore domains of high halothane concentrations occur within 

the membrane.
41,123

 (Schematic not drawn to scale). 

  

4.3.3 Characterization of the Quenching of Prodan in DOPC Vesicles 

 

 The quenching of prodan fluorescence by halothane can be described using the 

Stern-Volmer relationship:
76
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Equation 4.4    
  

 
          

 

where F0 and F are the fluorescence intensity in the absence and in the presence of 

quencher, respectively, KSV is the Stern-Volmer constant, and [Q] is the concentration of 

the quencher. KSV = kq τ0, where kq is the bimolecular quenching constant and τ0 is the 

lifetime of the fluorescence probe in the absence of quencher. Stern-Volmer plots that are 

linear are indicative of a single class of fluorophores that are all equally accessible to the 

quencher.
76

 

 

 

 

Figure 4.8 Stern-Volmer plot of prodan quenching in DOPC vesicles by various 

concentrations of halothane at 22C.  
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 The Stern-Volmer plot obtained for prodan quenching in DOPC liposomes by 

halothane is shown in Figure 4.8. The deviation from linearity towards the x-axis is 

indicative of the presence of two fluorophore populations; one population is accessible to 

the quencher while the other is not (or is less accessible). Within the lipid vesicle it is 

reasonable to assume that the population of fluorophores less accessible to halothane 

would reside within the inner bilayer leaflet and/or far away from the halothane rich 

domains. Moreover, being less accessible suggests that quenching kinetics of inner leaflet 

fluorophores will be much slower than outer leaflet quenching, which supports our 

interpretation of the fast and slow rate constants obtained for prodan quenching. 

 A modified Stern-Volmer relationship can be used to determine what fractions of 

fluorophores are accessible and inaccessible to the quencher.
76

 

  

Equation 4.5   
  

      
 

 

       
 

 

  
 

 

where fa is the fraction of the initial fluorescence that is accessible to the quencher, and 

Ka is the Stern-Volmer quenching constant for the accessible fraction. A modified Stern-

Volmer plot for the prodan quenching by halothane in liposomes is shown in Figure 4.9. 

A linear relationship is observed between F0/(F0-F) and inverse quencher concentration. 

The intercept of the linear relationship was found to be 2.07, the inverse of which is fa 

and was calculated to be 0.48. This result suggests that approximately half of the prodan 

fluorophores are less accessible to halothane domains. After halothane is taken up into 

the membrane, it forms highly concentrated halothane domains. Halothane then slowly 
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diffuses and distributes itself throughout the membrane; as a result, the fluorophores 

furthest from the initial halothane domains would be considered to be less accessible.  

 

 

 

Figure 4.9 Modified Stern-Volmer plot of the quenching of prodan in DOPC vesicles 

by halothane. The fraction of fluorophores accessible to halothane (fa) can be 

determined using the intercept obtained from a linear fit of the data (red line). 

 

4.4 Conclusions 

 

 We have determined the activation energy, enthalpy and entropy for halothane 

induced lipid mixing and have found that our results correlate well with the only other 

drug induced fusion study completed to date. The rate constants for halothane uptake into 
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the membrane were found to be independent of temperature. Furthermore, using standard 

experiment protocols, we discovered halothane uptake into the lipid vesicles has two 

distinct kinetics rate constants. We propose that kfast is due to active rapid uptake of 

halothane into the membrane via agitation, forming halothane rich domains, and kslow is 

due to passive diffusion of halothane throughout the membrane. Finally, we confirmed 

that a fraction (~0.5) of the fluorophores within the lipid vesicle is less accessible to the 

halothane domains.  
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Chapter Five: Halothane-Induced Membrane Fusion in Increasingly Complex 

Membrane Models 

 

5.1 Motivation 

 

 In chapters 3 and 4, we investigated the mechanism of anesthetic-enhanced 

membrane fusion in the simplest possible scenario: a membrane model composed of a 

single type of phospholipid. This simplistic model was necessary to discern the molecular 

interaction of each anesthetic with the membrane. However, for a deeper understanding 

of membrane fusion between a drug delivery vehicle and a cell membrane, more 

representative models may be necessary. 

 A typical biological membrane consists of a complex mixture of phospholipids, 

glycosphingolipids and cholesterol.
29

 These membrane components are not 

homogeneously distributed throughout the membrane. It is believed that the plasma 

membrane contains microdomains or “rafts”, which are thought to be composed of 

saturated lipids enriched with cholesterol that “float” in a sea containing a mixture of 

unsaturated lipids.
124

 Membrane domains are believed to be important in various cellular 

processes such as signal transduction and membrane trafficking.
125,126

  

 In this chapter, we aim to understand halothane-induced membrane fusion in 

increasingly complex membrane models using a bottom-up approach. The addition of 

cholesterol and/or dipalmitoylphosphatidylcholine (DPPC) to the DOPC membrane 

model allows for the investigation of how anesthetic-enhanced membrane fusion is 

affected by the presence of membrane domains. The bottom up approach utilized here 
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allows for the systematic study of each membrane component in an attempt to elucidate 

the implications for liposomal drug delivery to a cell membrane. 

 

5.2 Halothane Induced Membrane Fusion in DOPC:DPPC Vesicles 

 

 Phospholipids, and in particular phosphatidylcholines, are major components of 

cell membranes, as their primary role is to maintain the structural framework of the 

membrane.
127

 Model membranes have been used extensively in the literature to mimic 

membrane rafts in cell membranes
128

. Membrane rafts are modeled using phase separated 

lipid bilayers and typically consist of cholesterol, and lipids with both a high transition 

temperature saturated lipid component and a low transition temperature unsaturated lipid 

component.
124

  

 Membrane properties and behaviour can be influenced by altering the length and 

saturation of the phosphatidylcholine (PC) acyl chains.
127

 The chemical structures of the 

PC lipids utilized in this study, dipalmitoylphosphatidylcholine (DPPC) and 

dioleoylphosphatidylcholine (DOPC), are shown in Figure 5.1. PC lipids are zwitterionic 

at biologically relevant pH. PC lipids that occur naturally generally consists of two acyl 

chains of similar length.
127

 The acyl chains of DPPC are saturated and consist of 16 

carbon atoms, while each acyl DOPC chain consists of 18 carbon atoms with a single 

double bond between the 9
th

 and 10
th

 carbons. Carbon chain length and degree of 

unsaturation of the acyl chains influences membrane properties. Due to saturation of the 

acyl chains, DPPC molecules are able to pack tightly with one another, resulting in a gel 

phase membrane at room temperature. On the other hand, the double bond in the acyl 
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chains of DOPC increases gauche defects in the hydrocarbon tails; thus, molecules are 

not able to pack tightly together, resulting in a fluid liquid crystal phase. In this chapter, 

membranes composed of different ratios of DOPC:DPPC will be studied to elucidate the 

effect mixed lipid systems with a propensity for domain formation have on halothane 

induced membrane fusion. 

 

 

 

Figure 5.1 Chemical and space filling structures of dipalmitoylphosphatidylcholine 

(DPPC) and dioleoylphosphatidylcholine (DOPC). 
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5.2.1 Results 

 

5.2.1.1 Vesicle Association in Mixed Lipid DOPC:DPPC Vesicles 

 

 Recall that FCCS can be used to report on the initial stages of membrane fusion. 

A detailed description of the FCCS assay used to measure vesicle association is given in 

section 2.3.4. Briefly, vesicle populations are labeled with two spectrally distinct 

fluorophores (red and green). A cross-correlation signal occurs only when the two 

detection channels record synchronous fluorescence fluctuations. This indicates that the 

spectrally distinct fluorophores are physically linked, and thus, are diffusing together as 

one entity. Therefore, FCCS can detect the presence of associated red-green labeled 

vesicles amongst unassociated red and green vesicles.  

 Vesicles of varying ratios of DOPC:DPPC were prepared for FCCS experiments 

as previously discussed in section 2.3.4.1. Examples of cross-correlation decays obtained 

for 100:0 DOPC:DPPC vesicles in the presence of halothane are shown in Figure 5.2. 

The amplitudes of the cross-correlation decays, average fluorescence intensities and 

autocorrelation decay amplitudes were obtained to calculate the concentration of dual-

labeled red-green vesicles using Equation 2.16. 
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Figure 5.2 Cross-correlation decay following the addition of halothane in 100:0 

DOPC:DPPC vesicles. 

 

 Kinetics data for vesicle association were examined by plotting the calculated 

concentration of associated red and green vesicles as a function of time. Figure 5.3 

summarizes the vesicle association kinetics plots obtained for each DOPC:DPPC ratio 

studied. For each ratio, the concentration of associated red-green vesicles obtained in the 

presence of halothane was compared to control samples that were measured in the 

absence of halothane. Over the course of the experiment, it was observed (for all ratios) 

that the presence of halothane induced slightly more vesicle association than samples 

without halothane.  
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Figure 5.3 FCCS vesicle association kinetics plots for various DOPC:DPPC lipid 

ratios in the presence (black squares) and absence (red circles) of halothane. 
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 Figure 5.4A is a compilation of the halothane-induced kinetics plots for vesicles 

composed of different concentrations of DOPC:DPPC shown in Figure 5.3. The 

maximum concentration of associated red-green vesicles was found to be similar for most 

ratios of DOPC:DPPC, ranging between 1 x 10
-11

 and 2 x 10
-11

 M. The greatest amount of 

vesicle association was found to occur with vesicles composed of 50:50 DOPC:DPPC 

and was found to be approximately 4 x 10
-11

 M. The kinetics data in Figure 5.4A was 

linearized according to 2
nd

 order rate laws (Figure 5.4 B). The slope of the linearized data 

yields the rate constant for the association of red and green vesicles with each other 

(Figure 5.5). It is clear from Figure 5.5 F that the slope of the linear fits for all ratios of 

DOPC:DPPC are similar. The vesicle association rate constants obtained from the slope 

of the linearized second order data for all ratios of DOPC:DPPC liposomes in the 

presence of halothane are summarized in Table 5.1 (pg. 147). 
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Figure 5.4 A) Summary of FCCS Vesicle association kinetics plots for all ratios of 

DOPC:DPPC in the presence of halothane. B) Kinetics data from A linearized 

according to 2
nd

 order rate laws. Plots for each DOPC:DPPC ratios are shown 

separately in Figure 5.5.  
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Figure 5.5 Kinetics data for vesicle association for various ratios of DOPC:DPPC in 

the presence of halothane linearized according to 2
nd

 order rate laws. Rate constants 

for vesicle association are obtained from the slope of the linear fits. A-E) Kinetics 

plots for DOPC:DPPC ratios of 100:0, 75:25, 50:50, 25:75 and 0:100 respectively. F) 

Comparison of linear fits for all DOPC:DPPC ratios. 
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5.2.1.2 Total Lipid Mixing in Vesicles of Different DOPC:DPPC Ratios 

 

 To report on later stages within the membrane fusion mechanism, we utilized a 

total lipid mixing fluorescence dequenching (TLM-FD) assay. A detailed explanation of 

the assay can be found in section 2.4. In short, vesicles labeled with a high concentration 

of acyl chain labeled BODIPY probe, to induce dimerization of the probe within the 

membrane are utilized. The emission spectrum of the BODIPY dimer is red shifted when 

compared to the monomer emission. Therefore, the fusion of BODIPY labeled vesicles 

with unlabeled vesicles would result in the dilution of BODIPY dimers and a detectable 

increase in monomer intensity. 

 Figure 5.6A is an example of typical emission spectra, obtained from a mixture of 

labeled and unlabeled 75:25 DOPC:DPPC vesicles, which were collected over time in the 

presence of halothane. An increase in BODIPY monomer intensity was observed over 

time after halothane addition. Contributions due to monomer and dimer peak intensities 

can be obtained from fitting the emission spectra with a sum of two Gaussian functions. 

A ratio of monomer and dimer emission peak contributions are plotted as a function of 

time to assess the kinetics of total lipid mixing (Figure 5.6B). The rate constant for lipid 

mixing can be obtained from fitting the kinetics plot with a pseudo-first order rate 

equation (Equation 2.36). Kinetics plots obtained in the presence of halothane for all 

DOPC:DPPC lipid ratios are complied in Figure 5.7 and the resultant rate constants for 

lipid mixing are presented in Table 5.1 (pg. 147). 
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Figure 5.6 Example of typical total lipid mixing fluorescence dequenching (TLM-

FD) assay results for halothane in 75:25 DOPC:DPPC vesicles. A) Fluorescence 

emission spectra of a mixture of unlabeled and BODIPY labeled vesicles over time 

after halothane addition. B) Kinetics plot produced from of data from A, which is 

fitted with a pseudo-first order rate equation, Equation 2.36 (red line). 
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Figure 5.7 Halothane (2% v/v) induced kinetics curves for the fusion of BODIPY 

labeled and unlabeled vesicles composed of various DOPC:DPPC ratios. Plots were 

fit with Equation 2.36 (solid lines); the results of the fits are summarized in Table 

5.1 (pg. 147). 

 

 Kinetics plots for all DOPC:DPPC ratios comparing lipid mixing results in the 

presence of halothane to experimental controls are shown in Figure 5.8. It is clear that the 

presence of halothane (black squares) induces a significant amount of lipid mixing when 

compared to control data collected in the absence of halothane (green triangles).  

Control experiments were conducted using samples consisting of BODIPY labeled 

vesicles in the presence of halothane and the absence of unlabeled vesicles. If fusion 

occurs between labeled vesicles in the absence of unlabeled vesicles, the concentration of 

BODIPY (monomers and dimers) should remain constant and no increase in monomer 
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intensity is expected. In Figure 5.8, we observe an increase in monomer intensity in 

control samples consisting of only labeled vesicles in the presence of halothane. This can 

be attributed to membrane swelling due to halothane uptake into the membrane. We have 

previously shown, via atomic force microscopy (AFM), that the uptake of anesthetics into 

a membrane can induce lateral membrane swelling.
41,129

 This lateral swelling of the 

membrane can induce separation of BODIPY dimers, resulting in an increase in 

monomer intensity.  

 When comparing the results for the two types of control samples for all ratios, two 

interesting observations were made. First, a greater occurrence of membrane swelling 

(green triangles) was observed in lipid ratios containing 50% DPPC or higher. Second, 

increased lipid mixing was observed in the absence of halothane (red circles) in all lipid 

ratios containing DPPC compared to 100% DOPC vesicles. The extent of lipid mixing 

observed in the presence and absence of halothane was calculated for all lipid ratios and 

is summarized in Table 5.1 (pg. 147). The observation of increased lipid mixing in the 

absence of a fusogen suggests that lipid vesicles containing DPPC are able to either 

spontaneously fuse or able to spontaneously transfer the fluorescent probe to unlabeled 

lipids through collisions. 
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Figure 5.8 Example of typical total lipid mixing fluorescence dequenching (TLM-

FD) kinetics plots comparing halothane data (black squares) to experiment controls 

for different ratios of DOPC:DPPC. Red circles: labeled and unlabeled vesicles in 

the absence of halothane. Green triangles: labeled vesicles only in the presence of 

halothane, illustrating membrane swelling. 
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Table 5.1 Summary of the rate constants and extent of lipid mixing obtained for 

vesicle association and total lipid mixing induced by halothane in vesicles composed 

of different DOPC:DPPC ratios. 

Lipid ratio 

DOPC:DPPC 

Association 

rate constant 

(x 10
5
 M

-1
s

-1
) 

Total lipid 

mixing rate 

constant 

(x 10
2
 M

-1
s

-1
) 

% Total lipid 

mixing 

% Total lipid 

mixing - no 

halothane 

100:0 3.5 (±1.4) 5.8 (± 0.7) 65 (± 5) 2 (± 4) 

75:25 2.2 (±1.1) 3.7 (± 1.6) 69 (± 8) 29 (± 1) 

50:50 1.0 (±0.6) 1.1 (± 0.3) 70 (± 12) 23 (± 0.5) 

25:75 0.7 (±0.4) 1.4 (± 0.5) 30 (± 8) 15 (± 1) 

0:100 2.3 (±1.9) 1.2 (± 0.6) 36 (± 5) 7 (± 1) 

 

 

5.2.1.3 Characterization of Spontaneous Fusion in 0:100 DOPC:DPPC Lipid Vesicles via 

Dynamic Light Scattering (DLS) 

 

 To ascertain whether the increase in monomer intensity observed in the absence of 

halothane is due to DPPC lipid vesicles spontaneously fusing with each other or due to 

collisional probe transfer to unlabeled vesicles, dynamic light scattering (DLS; Zetasizer 

Nano ZS, Malvern) was utilized to characterize a mixture of labeled and unlabeled DPPC 

lipid vesicles in the presence and absence of halothane. Figure 5.9A and B summarizes 

the number-weighted DLS results, which illustrates the change of DPPC particle size 

after 30 min in the absence and presence of halothane, respectively. It is clear after 30 
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min that the particle size of DPPC vesicles increased, as shown from the increased 

number of particles in larger size classes (black and green bars). It can also be shown 

from the examination of Figure 5.9C and D that the presence of halothane induces more 

fusion than DPPC alone, as the average particle size in the presence of halothane was 

~95-100 nm compared to ~85 nm without halothane at times longer than 30 min. 

Furthermore, initial measurements shown in Figure 5.9D indicate an approximate 10 nm 

increase in average particle size observed in pure DPPC vesicles in the absence of 

halothane and almost 20 nm increase in the presence of halothane.  
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Figure 5.9 Dynamic light scattering (DLS) results for pure DPPC lipid vesicles in the 

presence and absence of halothane. 

 

5.2.1.4 Effect of BODIPY concentration in DOPC lipid vesicles 

 

 It is known that acyl chain labeled fluorescent lipids, such as β-BODIPY-C5-HPC 

(BODIPY) used in this study, preferentially partition in liquid disordered membrane 

phases.
130

 Fluid membrane phases are able to accommodate the bulky fluorophore better 

than tightly packed gel phase lipids.
130

 Therefore, in the case of the phase-separated 
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mixed lipid membranes studied here, increased local concentration of the BODIPY probe 

within the fluid DOPC phase is possible. It is also possible that this increased local 

concentration of BODIPY probe in DOPC domains perturbs the membrane, resulting in 

the observation of membrane fusion in the absence of a fusion agent. 

 To ascertain whether increased BODIPY concentration within DOPC membranes 

induces membrane fusion in the absence of halothane, DLS was conducted on freshly 

extruded DOPC vesicle samples (1:5 ratio labeled to unlabeled vesicles) with different 

concentrations of BODIPY. 5% BODIPY labeling was used to represent typical TLM-FD 

assay conditions, where in the absence of domains the probe is distributed throughout the 

membrane. 10% BODPIY labeling was used to represent the effective increase in local 

BODIPY concentration within DOPC domains in 50:50 DOPC:DPPC mixed lipid 

vesicles. The number weighted size distributions of both samples are shown in Figure 

5.10. When comparing initial size distribution measurements with measurements 

obtained 60-90 min later, no change in size is observed for both 5% and 10% BODIPY 

labeling.  
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Figure 5.10 DLS results for a mixture of unlabeled DOPC vesicles and DOPC 

vesicles labeled with of BODIPY in the absence of halothane over time. Samples 

labeled with 5% BODIPY represent typical experimental conditions, where 

BODIPY is evenly distributed throughout the labeled vesicle. Samples labeled with 

10% BODIPY are models for 50:50 DOPC:DPPC vesicles, where BODIPY 

preferentially partitions into DOPC domains, resulting in twice the concentration 

within the DOPC domain. 

 

5.2.2 Discussion 

 

5.2.2.1 Comparison of Vesicle Association and Lipid Mixing Rate Constants 

 

 In Chapter 3 we determined that stages involving lipid mixing were rate limiting 

in the mechanism of anesthetic-induced membrane fusion of DOPC vesicles. As 
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expected, the rate constant for vesicle association was found to be 5 orders of magnitude 

larger than that of lipid mixing for halothane induce fusion for all ratios of DOPC:DPPC 

(Table 5.1), which indicates lipid mixing is rate limiting in the membrane fusion 

mechanism. When comparing vesicle association rate constants for each DOPC:DPPC 

ratio, the rate constants were found to be the same within error for all lipid mixtures 

examined (~ 1.5 x 10
5
 M

-1
s

-1
). On the other hand, two distinct groups were observed 

within the lipid mixing rate constants for different DOPC:DPPC ratios. The lipid mixing 

rate constants were found to obey the following trend: 100:0 ~ 75:25 > 

50:50~25:75~0:100. It is apparent that, in the presence of halothane, increasing DPPC 

concentration affects lipid mixing to a greater extent than vesicle association. This 

suggests that lipid composition, or the presence of lipid domains, does not significantly 

affect the association of vesicles per collision, which we believe to be driven by the 

perturbative effects of halothane. The distinct difference in the lipid mixing rate constants 

observed for vesicles containing less than 25% DPPC compared to mixtures containing 

greater than 50% DPPC suggests that membrane composition influences the amount of 

lipid mixing observed per association. 

 

5.2.2.2 Lipid Mixing in Mixed DOPC:DPPC Lipid Vesicles 

 

 In addition to the dependence of fusion process rates on DOPC:DPPC ratios, a 

distinct trend can also be found when comparing the total extent of lipid mixing observed 

for different DOPC:DPPC ratios. Ratios containing 50% DPPC and less were found to 

have the greatest extent of lipid mixing and were determined to be the same within error 
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(~70% TLM) when compared to lipid mixtures containing 75 or 100% DPPC. This result 

was unsurprising considering the trends we observed for the rate constants for lipid 

mixing. Collectively, the results obtained from lipid mixing assays indicate that with 

increasing concentration of DPPC, decreases in magnitude and kinetics of membrane 

fusion are observed. 

 It has been widely shown that bilayers resulting from mixtures of DOPC:DPPC 

are heterogeneous at room temperature
126,130-132

. This is due to the differences in length 

and degree of saturation of the acyl chains in DOPC and DPPC, which ultimately 

determines the difference in phase transition temperatures of DOPC and DPPC (-19 and 

41C, respectively)
133

. These phase differences result in phase separation of the 

disordered liquid crystal phase of DOPC from the ordered gel phase of DPPC
126

, leading 

to phase domains within the mixed bilayer. Recent work by Suga and Umakoshi
126

 

estimated the size of lipid ordered domains in 100 nm lipid vesicles of various 

DOPC:DPPC ratios using a fluorescence quenching assay. Utilizing a quencher that 

preferentially binds to liquid disordered domains and a fluorophore that is evenly 

disturbed over both domains, the size of the respective domains can be calculated using 

the Forster radii of the fluorophore and quencher.
126

 Domains were estimated to be 0.4, 

1.4, 3.6 nm for 75:25, 50:50 and 25:75 DOPC:DPPC ratios, respectively
126

. As such, it is 

intuitive to expect that lateral diffusion and mobility of lipids within different phases of 

the membrane will differ. Typically, lateral diffusion coefficients of fluorescently labeled 

lipid probes are between 1-10 x 10
8 

cm
2
s

-1 
in liquid-disordered phases and are practically 

immobile (<10
-11

 cm
2
s

-1
) in gel domains

130
. The decrease in mobility within gel phase 
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membranes can explain the general result we obtained that increasing DPPC 

concentration results in decreased extent of lipid mixing and slower lipid mixing kinetics. 

 

5.2.2.3 Spontaneous Lipid Mixing in Mixed DOPC:DPPC Lipid Vesicles 

 

 It is evident from the extent of lipid mixing results that spontaneous fusion occurs 

in the mixed lipid ratios containing DPPC (Table 5.1), whereas it does not occur 

significantly for pure DOPC vesicles.
1,47

 Compared to DOPC, DPPC membranes tend to 

favour more planar structures (higher radius of curvature) due to the increased rigidity of 

the membrane. It has been shown that fusion of DPPC vesicles can occur in the absence 

of fusion agents at temperatures 10C below the phase transition temperature.
134-136

 Small 

unilamellar DPPC vesicles formed by sonication were found to fuse over time until 

reaching a stable size of 95 nm, which was found to be stable over a period of months
135

. 

These results correlate well with our DPPC DLS data summarized in Figure 5.9.  

 The greatest amount of lipid mixing in the absence of halothane was observed for 

DOPC:DPPC mixtures of 75:25, 50:50 and 25:75 (Table 5.1). The presence of phase 

separated membrane domains could also explain the observation of spontaneous 

membrane fusion observed in 75:25, 50:50 and 25:75 DOPC:DPPC vesicles (Table 5.1). 

We propose two possible hypotheses to explain the observation of increased lipid mixing 

observed in 75:25, 50:50 and 25:75 DOPC:DPPC vesicles. First, it is possible that the 

presence of domains induces membrane fusion, especially if one of the lipid components 

is gel phase under experimental conditions.
34,137

 Figure 5.11 illustrates the difference in 

lipid packing that occurs at the interface between DOPC and DPPC domains. At the 
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interface between lipid domains, where fluid domains meet ridged, tightly packed gel 

domains, the molecular packing of lipid molecules are laterally disturbed.
7
 This is 

because the fluid DOPC membrane domains are thinner (~4 nm) than rigid DPPC 

domains (~5.5 nm).
132

 As a result, at the domain boundaries, hydrophobic regions of 

DPPC lipids are exposed to water, which is energetically unfavourable. Therefore, it is 

possible that these structural defects due to packing inconsistencies at domain boundaries 

are able to promote fusion.
7,34,137

 

 

 

 

Figure 5.11 Schematic illustrating lipid packing in mixed DOPC:DPPC membranes. 

DPPC packs tightly together, which results in a rigid membrane. The presence of 

gauche defects at double bonds in DOPC’s acyl chains results in a thinner, more 

fluid membrane. Discontinuities in the membrane occur at the domain boundaries, 

due to the difference in domain thickness, as hydrophobic regions of the tall DPPC 

lipids become exposed to the aqueous environment. 
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 Second, it is known that acyl chain-labeled fluorescent lipids distribute 

preferentially in liquid disordered membrane phases, which can accommodate the bulky 

fluorophore better than tightly packed gel phase lipids.
130

 Therefore, it is possible that 

preferential partitioning of BODIPY increases the concentration of the bulky probes 

within the smaller DOPC domains. Figure 5.12 compares the distribution of BODIPY 

probes (pink) within pure DOPC and mixed DOPC:DPPC membranes. In the case of pure 

DOPC membranes, BODIPY is assumed to distribute evenly throughout the membrane 

(top panel). However, in the case of mixed DOPC:DPPC membranes, due to BODIPY’s 

preference for liquid disorder phases, BODIPY is excluded from the DPPC domains and 

concentrates within the DOPC domains. The high concentration of probes within a 

smaller area could affect the packing of DOPC molecules, which can perturb the 

membrane and result in spontaneous fusion. 
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Figure 5.12 Schematic comparing distribution of BODIPY probes in a pure DOPC 

membrane and a mixed DOPC:DPPC membrane. Bulky acyl chain fluorophores 

are known to preferentially localize within fluid membrane domains.
130

 In pure 

DOPC membranes, it is assumed that BODIPY is evenly distributed throughout the 

entire membrane. However, in mixed DOPC:DPPC membranes, BODIPY is likely 

excluded from DPPC domains and concentrate within DOPC domains. 

 

 To ascertain if increased BODIPY concentration within a hypothetical domain 

could induce spontaneous fusion due to increased membrane perturbation, size 

distribution measurements of DOPC vesicles containing 5 and 10% BODIPY were 

obtained over time in the absence of halothane (Figure 5.10). 10% BODIPY labeling was 

used to represent the increased local concentration of BODIPY within DOPC domains in 

50:50 DOPC:DPPC vesicles, assuming the standard labelling protocols for the TLM 

assay were followed (i.e. 5% BODIPY labeling). No change in size was observed when 

comparing initial size distribution measurements (black squares and green triangles) with 



 

158 

measurements obtained 60-90 min later (red squares and blue triangles), for both 5% and 

10% BODIPY labeling, respectively. This suggests that increased BODIPY concentration 

alone does not perturb the membrane in such a way to promote fusion in the absence of 

halothane. Therefore, the presence of phase separated membrane domains/domain 

boundary defects seems to be the contributing factor for spontaneous lipid mixing in the 

absence of external fusion agents. 

 

5.3 Halothane Induced Membrane Fusion in DOPC Vesicles Containing Cholesterol 

 

 Cholesterol (CH) is a major component in mammalian cellular membranes and is 

known to be required for cell growth
138

. The concentration of CH within membranes 

varies greatly depending on cell and membrane type. For example, mammalian plasma 

membranes can contain 25-40 mol%, while the endoplasmic reticulum membrane 

contains only 0-5 mol%
139

. The chemical structure of CH is shown in Figure 5.13 and 

consists of rigid and planar ring system
127

. The polar hydroxyl group orientates 

cholesterol’s rigid fused rings into the membrane. The hydroxyl group sequesters near the 

head group-water interface, while the ring system resides in ordered region of the 

membrane near the head groups (between the 1
st
 and 10

th
 carbon).

138
 CH has been shown 

to affect membrane properties such as fluidity, rigidity and curvature.
140

 The effect of 

cholesterol on halothane induced membrane fusion in DOPC vesicles will be examined. 
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Figure 5.13 Chemical structure of cholesterol (CH) consists of fused rings, which 

yields a ridged planar structure. 

 

5.3.1 Results 

 

5.3.1.1 Vesicle Association in DOPC:CH Vesicles 

 

 DOPC:CH (20 mol%) vesicles were synthesized for FCCS experiments using the 

method previously described in section 2.3.4.1. Figure 5.14A and B illustrates the change 

in cross-correlation amplitude over time in the presence and absence of halothane, 

respectively. After halothane addition, the amplitude of the cross-correlation decays 

increased over time, while in the absence of halothane, the amplitude of the cross-

correlation decay remained constant.  

 



 

160 

 

Figure 5.14 Fluorescence cross-correlation functions of red and green labeled 

DOPC:CH (20 mol%) vesicles. A) Cross-correlation decays in the presence of 

halothane. B) Cross-correlation decays in the absence of halothane. 

 

 Utilizing Equation 2.16, the concentration of associated red-green vesicles can be 

obtained from the measured cross-correlation amplitudes. The resultant kinetics plot of 

DOPC:CH vesicle association induced by halothane are shown in Figure 5.15. Each data 

point represents an average of three data sets and consists of 6-15 individual 

measurements. It is clear from Figure 5.15A that halothane induces vesicle association in 

DOPC:CH vesicles and no spontaneous vesicle association is observed in the absence of 

halothane. The second order kinetics data in Figure 5.15A was linearized and is shown in 

Figure 5.15B. The rate constant for vesicle association of red and green DOPC:CH 

vesicles can be determined from the slope of the linearized data and was found to be 6.3 

(± 3.5) x 10
-5 

M
-1

s
-1

. Furthermore, the association rate constants obtained for DOPC:CH 
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vesicles were found to be similar (within error) to the results we obtained in pure DOPC 

vesicles, 3.5 (± 1.4) x 10
-5 

M
-1

s
-1

 (Table 5.2, pg. 165). 

  

 

Figure 5.15 FCCS vesicle association results for halothane induce fusion in 

DOPC:Cholesterol (20 mol%) vesicles. A) Vesicle association kinetics plots in the 

presence (black squares) and absence (red circles) of halothane. B) Halothane data 

from A linearized according to 2
nd

 order rate laws (Equation 2.27). The slope of the 

linear fit (red line) yields the rate constant for vesicle association. 

 

5.3.1.2 Total Lipid Mixing 

 

 The fluorescence emission spectra of a mixture of BODIPY-labeled and unlabeled 

DOPC:CH vesicles collected over time in the presence and absence of halothane are 

shown in Figure 5.16A and B, respectively. Little change in BODIPY monomer peak 

intensity was observed in control samples containing no anesthetic (Figure 5.16B). The 



 

162 

increase in BODIPY monomer peak intensity indicates the occurrence of lipid mixing 

between BODIPY-labeled vesicles and unlabeled vesicles. 

 

 

Figure 5.16 Fluorescence emission spectra of a mixture of unlabeled DOPC vesicles 

and DOPC vesicles labeled with BODIPY. A) Spectra collected over time following 

halothane addition. B) Spectra collected over time in the absence of halothane. 

 

 Halothane-induced lipid mixing kinetics plots for DOPC:CH (20%) vesicles are 

shown in comparison to experiment controls in Figure 5.17A. Clearly, lipid mixing 

observed is due to the presence of halothane, as little lipid mixing due to spontaneous 

membrane fusion and membrane swelling is seen. The rate constant for lipid mixing in 

DOPC:CH vesicles due to the presence of halothane was determined to be 1.0 (± 0.7) x 

10
2
 M

-1
s

-1
 and was found to be smaller than the lipid mixing rate constant obtained for 

DOPC vesicles by a factor of 6 (Table 5.2, pg. 165). 

 When comparing lipid mixing results for DOPC:CH to DOPC vesicles as 

illustrated in Figure 5.17B, the resultant kinetics plots in the presence of halothane and 
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control experiments are found to be similar. An induction period is observed in the 

DOPC:CH kinetics plot, where kinetics lag during the first 30 min post anesthetic 

addition. This induction period is also observed in the DOPC kinetics plot (Figure 5.17B, 

black squares). When examining the induction period for both DOPC:CH and DOPC 

vesicles, we find that they are similar both in extent and duration. The induction period in 

DOPC vesicles was studied in greater detail in section 4.3 and was found to be most 

pronounced at temperatures of 22C and below. We believe that the induction period is 

related to the collisional frequency of the vesicles in solution, as association of vesicles 

must first occur in order for lipid mixing to proceed.  
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Figure 5.17 Example of typical total lipid mixing fluorescence dequenching (TLM-

FD) kinetics plots. A) Kinetics plots of DOPC:CH (20 mol%) lipid vesicles in the 

presence of halothane (black squares) compared to experiment controls. Controls 

were absence of halothane and unlabeled vesicles (red circles and green triangles, 

respectively). B) Kinetics plots comparing DOPC and DOPC:CH lipid mixing (black 

and red squares, respectively) and their respective controls. Controls were absence 

of halothane (green and blue circles for DOPC and DOPC:CH, respectively) and the 

absence unlabeled vesicles (labeled vesicles (LV) only) (cyan and pink triangles, 

respectively). 

 

 The extent of lipid mixing was calculated for both DOPC and DOPC:CH in the 

presence and absence of halothane and is summarized in Table 5.2. It is shown that the 

extent of lipid mixing in DOPC:CH vesicles is less than that of DOPC vesicles. 
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Table 5.2 Summary of the rate constants and extent of lipid mixing obtained for 

vesicle association and total lipid mixing induced by halothane in DOPC:cholesterol 

(20%) and DOPC vesicles. 

Lipid vesicle 

composition 

Association 

rate constant 

(x 10
7
 M

-1
s

-1
) 

Total lipid 

mixing 

Rate constant 

(x 10
2
 M

-1
s

-1
) 

% Total lipid 

mixing 

% Total lipid 

mixing - no 

halothane 

DOPC 3.5 (±1.4) 5.8 (± 0.7) 65 (± 5) 2 (± 4) 

DOPC:CH  

(20 mol %) 
6.3 (±3.5) 1.0 (± 0.7) 43 (± 6) 7 (± 3) 

 

5.3.2 Discussion 

 

 Table 5.2 compares measured membrane fusion parameters for halothane-induced 

fusion of DOPC:CH (20 mol%) and DOPC vesicles. The rate constants for vesicle 

association were found to be the same within error when comparing the DOPC to 

DOPC:CH vesicles. It is of note that the collective vesicle association rate constants for 

DOPC:CH and all ratios of DOPC:DPPC are also the same within error (Table 5.1 and 

Table 5.2); this indicates that the membrane composition does not significantly alter the 

amount of association that occurs per collision. 

 The rate constants for lipid mixing were found to be lower by a factor of 6 in 

membranes containing CH. Furthermore, the addition of CH also resulted in a decrease in 

the magnitude of lipid mixing (22% decrease). Collectively, the results suggest the 

presence of CH in DOPC membranes hinders membrane fusion induced by halothane.  
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 It has been shown that CH has the ability to increase molecular order in the acyl 

chains of liquid crystalline membrane phases by limiting the number of gauche 

confirmations the acyl chains can assume.
125,138,141

 Moreover, the addition of CH (50 mol 

%) in DOPC membranes has been shown to decrease lateral diffusion within the 

membrane from 13.4 to 8.9 x 10
-8

 cm
2
s

-1
.
142

  

 Additionally, it has been shown that the addition of CH can lower halothane’s 

lipid/water partition coefficient.
143

 Smith et al.
143

 measured the lipid/water partition 

coefficients of halothane in phosphatidylcholine:phosphatidic acid (PC:PA, 96:4) 

membranes in the absence and presence of 33 mol% CH using gas chromatography. At 

25C the lipid/water partition coefficient was found to be 123 and 77 for PC:PA and 

PC:PA:CH, respectively
143

. This decrease in halothane partition coefficient in the 

presence of CH can explain the decrease in membrane fusion we observe, as the 

concentration of halothane in DOPC:CH vesicles will be lower than that of DOPC 

vesicles. 

 Therefore, the reduction in the rate constant and extent of lipid mixing observed in 

the presence of CH could be associated with decreased halothane concentration within 

the membrane and/or the decrease in lipid lateral membrane diffusion due to increased 

membrane order. 
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5.4 Conclusions 

 

 Biological membranes are molecularly complex systems. Therefore, to adequately 

understand the intricacies of membrane fusion (of a potential drug delivery vehicle) with 

a cell membrane, the systematic determination of the effect each membrane components 

has on membrane fusion was initiated. Introduction of CH (20 mol%) into the bilayer 

membrane resulted in slower lipid mixing kinetics and an overall reduction in the amount 

of lipid mixing observed. The inclusion of DPPC in increasing concentrations also 

resulted in slower membrane fusion kinetics and an overall decrease in the magnitude of 

lipid mixing observed. The physical properties of the membrane/membrane domains are 

suggested to be the main contributing factors directing fusion dynamics. The results 

presented here increases our understanding how membrane structure and composition 

influences membrane fusion. The implications of these results relating to drug delivery 

will be discussed in the Chapter 6. 
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Chapter Six: Global Conclusions and Future Outlook 

 

6.1 Summary of the preceding study 

 

 In order to further investigate and understand the mechanism of anesthetic-

induced membrane fusion in increasingly complex cell membrane models, we must be 

able to account for the effect anesthetics have on the membrane. Understanding what 

affects membrane fusion will yield a better comprehension of the molecular interactions 

involved in the fusion between a potential drug delivery carrier and the cell membrane. 

This allows for the design of better fusion agents and/or drug delivery vehicles, thereby 

increasing the effectiveness of drug delivery and release.  

 We have previously found that the general anesthetic halothane was able to induce 

fusion in DOPC liposomes.
1
 This discovery unlocked a potential new class of fusion 

agents consisting of other volatile general anesthetics. Therefore, other general 

anesthetics (chloroform, isoflurane, enflurane and sevoflurane) were examined to 

determine their effectiveness as fusion agents. Furthermore, we strived to understand the 

molecular interaction between anesthetics and the lipid membrane to elucidate how 

anesthetics promote fusion.  

 Membrane fusion is a dynamically complex process that involves the progression 

through an ensemble of intermediate stages. A combination of energetic factors including 

water-lipid interactions, membrane bending, and lipid packing (“void” energy) likely 

contribute to the activation energy for membrane fusion. Due to these energy constraints, 

spontaneous fusion of two opposing membranes does not occur unless a driving force is 
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present to lower the energy barrier. Figure 6.1 is a schematic of the membrane fusion 

mechanism in the presence of anesthetics (shown as purple ovals). We suggest that 

incorporation of anesthetics in lipid membranes induces membrane fusion by lowering 

the bending (i.e. energy required to bend the membrane into highly curved fusion 

intermediates (B and C)) and “void” (i.e. energy due to hydrophobic mismatch that occur 

in intermediate structures) energies. Moreover, we propose that an anesthetic’s ability to 

induce membrane fusion is related to its respective partition coefficient, aqueous 

solubility, polarity and size.  

 Partition coefficient and aqueous solubility determine the concentration of the 

respective anesthetic within the membrane. Larger molecules will perturb the membrane 

to a greater extent by altering the packing of lipid molecules, as the lipid molecules must 

accommodate the anesthetic’s larger volume. Higher concentrations of anesthetics and/or 

larger anesthetics within the membrane could have an increased perturbative effect. 

Furthermore, an increased number and/or the presence of larger anesthetic molecules in 

the membrane could further reduce the “void” energy by occupying areas of hydrophobic 

mismatch.  

 The polarity of molecule affects its location within the membrane, as more polar 

molecules will sequester near the polar head groups in the lipid bilayer. Anesthetic 

location within the membrane could affect the packing of neighbouring lipids, which may 

alter the local curvature of the neighbouring lipid molecules. Negatively curved lipids are 

known to induce fusion by lowering the bending energy required to form the stalk and 

hemifusion intermediates.
12
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Figure 6.1 The membrane fusion mechanism in the presence of anesthetics (purple). 

The incorporation of anesthetics could lower the bending (required to form highly 

curved stalk (B) and hemifusion (C) intermediates) and “void” (hydrophobic 

mismatch that occurs in (B) and (C)) energies, which ultimately lowers the energy 

barrier for membrane fusion. (Schematic not drawn to scale) 
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 Furthermore, our work supports the theory that lipid rearrangement towards the 

formation of the fusion pore intermediate is rate limiting in the mechanism for membrane 

fusion and that halothane likely plays a role in the dynamics. The transition state 

dynamics of halothane-induced lipid mixing were investigated. The activation energy, 

enthalpy and entropy for halothane induced lipid mixing were determined. Interestingly, 

the activation energy we have obtained for 100 nm DOPC vesicles in the presence of 

halothane was lower than the values previously reported in the literature for vesicles of 

smaller size.
2-4

 This suggests halothane lowers the energy barrier for lipid mixing to a 

greater extent than other known fusion agents such as Oxicam NSAIDS
2
 and PEG

3,4
.  

 Biological membranes are molecularly complex systems. Therefore, to adequately 

understand the intricacies of membrane fusion (of a potential drug delivery vehicle) with 

a cell membrane, the systematic determination of the effect each membrane components 

has on membrane fusion should be examined. Utilizing halothane as our fusion agent, we 

found that the addition of cholesterol (20 mol%) to DOPC vesicles resulted in an overall 

decrease in the kinetics and the extent of lipid mixing and therefore membrane fusion. 

We attribute this to a combination of decreased concentration of halothane and decreased 

lipid lateral mobility within cholesterol-containing membranes. The addition of DPPC to 

DOPC in increasing concentrations also resulted in slower membrane fusion kinetics and 

a decrease in the magnitude of lipid mixing. We suggest that the decrease in mobility 

within gel phase DPPC domains is the contributing factor for the decreased kinetics and 

extent of lipid mixing. This suggests that the physical properties of the membrane are 

contributing factors that direct membrane fusion. This work increases our understanding 

how membrane structure and composition influence membrane fusion. 
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6.2 Future Outlook 

 

 The initial ground work towards the study of the complex interactions that occur 

during fusion with a cellular membrane is presented in the body of this thesis. In order to 

adequately understand fusion between a drug delivery vehicle and a cell membrane, 

further investigation is required using increasingly complex membrane models. Typical 

biological membranes consist of a mixture of phospholipids, sphingolipids and 

cholesterol. Therefore, the continued systematic study of individual membrane 

components within the model membrane, followed by the study of multiple component 

membranes, is required to understand the role each membrane component plays in the 

membrane fusion mechanism. Having a well characterized complex model for the cell 

membrane is an essential first step towards the development of better fusion agents 

and/or drug delivery vehicles. 

 Once we understand the behavior of a complex membrane, the fusion between a 

well characterized cell membrane model (i.e. target vesicles) and potential drug delivery 

vehicles can then be studied. This systematic approach allows for the characterization and 

design of fusion agents and/or drug carriers that will increase the effectiveness of drug 

delivery and drug release. 

 From what we now understand about fusion agents and their molecular 

interactions with lipid membranes, we can envision a design for a more effective drug 

delivery vehicle. The drug delivery vehicle should contain a fusion agent within it, to 

ensure drug release once the carrier reaches the tumor site. The potential fusion agent 

should be able to efficiently partition into the membrane, producing concentrations 
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suitable for the induction of membrane fusion. Additionally, the fusion agent should be 

large enough to perturb the membrane for the promotion of membrane fusion. To 

circumvent non-specific fusion to healthy cells, the fusion agent within the drug carrier 

should be triggered by the tumor environment. It is known that the extracellular pH in 

tumor tissue is acidic in comparison to healthy tissue.
144,145

 Therefore, it may be possible 

to design a fusion agent that responds to the acidic environment to promote membrane 

fusion and the release of drug at the tumor site. One can envision a fusion agent that, 

under physiologically relevant pH, does not perturb the membrane to a large extent and in 

the acidic environment of tumor tissue, undergoes a physical/chemical change to cause 

increased membrane perturbation, which then induces fusion and subsequently releases 

the drug. 
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APPENDIX A: CHLOROFORM MEDIATED DYE TRANSFER AND 

MEMBRANE INTERACTIONS 

 

A.1. Motivation 

 

 In Chapter 3, we investigated chloroform’s ability to induce membrane fusion in 

dioleoylphosphocholine (DOPC) lipid vesicles. Phosphatidylcholine (PC) lipids are 

highly soluble in chloroform, due to hydrogen bonding that occurs between the 

phosphatidylcholine head groups and chloroform. Due to the high solubility of lipids in 

chloroform, it may be possible that a concentrated chloroform environment (~70 mM) 

could dissolve the lipid vesicles, or that chloroform domains within the solution could 

mediate the transfer of dye molecules between vesicles without the occurrence of 

membrane fusion. To illustrate that the results presented in Chapter 3 were not due to 

chloroform mediated dye transfer and were not affected by chloroform mediated 

dissolution of liposomes, control experiments were conducted characterizing the 

interaction between chloroform and dye labeled lipid vesicles. 

 

A.2. Chloroform mediated dye transfer 

 

For the mechanism of chloroform mediated dye transfer to be unique from 

hemifusion, transfer of the dye molecules would have to take place without vesicle-

vesicle contact. It would then be possible to detect free dye in chloroform micro-or nano-

bubbles, as the dye would have to maintain an equilibrium level outside the vesicles. 
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Chloroform is likely to be a fluorescence quenching environment, due to the heavy atom 

effect. If this is true, then the fluorescence intensity of the liposome solutions should 

display an initial decrease, upon addition of chloroform.  

We examined lipids dyes used in vesicle association and total lipid mixing assays 

(lissamine, Oregon green and BODIPY) to determine whether or not fluorescence 

quenching would be observable. To do this, the dyes and DOPC were dissolved in 

chloroform at equivalent concentrations to those in the vesicle solution. Only the Oregon 

green lipid dye was quenched in chloroform. This is displayed in Figure A.1, where over 

100-fold reduction in fluorescence intensity was found. 
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Figure A.1 Emission spectra of Oregon green labeled (250 nM) DOPC vesicles (0.1 

mM lipid concentration) in PBS buffer; emission spectra of Oregon green (250 nM) 

and DOPC (0.1 mM) dissolved in chloroform; Oregon green label (250 nM) in 

chloroform in the absence of lipid. All samples were excited at 490 nm.  It is clear 

that Oregon green emission is quenched by chloroform. Reprinted with permission 

from Ref. 
47

, Copyright 2009, American Chemical Society. 

 

As a control experiment to test for fluorescence label transfer we subjected a 

solution of Oregon green labeled vesicles (~ 2 nM vesicles) to the same chloroform 

conditions as in the lipid mixing (fluorescence dequenching) experiments. We observed 

no changes in the fluorescence intensity of the Oregon Green fluorescence (Figure A.2 A 

and C). This suggests no significant fraction of the label exists outside of the vesicles. 
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Therefore, we believe that the results presented in Chapter 3 do indeed suggest that 

chloroform induces membrane fusion and chloroform mediation of dye/lipid transfer does 

not occur. 

 

 

 

Figure A.2 Fluorescence intensity trajectories and autocorrelation functions for 

Oregon green (250 nM) labeled DOPC vesicles before (A and B) and 60 min after 

chloroform addition (B and C). Reprinted with permission from Ref. 
47

, Copyright 

2009, American Chemical Society. 
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A.3. Chloroform mediated dissolution of vesicles 

 

There is a slight possibility that a concentrated chloroform environment (~ 70 

mM) could dissolve the vesicles. If this were the case then the number of vesicles would 

decrease, the average fluorescence intensity of Oregon Green would go down and the size 

of the non-dissolved vesicles would remain unchanged from prior to chloroform addition. 

With this in mind, the above Oregon green labelled DOPC vesicle solution was assessed 

using fluorescence correlation spectroscopy (FCS) and dynamic light scattering (DLS) 

before and after being exposed to a saturated chloroform environment.  

Two example autocorrelation decays are shown in Figure A.2 B and D. The 

amplitude of the auto correlation function (G(0) value) increases after chloroform is 

added, which is indicative of a decrease in the number of vesicles. This could result from 

either association or loss. However, when examining the fluorescence count rate 

trajectories, it is clear that the sample after chloroform addition has a greater incidence of 

higher intensity events. This is consistent with the presence of larger associated vesicles, 

which have a higher fluorescence brightness, because they contain more Oregon Green 

labels per vesicle.  

In Figure A.3 we present the change in the number of vesicles versus time after 

addition of chloroform. The kinetics of decrease in number of vesicles is very close to 

that measured using fluorescence cross-correlation spectroscopy (FCCS) in Chapter 3. 

The rate constant for decrease in number of vesicle was obtained from fitting the kinetics 

plot presented in Figure A.3 with a single exponential decay and was found to be ~2 x 



 

197 

10
6
 M

-1
s

-1
, which correlates well with the association rate constant reported in Chapter 3 

(3.6 x 10
6
 M

-1
s

-1
).  

 

 

 

Figure A.3 Number of Oregon green (250 nM) labeled DOPC vesicles in the two-

photon excitation volume (N= 1/G(0)) as a function of time following chloroform 

addition. Plot is fit to a single exponential decay (red line). Reprinted with 

permission from Ref. 
47

, Copyright 2009, American Chemical Society. 

 

The change in vesicle size distribution as measured by dynamic light scattering 

(DLS) before and after chloroform addition is shown in Figure A.4 and is also 

summarized in Table A.1. Clearly the average size of the vesicles increases significantly 

after chloroform is added to the solution, 333nm compared to 84 nm. Taken together, 
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these data strongly suggest that little or no dissolution of the vesicles is observed in the 

presence of ~70 mM chloroform.  

 

 

Figure A.4 Dynamic light scattering results obtained from Oregon green labeled 

DOPC vesicles in phosphate buffered saline. Red bars represent results obtained 

from vesicle sample in the absence of chloroform, while green bars represent results 

obtained 45 min post chloroform (2% v/v) addition. Reprinted with permission from 

Ref. 
47

, Copyright 2009, American Chemical Society.  
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Table A.1 Dynamic light scattering results obtained from Oregon green labeled 

DOPC vesicles in phosphate buffered saline in the presence and absence of 

chloroform. Mean particle sizes were calculated from at least 30 (10s) acquisitions. 

2% (v/v) chloroform was allowed to incubate with vesicle solutions for 45 min 

before data collection. 

 Vesicles no chloroform Vesicles with chloroform 

Mean radius (nm) 84 ± 2 333 ± 21 
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