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Abstract of Dissertation 

 

 

Membrane Dynamics: Cross-linking Effects 

 

 

 Fluorescence techniques are widely used to study membrane dynamics.  

Specifically, fluorescence microscopy is an excellent tool for the detection of phase 

separation on lipid vesicles.  Fluoresce resonance energy transfer (FRET) is commonly 

used to monitor interactions and binding events It can also be implemented to detect 

phase separation down to the nanometer range, past the limitations of confocal 

microscopy.  Avidin-biotin cross-linking on the vesicle surface is used to perturb the 

phase dynamics.  This dissertation utilized microscopy to investigate phase distribution 

and separation on cross-linked systems.  It will also focus on the development and 

implementation of FRET.  

 The first part of this dissertation focuses on cross-linking two-phase vesicles.  

Along with cross-linking, quenching, temporal, and non-specific binding effects are also 

important. Using microscopy, sample populations of vesicles are categorized and any 

global shifts due to perturbations are documented.  Cross-linking, the binding of avidin to 

membrane bound biotin, caused a vesicle population shift from the majority two-phase 

two-domain to a majority two-phase multiple domain. Analysis of our cross-linking data 

suggests that avidin forms clusters on the surface of the fluid-disordered domains 

resulting in a large immobile fraction and restricted diffusion.   
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 Quenching of the vesicles had its strongest effect on the one-phase vesicles rather 

than the two-phase vesicle population.  The sample imaging times were sufficiently long 

enough to allow vesicles to reach thermodynamic equilibrium.  Non-specific binding 

experiments verified the specific binding of avidin to biotin caused the multiple domain 

vesicles.   

 The second part of this dissertation focuses on cross-linking one-phase vesicles 

and the development of FRET to detect nano-sized domains.  Avidin and two of its 

analogs, neutravidin and avidin horseradish peroxidase (avdin-HRP) were used as the 

cross-linking proteins.  Structure differences between the three proteins effects the 

protein-protein interaction and clustering on the membrane.  Avidin was the only biotin 

binding protein that induced phase separation with both microscopy and FRET 

techniques.   

 Common activities, such as ligand−receptor coupling, contribute to lateral 

heterogeneity and membrane protein clustering, adding to cell membrane complexity. 

Fundamental studies into subtle shifts such as cross-linking events, which induce global 

cellular response, are pertinent to understanding membrane activities and effects of 

external stimuli.  
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Chapter 1: Introduction 

 

 

 

 

1.1 Biological Membranes 

 

 Let us begin with the initial concept of the membrane as a fluid mosaic and lipids 

merely providing structure.  This view from the 1970s limits the role of lipids as the 

barrier between the cell and the outside, while proteins embedded in the bilayer provide 

functionality.1 In the 1980s the model shifted to expand lipid function to provide optimal 

environment for surrounding proteins, leading to the concept of inhomogeneous pockets 

in the bilayer.2  By the 1990s these concepts have broadened to whole regions of separate 

compositions or domains, as important aspects within cell membranes.2–4  Lipid 

membranes include distinct phases that undergo transitions depending on pressure and 

temperature.  Mixing of lipids with different characteristics may lead to phase separation 

within the membrane.  Each isolated phase region is known as a domain. 

Lipids are amphiphilic surfactant molecules that form the cell membrane’s bilayer 

structure.  In the bilayer, the hydrophobic hydrocarbon section of the lipid is shielded 

from the polar aqueous environment.  Proteins are integrated as part of the membrane and 

interact with different parts of the cell.  Cell membranes act as a selective barrier between 

the cytosol and the extra cellular space and play a critical role in many cellular functions.  

These include protein-ligand interactions, signal transduction, endo- and exocytosis. 5–7 
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1.1.1 Membrane rafts as a key component of membrane structure 

 

The importance of lipids to the function of the cell is evident through the idea of 

lipid rafts.  The heavily debated topic of lipid rafts has been proposed by Simons and 

Ikonen in their 1997 Nature paper,3 although the lateral heterogeneity of lipids has been 

discussed much earlier.8   Lipid rafts are small (10-50nm) transient membrane structures 

of sphingolipids and cholesterol that play an important role in the function of living cells.  

The classification of a lipid raft in the spectrum of lipid phases (disordered, ordered, and 

gel) has sparked significant debate.  The size and stability of rafts, their comparison to 

phases and domains are points of contention.  There are those in the field that describe 

rafts as being up to 200nm and consider them domains on the membrane.3,9–11  The 

opposing view is that rafts are much smaller 10-50nm and so short-lived they do not 

qualify as actual domains.7,12  Differing views on this subject are due to the use of 

synthetic or model membranes to make definitive conclusions on the biological system.  

Model membranes are extremely helpful in providing insight into the various functions of 

the cell.  However, they are models and the leap from the biophysical to the biological 

requires more complexity.7,12  Cells are more diverse in lipids, proteins, other macro 

molecules. Although models (like vesicles and bilayers) closely mimic rafts, due to the 

unique nature of rafts they cannot be exactly replicated synthetically.  A distinguishing 

indication of their existence is patches of membrane insoluble in detergent, indicating 

membrane heterogeneities.  However, a detergent insoluble patch is too generic a feature 

and does not accurately show the distinctiveness of the raft.  From the biophysical point 
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of view, rafts are a theory proposed for the explanation of lipids role in various cellular 

processes. 

 Despite competing views on the definition of lipid rafts, membrane heterogeneity 

plays an important role in cell function; specifically, lipid trafficking and sorting.   A 

more complete version of the fluid mosaic model has since emerged (Figure 1.1). The 

vital role of lipid composition on cell function is exhibited by inactivity of raft-associated 

proteins resulting from depletion of cholesterol in the membrane.9  Recent understanding 

of the lipid organization sorting and influences have shown that lipids diffuse within and 

between domains, adding the complexities of the membrane.   

The cell membrane has shown itself to be complex and dynamic part of the cell. 

Many lipids, proteins, and other macromolecules play an important role in cellular 

function.  Lipids segregate proteins into pockets of enriched nano-regions (rafts) 

potentially induces certain signaling cascades.13,14  For example, lipid composition 

controls budding and fusion of membranes.  Both budding and sorting of proteins allow 

the cell to select proteins for transport. These processes are vital to the cells survival.  
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Figure 1.1: The Fluid Mosaic Model2 begins to bring to light the importance of lipids 
with cellular function.  The organization of lipids and associated proteins are vital for the 
survival of the cell. The membrane environment is a complex one with many lipids and 
numerous proteins and other macromolecules.   
  

P E R S P E C T I V E S

Modern times
So, what is missing from our picture of the
cell frontier and why does it matter? The first
missing element is dynamics. We’ve noted
that lipids ‘dance to many tempos’; the prob-
lem is therefore to keep track of all the
dancers and to see how they change their
dance from one tempo to another (for exam-
ple, from disordered and closely apposed 
to diffusing among other lipids, and then to
diffusion in and out of a lipid domain that
persists for a few seconds). Single-particle
tracking methods offer a way to visualize

interest in detecting lipid-phase transitions in
cell membranes, by 1980 the model largely
neglected the possibility that lipids might not
be randomly distributed in the bilayer and
also understated the degree of local order
that might be possible in membranes.

The 1990s: membrane domains. As the fluid
mosaic picture was being assimilated by cell
biologists, another picture was being sketched
in which membranes contained patches of
lipids, the composition and physical state of
which differed from the average for the bilayer.
This sketch by Jain and White started with
model membranes27, and was followed by a
lot of work on the formation of lipid patches
in model membranes. The lipids were said to
form ‘domains’, which implies that the patches
are not at equilibrium and so are not as stable
or as long-lived as separated phases, which are
at equilibrium. At first, these experiments
used mixtures of gel and fluid, such as that
shown in FIG. 3, but they evolved to use sys-
tems of immiscible fluid lipids, which are
appropriate models for biological mem-
branes. Some measurements on whole cells
and intact membranes also detected lipid
domains (for examples, see REFS 28,29),
although some cell-membrane domains
seemed to be larger than those of the model
membranes. However, this difference might
be a result of the resolution limits that affect
studies of cell membranes versus model mem-
branes30,31.

Lipid domains were proposed to solve
the problem of sorting and trafficking lipids
and lipid-anchored proteins in polarized
epithelial cells32. These molecules are dif-
ferentially presented on the apical surface 
of morphologically polarized cells, which
indicates that the cytoplasmic cell-sorting
machinery can recognize them, even though
they are on the inner surface of trafficking
vesicles33. The ‘lipid-raft’ model proposed
that lipids that are to be sorted segregate
into a raft, which is rich in cholesterol and
sphingolipids. The entire raft is then rec-
ognized for trafficking either because it 
also contains transmembrane proteins or
because the state of the raft lipids is some-
how detected by cytoplasmic proteins.

In 1992, the first, careful test of the raft
hypothesis by Brown and Rose showed that
a lipid-anchored protein could indeed enter a
cholesterol- and sphingolipid-rich lipid
domain, which could be isolated in cold deter-
gent34. Later work, which was often less careful
(see the comments in a recent review35), found
that many other molecules, such as signalling
kinases, could be isolated in this detergent-
insoluble complex and attention therefore

shifted from lipid rafts as trafficking units to
lipid rafts as signalling platforms36. In my
opinion, great confusion has arisen from the
idea that rafts represent relatively large and
stable lipid domains that are 10s or 100s of nm
in diameter. A loose analogy for this mem-
brane bilayer picture would be thousands of
small blocks of butter floating in a sea of heavy
cream. A more realistic picture, however,
might be a mixture of heavy and light cream
that is on the verge of blending into a single
fluid, but that is refreshed by new deliveries of
one type of cream or the other.
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Figure 2 | The fluid mosaic membrane of Singer and Nicholson. In contrast to the Danielli and
Davson membrane model6, which used membrane function to indicate membrane structure, the fluid
mosaic model19 began with membrane chemistry and proposed function. a | This figure is modified from
one in a review on erythrocyte proteins by Steck41. It is interesting to see that the lipid bilayer is shown only
as two parallel lines and to see the distinction between integral and peripheral proteins. The integral
proteins, which are represented by fruits and vegetables, are inserted into the bilayer. The proteins of the
membrane skeleton, which are drawn as boxes and are numbered, have been applied to the inner surface
of the membrane. Modified with permission from REF. 41 © the Rockefeller University Press (1974). b | This
is a more exuberant version of the fluid mosaic model, which shows the lipids in more detail. Different lipid
species are shown in different colours. This figure was created by P. Kinnunen (University of Helsinki,
Finland) and was kindly provided by Kibron Inc., Helsinki, Finland.
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1.2 Membrane Lipids. 

 

Lipids have two main parts, a hydrophilic polar head region and hydrophobic tail 

or tails, Figure 1.2 Lipids organize together in aggregate to form a bilayer where the polar 

hydrophilic head groups form the sides interacting with the aqueous environments found 

on either side of the membrane.  The inner membrane is comprised of the nonpolar 

hydrocarbon chains.   Phospholipids are common membrane lipids and have a glycerol 

backbone.  In the glycerol structure, C1 and C2 are attached to two fatty acids, which aid 

in forming the hydrophobic tail region of the lipid.  The hydrophilic head group is 

attached to C3 of the glycerol structure.  Another class of lipid are sphingolipids.  Instead 

of a glycerol backbone, sphingosine can be used to attach a fatty acid chains and 

phosphate head groups.5,6   

Sterols, also know as steroid alcohols, are unique class of lipid.  Sterols have a 

four fused ring system that defines steroids along with a polar alcohol attached giving it 

amphiphillic characteristics.  The most common membrane sterol is cholesterol.  

Cholesterol is found naturally in mammalian cell membranes.  Similarly to other 

membrane lipids, cholesterol is amphiphillic, shown in Figure 1.2.5,6 Cholesterol has a 

unique role in lipid and protein organization and is a key component of lipid 

rafts.7,9,11,12,15   
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Figure 1.2:  Amphiphillic structure of membrane lipids.  The hydrophilic head group, 
blue, and hydrophobic tail, red, are connected with a glycerol backbone, DOPC and 
DPPC, or sphingosine, PSM.  Cholesterol has a more unique structure.  A fused ring 
system connects a short hydrocarbon chain at one end and a polar hydroxyl group on the 
other.  Lipids and cholesterol structures.16  
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1.3 Lipid Phases 

 

The physical characteristics of membrane fluidity, diffusion and packing (lipid 

phases) depend upon temperature, composition, and chain length and saturation.  Three 

main lipid phases are gel (Lgel), liquid ordered (Lo), and liquid disordered (Ld), shown in 

Figure 1.3.  These phases are distinguished by the lipid organization, mobility, and 

diffusion within the membrane.  The Lgel has very slow diffusion and maintains a high 

degree of organization.  At room temperature this phase is often comprised of long 

chained saturated lipids.   The long straight chains pack closely together, slowing the 

lateral diffusion.  Diffusion of the Lgel is on the order of 10-3µm2s-1.14  Heating of the Lgel 

causes a melt and a transition into the Ld, seen in Figure 1.4.  The melting or phase 

transition of DPPC, a straight chain phospholipid, occurred at 41.32°C.  This melt shows 

that the different lipid states are separate, distinct phases.   

Unsaturated hydrocarbon lipids comprise the Ld, resulting in less organization 

faster diffusion and higher mobility. Naturally occurring unsaturated lipids have the cis 

geometry at the point of unsaturation, resulting in a kink in the acyl tails.  Diffusion for 

the Ld is approximately 1µm2s-1.14 

Cholesterol plays a unique role in membrane.  When added to the unsaturated 

lipids it partially orders the acyl chains.15  However, when added to saturated lipids it 

disrupts the packing and lowers the melting temperature. The addition of cholesterol to 

saturated lipids produces the Lo phase; this phase has a faster diffusion but maintains 

some organization.  The unique liquid ordered phase bears characteristics of both the gel 

and the disordered phase.  It has the organization of the gel phase, but also has a diffusion 
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on par with the liquid disorded.14  Experimentally, this phase is particularly important due 

to its closeness to the organized nano-scaled lipid rafts on cell membranes. 

Incorporating low melting and high melting lipids into the membrane model 

produces phase coexistence; Lgel and Ld.  From Figure 1.3, different ratios of cholesterol, 

low and high melting lipids will have different combinations of Ld, Lo, and Lgel present.17  

As shown in Figure 1.3 the Lgel shows a distinct pattern due the very slow diffusion 

associated with it.  Likewise, the Lo shows smoothed borders because of its more fluid 

like diffusion.  Through use of various microscopy techniques lipid phases can be 

identified and studied. 

 The phases separate on the membrane into domains, due to the energy costs from 

the phase boundary.  A two-phase vesicle has lower energetic costs due to similar 

packing lipids collecting together into domains.  The driving force of phase separation or 

phase boundary is line tension, the energetic costs due to hydrophobic mismatch between 

saturated and unsaturated lipids.  
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Figure 1.3:  Bilayer phases and phase coexistence.17 Saturated long chain lipids form the 
Lgel at room temperature. Shorter unsaturated lipids form the Ld,.  Mixing cholesterol and 
saturated lipids forms the Lo.  From the phase diagram it can be shown that different 
ratios of lipids can form different phases and in some instances multiple phases present. 
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Figure 1.4:  DSC of DPPC MLVs.  The peak obtained from DSC experiments shows a 
physical change or transition from the DPPC membrane.  At this temperature (41.32°C) 
the DPPC membrane melts from the Lgel to the Ld. 
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1.4 Line Tension 

 

 To minimize line tension, lipid domains coalesce. Without it entropy would 

dictate a completely disordered mixture of lipids regardless of lipid height mismatch.  

Using DOPC, DPPC, and cholesterol (1:1:1) as an example, the Ld/Lo phases separate 

into two distinctive domains one for each phase, when the vesicles are at thermodynamic 

equilibrium as shown in Figure 1.5(B). The smoothness or roundness of the phase 

boundary is due to the liquidity of both phases. In the Lo phase the DPPC acyl tails are 

extended, creating a thicker layer than the disordered, kinked DOPC-rich Ld phase.  This 

thermodynamically stable arrangement is due to the phenomenon, line tension.  To ensure 

that the longer DPPC hydrophobic tail is not exposed to the aqueous environment, the 

surrounding lipids stretch and bend to cover the exposed region.  Protecting the chain 

from the aqueous surrounding is energetically costly to the lipid membrane, shown 

schematically in Figure 1.5(A).18  To lower the amount of stretching and bending needed, 

the membrane limits the length of the phase boundary.  It does this by creating two 

hemispherical domains, in this configuration the boundary length is minimized and 

therefore also the line tension.  A vesicle with multiple domains, Figure 1.5(C), will 

exhibit several regions of each phase. Each region has its own boundary and contributes 

to a larger total line tension value than a vesicle with two phases and two domains.  A 

multidomain vesicle is not favored at equilibrium.  To obtain such vesicles there must be 

a perturbation to the system. 
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Figure 1.5: Line Tension and Hydrophobic mismatch.18  The height difference between 
Ld and Lo phases creates a hydrophobic mismatch.  To avoid exposure of the hydrophobic 
region the lipids to the aqueous environment, lipids along the boundary of phases the 
lipids stretch and shrink to shield the nonpolar hydrocarbon chains (A).  The most 
thermodynamically stable arrangement is when the number of interactions, or boundary 
length, is minimized.  This is obtained by having the each phase coalesced into singular 
domains(B).  Perturbations to the systems can have the phases present in multiple 
domains (C).  This comes at a high energy cost due the increase in boundary length 
between phases.  
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1.5 My Cross-linking System 

 

 My area of study focuses on protein binding events on the surface of model 

membranes or vesicles and their effect on the dynamics and organization of the 

membrane constituents.  Binding at the membrane is integral for many cellular functions, 

making the effects on binding events an important area of study.  For my system, we have 

investigated the effects of cross-linking a small percentage of lipids using the protein-

ligand platform.  Both two-phase vesicles and vesicles along the one to two-phase 

boundary were perturbed using the cross-linking protein-ligand binding.  The liposomes 

are comprised of differing concentrations of saturated, unsaturated, and cholesterol lipids 

depending upon the desired phase behavior.   

Our findings reveal a complex relationship between cross-linking and phase 

dynamics. We have chosen the well-studied interaction between avidin and biotin.  

Avidin derivatives that also bind to biotin are another interesting variable to be 

investigated.   

 

1.6 Protein Ligand Interaction 

 

 Binding events between receptors and ligands on the surface of the membrane is 

part of normal cellular function.  There are many biologically relevant protein-ligand 

interactions that are studied in depth.   B cell receptors, BCR, bind with antigens and 

induce signaling cascades.19,20  After the binding event the localized lipid environment 
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changes.  Experimentally this phenomenon is shown via a change in detergent solubility 

of BCR.19   

 

1.6.1 Biotin and avidin binding 

 

To focus on the cross-linking event, the well-studied interaction between avidin 

and biotin makes it an excellent system. Avidin is a tetrameric protein with four biotin 

binding sites, two on either side, shown in Figure 1.6.  Avidin’s geometry allows two 

membrane biotinylated lipids to be bound at any given time.  It non-covalently binds to 

biotin with a high rate constant, k, 7x107 M-1 sec-1.21  This high rate constant suggests the 

rate-limiting step of this interaction is the diffusion of biotin into the binding site.  Avidin 

and its analogs have a strong interaction disassociation constant, KD, of 10-13 – 10-15M 

which suggests that once bound it is unlikely to detach.22  Cross-linking a small amount 

of biotinylated lipids induces changes the dynamics on the entire membrane or vesicle.  
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Figure 1.6:  Illustration of avidin binding to membrane bound biotin.  The numbered 
binding sites of avidin are arranged so only two biotin molecules can bind any one time.  
The cross-linking effect is caused by linking the two bound biotin, affecting more lipids 
in the membrane.   
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Chapter 2: Methods 

 

 

 

 

In our system, we use fluorescence and microscopy as tool to investigate lipid 

phase dynamics and their perturbations due to cross-linking.  Before examining the 

specific studies and outcomes, let us discuss the fundamental underpinnings of these 

techniques.   

2.1 Review of light  

 

Light is an invaluable tool used in research and everyday life.  In hospitals x-ray 

machines allow doctors to view patients’ bones for injury, radio waves are used for 

communication, and in scientific labs, light is used for everything from viewing and 

monitoring samples to inducing chemical changes.   

Photons are best understood as having wave and particle characteristics, termed, 

wave-particle duality.  As a wave, the amount of energy a photon possesses is inversely 

proportional to the wavelength of the radiation.  In other words, the shorter the 

wavelength, the more energy it has (Eq. 2.1).  The photoelectric effect demonstrates the 

particle characteristics of photons, in which a specific energy is required to eject an 

electron from an atom.  Einstein and Bohr have linked this phenomenon to the specific 

electron energy levels within an atom or molecule.  This behavior is exploited in devices 

such as photomultiplier tubes (PMT).  In a PMT, every time a photon hits the tube 
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surface, an electron is released, thus showing the light behaving as distinct quanta or 

photons.   

 

𝐸 = !!
!

          2.1 

 

Photons are used to excite electrons in atoms or molecules, and in return, they 

release lower energy photons. The radiative decay process of absorbing and emitting 

photons is known as photoluminescence.	
  Phosphorescence and fluorescence are two 

examples of this process.  Phosphorescence absorbs and emits light well after the initial 

photon due to the transition of the excited electron from a singlet to a triplet state, which 

we will discuss later in section (2.0.1).  In some materials this process can take up to 

hours to complete.  In fluorescence, the excited electron stays in the singlet state, releases 

a photon quickly and returns to the ground state within nanoseconds.  

The overall process begins with a photon absorbed and excited electrons 

populating higher energy states. Once excited, molecules have different ways to relax 

back down to the ground state: radiative and nonradiatve decays.  In the nonradiative 

case, absorbed energy is transferred to the surrounding molecules via vibrational, 

rotational, or translational motion.1  This is the most common decay and depends on the 

excited molecule in its surrounding environment.   

For fluorescence, the process starts, again with a photon being absorbed and 

electronically exciting the molecule.  However, in dropping down to the ground state a 

second, red-shifted, photon is released.  In the early investigations of fluorescence, Sir 

George G. Stokes discovered that the emitted light had a longer wavelength than the light 
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absorbed and used to excite the molecule.  This is known as the Stokes shift.2  The 

process of fluorescence is outlined in the Jablonski energy diagram, figure 2.1.  In this 

schematic, an electron absorbs the energy from a green photon and has three potential 

pathways to release the energy.  The energy may be released via non-radiative relaxation 

where no light is emitted.  A forbidden transition to the triplet state will produce light 

from phosphorescence.  Fluorescence occurs when red-shifted light is emitted during the 

relaxation from excited singlet state to ground singlet state.   
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Figure 2.1: Jablonski energy diagram.3  The various pathways and conversion methods 
once an excitation photon is absorbed.  The molecule can undergo radiative and 
nonradiative decays along with internal conversions and relaxations.  The loss of energy 
due to vibrational relaxation gives rise to the Stokes Shift. The S1 to So radiative 
relaxation produces fluorescence.  If intersystem crossing occurs from the S1 to the T1 the 
radiative path is the slower phosphorescence. 
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2.1.1 Excitation models 

 

When the excitation light is absorbed, it excites the molecule to an elevated 

electronic state, 𝑆! → 𝑆!, usually the first excited state.  Each electronic state has 

quantized vibrational and rotational energy levels within them, 𝜈 and J respectively.  

Vibrational energy is any stretching or bending of the bond between two atoms.  While 

the simplest model of this in quantum mechanics is the harmonic oscillator, a more 

accurate version is the anharmonic oscillator model (Figure 2.2).  The energy levels 

become closer together as they increase.  Visualizing the vibrations of a bond, one 

imagines two masses attached by a spring, where the spring is stretched or compressed.  

The absorbed light excites an electron to any of the vibrational levels in the excited 

electronic state and also to any of the rotational levels within that vibrational level.  

Therefore, it is possible for the fluorophore to absorb a band of wavelengths that has the 

necessary energy to excite it to an elevated electronic state.  A probe’s ability to absorb a 

range of wavelengths is particularly useful for experimental applications.  In the S1 state, 

vibrational transitions occur from higher !  to lower 𝜈. These vibrational relaxations occur 

before the lower energy light is emitted.  The loss of energy due to the vibration 

relaxation explains the observed Stokes shift, previously discussed.  The transition from 

𝑆! ! ! !  starts at the lowest vibrational level of the excited state.   

The electronic transition back to the ground singlet state is a vertical shift that 

abides the Frank-Condon principle.  Figure 2.2 demonstrates how the final vibrational 

state of the molecule depends upon the overlap of the wave functions between the 



	
   24	
  

transition.  In terms of probabilities, the most probable outcome is for the molecule to 

return to its initial vibrational energy state.   

If the forbidden transition of ! ! ! ! !  occurs, then the radiative decay process 

will take longer, and result in phosphorescence.  When one electron is excited to the 

triplet state its electronic spin is no longer paired with the electron still in the ground 

state.  Simply, the excited electron reverses its spin.  For this work, we use the 

fluorescence technique only.4  

 The energetic levels of these excitations and emissions from fluorescence match 

the electronic organization of the fluorophores.  The excitation wavelength must match a 

molecular orbital’s highest occupied molecular orbital (HOMO) to lowest unoccupied 

molecular orbital (LUMO) transition.  When the photon with the correct energy is 

absorbed, an electron is excited to the higher energy LUMO and then will relax back 

down to the HOMO.    
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Figure 2.2: Frank-Condon Diagram.4  Absorption and Emission are vertical transitions 
and the ending vibrational energy state is dependent upon the overlap of the Vibrational 
wave functions. 
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2.1.2 Structure of fluorescent probes 

 

When examining these molecular orbitals, there is a significant energy difference 

between σ and π bonds.  The energy required to excite a σ bond usually ionizes the 

molecule.  The lower energy required to excite π electrons in conjugated or fused ring 

configurations allow the molecule to absorb the light.  The geometry and parallel nature 

of π orbitals put the electrons above and below the molecule with a node at the nucleus, 

which accounts for the ease of excitation of the electrons.  Structurally, many 

fluorophores are planar conjugated systems, which gives rise to delocalization and 

sharing of the electrons over the π system.  Benzene has an aryl ring and provides the 

classic example of a delocalized, planar, conjugated system.  Linear conjugated systems 

provide the same delocalization; however, this geometry is limiting.  An isomerization or 

shift from cis to trans bond configuration, fewer resonance structures, and more limited 

electron sharing limit their use as fluorescent probes.  Fused aryl rings create a rigid 

structure while maintaining sufficient length to the conjugated π system without 

excessively long chains.   

The length and delocalization of the fluorophore system is critical because the 

energy levels are governed by the quantum mechanical theory, particle in a box.  The 

theory explains the relationship between length of the system and the wavelength the 

fluorophore will absorb.  The wavelengths that are absorbed and subsequently released 

depend upon the size or length of the π bonding system.  As shown in figure 2.3, the 

theoretical one-dimensional box is a potential energy diagram from x=0 to x=L.  At either 

terminus the potential energy extends to ∞, this creates a well with finite energy levels.5   
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Equations 2.2 and 2.3 show a relationship between the length of the hypothetical 

box and the Energy at any level, n.  We can then use this to find the theoretical excitation 

wavelength.  With shortening length there is an increase in En or alternatively a decrease 

in λ.  As a general trend, increasing the length of the conjugated system increases the 

excitation wavelength. 

Fluorescence is a useful tool for scientific research.  Fluorescent probes 

specifically label certain parts of biological systems to provide chemical data.  Probes 

allow for monitoring via spectroscopy or imaging with a fluorescent microscope. 

 Fluorescence, absorbance or excitation, internal relaxation, and emission, are 

kinetic processes.  Signifying that each step requires a specific amount of time to 

complete.  Experimentally, studying the emission kinetics is very useful.  The lifetime, τ, 

of a fluorophore is defined in equation 2.4.6  

 

!! ! !!!
! ! !           (2.4) 

 

It is the fluorescence intensity at any time, t.  Io is the initial intensity immediately 

following excitation.  Graphically, this expression is shown as a first order decay.4  The 

decay process is along the order of 10-20ns for the fluorophores used in our 

experiments6.  The fluorescence lifetime, τ, of a lipid fluorophore probe in a bilayer will 

differ depending on the surrounding environment.7  For this reason, lifetime information 
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is particularly useful for investigations into membrane dynamics and will be discussed 

further in section (2.3) 
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Figure 2.3:  Particle in a one-dimensional box.  The wavelength absorbed by a given 
fluorophore is dependent on the length of the conjugated π system.  The particle in a box 
explains the relationship between the length and energies of the subsequent levels.   
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2.2 Microscopy 

 

Given the specificity of fluorophore labeling to biochemical structures, a major 

application in our lab is fluorescence microscopy to image lipid bilayers in our cell 

membrane models, vesicles.  To discuss this technique we first describe imaging and 

microscopy in general.   

 The microscope is an instrument that allows its user to visualize or photograph 

smaller objects.  These objects and microscopic details of them are below the resolution 

of the naked eye.  In light microscopy, light is diffracted from the specimen being viewed 

or imaged.  To magnify an object and render it visible requires the manipulation of optics 

in the form of lenses.  A compound light microscope uses light and two lenses to produce 

an image, the objective lens and the eyepiece or ocular.8–10  Both the magnification of the 

objective and the ocular have a specific role in the imaging processes and are combined 

to give a final magnification of the image (MobjxMoc=Mfinal)  

 The objective lens is used to collect the diffracted light and create a real image 

near the ocular.  The ocular produces the magnified real image for the retina or camera.  

The brain interprets the specimen as a virtual image.8   However, the light path, shown in 

figure 2.4, is not a straight beam but requires inversions of the object to reach its final 

visualization.  

 To optimize the magnification and resolution of a specimen, the microscope and 

its user must manipulate these image inversions and focal points.  Koehler first described 

aligning the illumination and image planes to ensure even illumination and maximum 

spatial resolution, and the process now bears his name.  Koehler defined the illumination 
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focal points as aperture planes and the image focal points as field planes.  The light 

source is viewed in the aperture planes.  For Koehler illumination and optimal imaging 

the light filament must be in focus and centered in the aperture planes.  The aligning and 

focusing of the light source is critical to produce an even illumination in the sample 

planes giving the optimal imaging conditions.   

 Beyond the optics and light alignment, wavelength and light flux are controlled in 

microscopy using filters.  From an arc lamp that generates several specific wavelengths 

of a specific element, like Mercury (Hg) or Xenon (Xe), a single spectral line may be 

selected separately to image particular fluorophores.  For particular wavelengths or bands 

of light, filters enable a high degree of control over the imaging process.  Commonly 

employed colored glass or interference filters fall into three basic categories short pass, 

long pass, and band pass.  A short pass filter will remove longer wavelengths of light and 

will only allow the transmission of shorter wavelengths through the filter.  Similarly, a 

long pass filter allows only wavelengths longer than the chosen wavelength.  Band pass 

filters uniquely allow only a particular range of light.  The size of the band and 

wavelengths selected are dependent upon the band pass used and the application.8  The 

use of selective filters is vital to fluorescence microscopy applications in particular. They 

are used with both the excitation of the fluorophore and the emitted light collected.   

 To control light flux, neutral density (ND) filters lessen the intensity from the 

light source so to optimize the image of the specimen.  These filters absorb a specific 

amount of light, transmit the rest, and are calibrated by units of optical density 

(OD=log(1/T)).8 
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 After the light conditioning, objective lenses magnify the specimen being 

examined and are specific to different microscopy techniques.  Light from the specimen 

travels first to the objective lenses so it is therefore important that the objective be of the 

best quality. They play perhaps the most important role in determining the overall 

resolution limit of a microscope since it defines the numerical aperture (NA).  

 

𝑅 = 𝜆
2𝑁𝐴           (2.6) 

!" = 𝑛 sin !            (2.7) 

 

In the above equations, resolution (R), the minimal detectable distance between two 

objects, is mathematically defined to be proportional to wavelength, λ, and inversely to 

the NA.  Therefore, the longer the wavelength, the longer the resolution distance 

becomes. The objective lens configuration defines its resolution capabilities of an 

objective, which is quantified in its NA value.  As well, NA is related to the index of 

refraction of light (n) in different media.  For example, values of NA between 0.0 to 0.99 

are defined as air lenses since their value is less than the refractive index, (n), of air and if 

the light beam is exposed to air, it will not lose resolution.  Similarly, NA values from 1.0 

to 1.33 are water lenses; and for values between 1.33 to 1.5, oil.  They have increased 

resolution power and are useful in specialized applications, like fluorescence 

microscopy.8,11,12   
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Figure 2.4:  Viewing of a virtual image under the microscope.8  The real image is 
perceived as a magnified virtual image out behind the sample.   
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2.2.1 Fluorescence Microscopy 

 

In a typical microscope, white light illuminates a sample and then is collected to 

produce an image.  In fluorescence microscopy, emitted light from excited fluorophores 

forms the image.  Due to its specificity, fluorescence microscopy has many applications 

in biology and biochemistry.  By adding or tagging specific molecules, one can explore 

cellular structure and function, location of macromolecules, membranes, and organelles 

with fluorescent probes.   

Not all probes are created equal, some can be easily photo-bleached, only 

fluoresce in certain environments, and have varying quantum yields.  In certain 

applications, such as fluorescence recovery after photo-bleaching, FRAP, probes that are 

easily photo-bleached are preferred over those that are not.  Due to non-radiative 

relaxations, not every photon of light absorbed will produce a photon emitted.  The 

quantum yield is the ratio of photons absorbed to the photons emitted.  This number is 

between 0.0 and 1.0.  The higher the quantum yield the more likely a fluorophore will 

release a photon upon excitation.4,13 

 

2.2.2 Confocal Microscopy   

 

 Conventional widefield microscopes collect light from the entire illuminated 

sample.  Large biological samples have increased depth, and when all the light is 

collected, these thick samples have a reduction in clarity of the finer details of the 

specimen.  In contrast, confocal microscopy allows clear imaging of samples at varying 
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depths.  Pinholes and mirrors allow only light from the focal plane to pass through to the 

detector.   Moving through many focal planes three-dimensional information is obtained 

from the sample.  The laser scanning confocal microscope (LSM) uses a point scanner 

that only illuminates a very small point of the sample, then moves from point to point 

quickly to obtain an image.  Combining the laser scanning control and the pinholes 

allows for the ability to eliminate out of focus light.   The path from source excitation 

light to the emitted light hitting the photomultiplier tube (PMT) is schematically shown in 

figure 2.5.4 The excitation light (green) initially goes through a light source pinhole 

aperture. The light is then focused on the specimen.  The emitted light (red) fluoresces 

from the sample and is collected by the objective.  Finally, a detector pinhole aperture 

allows only the in focus light from the particular focal plane to reach the PMT detector.   

Focal planes have specific depths that are associated with the detector pinhole 

opening. As the pinhole opening becomes larger, the thickness of the focal plane is 

increased. To obtain the best resolution the pinhole should be small.  However, there is a 

trade-off.  The smaller the pinhole, the better the resolution, but fewer photons reach the 

detector.  Increasing the exposure time will give more photons, but may result in photo-

bleaching after extended periods of light exposure.  All of these factors must be taken 

into account when choosing a pinhole aperture size.8   

Stacking images from many focal planes gives a three-dimensional rendering of 

the image.  In Figure 2.6, image analysis software like Fiji or ImageJ renders a series of 

xy focal plane images (A) or the z-stack as a montage of images, or a three-dimensional 

rendering (B) of them.14  A confocal z-stack can provide a clearer three dimensional 

picture than the one obtained through a widefield microscope.  In performing these, time 
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is the major obstacle when obtaining multiple xy images along the z-axis.  This is due to 

the time the laser scanning takes for image and time to refocus on the next focal plane.  If 

samples are moving or processes are occurring too rapidly a traditional LSM may not be 

able to capture an accurate z-stack.   
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Figure 2.5:  Fluorescence microscopy light pathways.13  Excitation light (green) from the 
Laser source is initially passed through a pinhole aperture before being directed to the 
samples.  The light excites probes on the sample on different focal planes, and the probes 
emit light.  Before passing to the detector the light is passed through another pinhole 
aperture that discards all light except the light from the particular focal plane being 
imaged.  This process allows for clear 2-D images of 3-D samples.   
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Figure 2.6:  Confocal image slices.  Using imaging software (Fiji) multiple cross-
sections (A) taken along the z-axis are collected and a three dimensional rendering can be 
made of the vesicle (B).   
 
  

A B 



	
   39	
  

In addition to microscopy, fluorescence is a key process in several useful 

approaches.  Resolution is one limitation to microscopy since traditional instrumentations 

cannot image objects below ~1/2 the wavelength of illumination or 200-400nm. 

However, lipid membranes have structures well below this threshold.  To study 

submicron lipid details, we rely on other fluorescence techniques. 

 

2.3 Fluorescence resonance energy transfer (FRET) 

  

FRET has the capability to detect nanometer clusters and colocaization of proteins 

or other constituents.  To do so, it takes advantage of the excitation and emission 

wavelengths of two fluorescent dyes, a donor and acceptor.  The process begins by 

exciting the donor.  The acceptor is chosen to overlap the donor’s emission spectrum with 

its own excitation.  Although the acceptor is chosen by the donor’s emission wavelength, 

Figure 2.7 (A), energy transfer is a long-range dipole-dipole interaction, (B) .4,15,16  The 

non-radiative energy transfer quenches the overall emission of the donor dye.  The 

distance when the transfer efficiency is 50 percent is known as the Förster distance, Ro, 

Figure 2.8.    If donor and acceptor are in close proximity to each other, an Ro of 

approximately 5nm, there will be FRET activity.15 Different FRET pairs will have their 

own unique Ro.  For established and well studied FRET systems, by knowing this value 

one can begin to extrapolate domain sizes on the membrane using defined Ro values.15 

 Among the many different ways to measure FRET activity, the most 

straightforward is collecting fluorescence measurements of the donor’s emission with and 

without the presence of the selected acceptor.  In a sense we are measuring the quench of 
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the donors emission. Using these measurements, the transfer efficiency, E, is calculated 

by comparing the fluorescence of the donor in the presence of an acceptor, FDA, and 

fluorescence of the donor alone, FD.  

 

𝐸 ! 1− !!"
!!

           (2.9) 

 

The transfer efficiency should always be (0≤E≤1), where large E values suggest a 

high amount of FRET activity.  Experimental data collected in this setup is concentration 

dependent due to measuring overall fluorescence intensities.  Due to experimental 

constraints, the acceptor may not be just simply added to the donor sample after 

determination of FD.  Instead two separate samples must be prepared and care must be 

taken to ensure equal concentrations of the donor in both samples.    

In a concentration independent approach, instead of measuring the intensity of 

light, we measure the lifetime of the donor fluorescence.  This technique is known as 

FRET lifetime.  The advantage of this method is its independence from the concentration 

variances.  FRET interactions between donor and acceptor will decrease the measured 

lifetime of the donor.  The transfer efficiency can be calculated by substituting lifetime 

values in for fluorescence intensities in equation 2.9.  

 

𝐹! ! ! = ! !! !
!
!            (2.10) 

 

 Equation 2.10 defines the fluorescence lifetime (τ).  Graphically, the fluorescence 

intensity is shown to exponentially decay over time, Figure 2.9.17  Common lifetimes for 
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fluorophores used in lipid membrane research are on the order of nanoseconds.18 

Instrumentation for this technique requires fast pulse lasers, electronics and detectors.  If 

any of these parts are too slow to resolve the lifetime of the fluorophores then the 

measurement is not possible.  

 We have used the microscopy and FRET to characterize our systems.  Confocal 

microscopy allows us to visualize the membrane dynamics.  The information and data 

collected from microscopy experiments are invaluable.  FRET provides a nanometer 

scale bar, well beyond the limitations of microscopy, to give finer details of our system.  

A more complete understanding of our systems is obtained by using both methods 

together.    
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Figure 2.7:  FRET donor and acceptor. Overlap of the donor emission and acceptor 
excitation is essential for a good FRET pair (A).2 The transfer is non-radiative process 
from donor to acceptor (B). 
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Figure 2.8:  The Förster distance (R0).17 The distance at which FRET efficiency is 0.5 is 
defined to be R0.  Typical Förster distances range from a few nanometers to over 10 nm.  
FRET is a nonradiative transfer so R0 is not dependent upon the emission wavelength.   
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Figure 2.9:  FRET-lifetime measurement.17 The process involves an excitation of the 
fluorescent probe (green) and monitoring or measuring the speed the emission (red) 
decays.  The lifetime, τ, is defined as the time needed for the emission to decay to !

!
𝐹!.  

Where F0 is the initial intensity. The decay process is mathematically represented by 
equation 2.10. 
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Chapter 3: Cross-linking Two Phase Region1 

 

 

  

 

3.1 Introduction 

 

 To understand the role membranes have in cellular function, we investigate phase 

dynamics and methods for changing or altering a membrane’s organization.  Subtle 

perturbations on or to a membrane cause dramatic shifts in phase dynamics, including 

phase separation. 1–5  Biologically, these research questions reveal some insight into the 

nature of the nanoscale composition fluxuations known as cholesterol enriched transient 

zones, or rafts.1,6–8  

 Cross-linking on or at the membrane is a particular way to induce dynamic 

changes.  When cross-linking occurs at lipid compositions close to a phase transition, 

biomembrane constructs, or vesicles, have been observed to transition from one phase 

into two phases.5,9,10   Previous work on cross-linking induced phase separation has 

focused on induced phase separation in vesicle examples.5,10–13 This research will look 

instead to overall vesicle population shifts.   

 In a study focusing on plasma membrane spheres, Lingwood, Simons, and co-
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workers have analyzed the response to ganglioside GM1 and cholera toxin B (CTB) 

cross-linking, which reorganizes the membrane into liquid-disordered and liquid-ordered 

(Ld and Lo) domains globally. Membrane proteins then segregate into these phases 

according to their packing preferences.10   

Hammond et al. have shown similar findings in model membranes, where GM1-

CTB cross-linking induces phase separation and drives transmembrane peptide 

redistribution into Lo or Ld phases.5  These results are relevant to many biological 

membrane systems. However, they are individual examples instead of finding the overall 

response to an external stimulus. By analyzing the population shift in a two- phase 

system, we investigate the general response of a specific stimulus, avidin cross-linking of 

lipids, and study the shift in behavior. The population response allows us to draw 

parallels from our model to biological examples, instead of highlighting one vesicle 

transformation.   

 We show that cross-linking a small percentage of the membrane lipids with the 

appropriate protein ligand complex, avidin and biotin, that phase changes occur over a 

whole population.  When cross-linking within a population with two phases present, Ld 

and Lo, we see an increase percentage of multi-domain vesicles.  Avidin-bitoin 

crosslinking overcomes the energy barriers that lead to phase coalescence.  The avidin-

biotin binding is one of the strongest (KD= 10-15 M and koff= 9 x 10-8 s-1).14 Further, the 

geometry of avidin and the location of its biotin binding sites limit its cross-linking to 

two sites on one vesicle.15  By limiting the avidin in our system (2.50 µg/mL, 38 nM), we 

ensure a subsaturating amount of bound avidin within a given vesicle and minimal cross-

linking between them. 
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Along with cross-linking effects on the phase dynamics, quenching of the 

membranes will also be examined.  Stanich et al.  have shown that quenching or cooling 

through the transition temperature of a membrane has an effect on the process and end 

result of the membrane organization.16  Quenching at different temperatures or rates may 

have an effect on the vesicle population’s phase behavior.   

 Membrane lipids cycle throughout the membrane.  The lipids can shift in and out 

of particular phases along with phase domains can float within the membrane.  

Monitoring the population distribution at one time does not show a complete picture.  

Therefore, data will be collected at 24 and 48 hours.  Typical lipid diffusion is on the 

order of D = 10-9-10-10 cm2/sec.17  Therefore, 48 hours is ample time for lipids to diffuse 

laterally and organize in the most energetically stable arrangement.  

 

3.2 Materials and Methods 

 

 The following lipids were obtained from Avanti Polar Lipids (Alabaster, AL) and 

used without modification: 1,2-dipalmitoyl- sn-glycero-3-phosphocholine (DPPC), 1,2-

dioleoyl-sn-glycero-phos- phocholine (DOPC), cholesterol, and 1,2-dioleoyl-sn-glycero-

3- phosophethanolamine-N-biotinyl (biotin-DOPE). From Invitrogen (Carlsbad, CA), 

1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD), was obtained 

and used without modification. 
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3.2.1 Vesicle Preparation 

 Lipids have been combined in a 1:1:1 molar ratio (DOPC:DPPC: 

cholesterol).  Cross-linking samples contain DOPE-biotin for a ratio of 0.1:1:1:1 (DOPE-

biotin:DOPC:DPPC:cholesterol). DiD is incorporated into the membrane at an overall 

0.08 mol %.  High concentrations of dye may lead to imaging artifacts and the oxidation 

of unsaturated lipids.  The percentage of dye used is below the accepted maximum.18  

The lipids are solvated in a 9:1 vol:vol (chloroform: methanol).  The  lipid and dye 

mixture is then used in the electroformation process to form GUVs for cross-linking and 

imaging.19,20  When we incorporate biotin-DOPE into the bilayer, the avidin−biotin 

association occurs in the Ld of Lo –Ld vesicles, which is confirmed in Figure 3.1. 

 In parallel experiments, we have observed that the saturated lipid, 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl), DPPE-biotin, which 

normally incorporates into the Lo phase partitions into the Ld upon cross-linking.  This 

shift implies that the cross-linking event has an effect on lipid sorting and is a topic for 

further investigations. 
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Figure 3.1:  Bound biotin-DOPE and Avidin Partitioning into the Ld phase. We examine 
vesicles containing 3.3 mol % biotinylated lipid (biotin-DOPE) in the presence of tagged 
avidin. For (a) and (b), the same arc is highlighted, which indicates that (a) tagged avidin 
(avidin Alexa Fluor 488) has bound to biotinylated lipids on the bilayer surface and that 
(b) the lipophilic dye (DiD) and avidin are present in the same domain, the Ld phase. 
Biotin- DOPE has a similar structure to DOPC, and in the unbound state, we expect it to 
partition into the Ld domain of Ld/Lo two-phase vesicles. For the bound state, these 
images confirm that biotin-DOPE and avidin remain in the Ld domain. 

  



	
   53	
  

3.2.2 Cross-linking and Quenching 

 

 Three aliquots of 300 µL of fully cooled vesicle suspensions in 2% sucrose 

solution were heated to 45 °C in a constant temperature water bath. Avidin from 1.0 

mg/mL stock solution was added into two of the aliquots (0.50 µL or 0.50 µg (1.67 

µg/mL, 25 nM) and 0.75 µL or 0.75 µg (2.50 µg/mL, 38 nM)). The third aliquot acted as 

the control, and no avidin was added. The vesicle suspensions were maintained at 45 °C 

for 1 h to allow ample time for the avidin−biotin interaction. The aliquots were quenched 

at varying rates and allowed to equilibrate to room temperature before assembly onto 

microscope slides for imaging. For the cold (12.7 ± 0.1 °C) quench, samples were put 

directly into a water bath maintained at 12−14 °C for 30 min. The room temperature 

(24.6 ± 0.2 °C) and nonspecific binding samples were placed into a water bath of 22−25 

°C. The air-quenched samples were not placed in a water bath but taken out of the 45 °C 

cross-linking bath and allowed to equilibrate to room temperature (24−27 °C, see Figure 

3.2 (A)). Air quenching gave inconsistent data, all results presented in this report have 

been prepared using water bath quenching.  Controlling the quenching process has been 

shown to have the ability to alter the domain formation process and the resulting phase 

arrangement.16  Controlling the quenching process by using water baths gives rise to 

reproducible results, the difference between water bath quenches leads to another 

interesting variable to investigate. 
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Figure 3.2:  Quenching rates and categorizing vesicles. (A) Quenching two-phase (Ld/Lo) 
vesicles. After cross-linking and incubating at 45 °C for 60 min (above the Tm of the L /L 
vesicle system), the vesicles are quenched. The rate of temperature change is compared 
between room temperature (24.6 ± 0.2 °C, - • -) and cold (12.7 ± 0.1 °C, - - -) water baths 
and air quenching (25.7 ± 0.1 °C, -). (B) A cross section of a wide-angle image is used to 
count andto count and categorize the vesicles. (C) In a single-phase vesicle the dye (DiD) 
is evenly dispersed in membrane. (D) In a two-phase vesicle both Lo and Ld  are present 
in two domains. (E) A two-phase vesicle with multiple domains represents incomplete 
domain coarsening. (F) A polka- dotted vesicle is shown in a three-dimensional 
rendering. The dye (DiD) partitions in to the Ld phase, allowing us to image the vesicles 
and record their phase configuration. 
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3.2.3 Microscopy  

 

 Slides were prepared using 150 µL of the GUV suspension that was placed into a 

spacer (0.25 mm depth, 2.5 cm diameter) on a standard microscope slide and sealed with 

a coverslip (micro cover square glass No. 1 VWR). Vesicles in the prepared slides were 

allowed to settle and reach thermodynamic equilibrium for 24 h prior to imaging and 

were again imaged 48 h after cross-linking. All samples were stored at 22−25 °C between 

viewings.   

 Complete images required the collection of multiple xy slices along the z axis.  A 

major benefit of confocal microscopy is the ability to obtain clear two dimensional 

images from sample that has volume.  Collecting all the images along the z-axis gives 

whole view of the vesicles and its phase and domain arrangement. 

 

3.2.4 Vesicle categorization and Chi Squared Test  

  

 The maximum window images with large z-stacks were used for data collection.  

The large viewing window and z-stacks allowed for maximum number of vesicles to be 

counted and categorized, figure 3.2(B)  Vesicles were cataloged by their phase and 

domain formation.  Samples of DOPC:DPPC:Cholesterol (1:1:1) at room temperature 

should give Ld/Lo phase coexistence3, but because variations in the population exist, one-

phase, two-phase/two-domain, and two-phase/multiple domain vesicles.  As shown in 

figure 3.2 (C) a one-phase vesicle has DiD fluorescence evenly dispersed showing no 

phase separation.  Figure 3.2 (D) shows a two domains present, on for each phase. Figure 
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3.2 (E and F) are examples of two-phase vesicles that contain multiple domains or of the 

phases around the membrane.   

 The classification of vesicles populations gives rise to categorical data. Chi 

squared (χ2) is used to determine the statistical significance of the experimental findings, 

in this case whether there is a significant difference between two experimental groups 

(e.g. cross-linked versus non cross-linked). In order to compare the number of vesicles in 

the two-domain population to the number of vesicles  in the multidomain population, 

categorization of the samples is necessary.  To allow for a straightforward analysis, the 

one phase vesicle population was not included. Only the two-domain and multidomain 

vesicles are used for the χ2 calculations.21  A 4-fold table, (Table 3.1) compares the 

frequencies of multiple domain and two-domain vesicles between different experiments. 

For example we have analyzed the effects of avidin concentration, time, and quenching 

temperature on the distributions of phases in the vesicles. To determine χ2 in the 4- fold 

table, we use equation 3.1. 

 

! ! !
! !!"!!" ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
         3.1 

 

N, from the above equation is the sum of all a, b, c, and d values obtained from the 4-fold 

table.  From the χ2 calculations, significance is determined from a chi squared distribution 

table.  The relationship between p-value and χ2 is based upon degrees of freedom (DF).  

A fourfold table has DF=1.  From the distribution table, Table 3.2 critical χ2 values are 

presented based on DF and predetermined confidence level. A calculated chi squared 

above this value allows for rejection of the null hypothesis.  For DF=1 and a p-vaule of 
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0.01 the critical χ2=6.64.  For the chi-squared test, the null hypothesis stipulates that the 

experimental variable (e.g. cross-linked versus non-cross-linked) is independent from the 

categorical variable (i.e. two-domain versus multidomain). In other words χ2 tests 

whether a categorization of a population as two-domain or multidomain is influenced by 

the experimental variable. The p-values or probabilities (from 0 to 1) infer that for two 

data sets a random sampling will give similar or different results. High p-values indicate 

that the data sets are similar, while low (p < 0.01) indicate independence between data 

sets.21   
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Table 3.1: A common 2x2 contingency table for χ2 calculations. We analyze two-phase 
two domains and two-phase multiple domains as categories 1 and 2. In groups 1 and 2, 
the variables a, b, c, and d are the values or counts of vesicles in each category from its 
respective sample. These values determine chi squared (eq 3.1) and ultimately the p-value 
for the given comparison.  
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Table 3.2:  Chi squared distribution table.21  Critical chi squared values are shown for 
differing confidence intervals.  Values about critical values allows for rejection of null 
hypothesis.  
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3.3 Results: 

 

 In this study we explore three major questions.  (1) When we compare different 

quenching rates, we focus on the effects of that the cooling rate has on vesicle phase 

distribution.  (2) By varying the amount of avidin added to the samples, we correlate 

phase dynamics and cross-linker concentration to the corresponding vesicle population 

shifts. (3) The temporal aspect of the experimental setup, imaging at 24 and 48 hours, 

shows us the stability over the long term of any changes or shifts that are seen.   

 

3.3.1 Temperature Effects 

 

 To address temperature effects we have compared vesicle population after 

quenching at two different temperatures (24.6 °C and 12.7 °C).  We would expect that the 

lower temperature would lead to a higher percentage of multiple domain vesicles.  

Quenching is necessary because the initial air-cooled results (Figure 3.2(A)) have proven 

irreproducible while water quenches have proven reliable.   

 

3.3.2   Cross-linking and quenching to 24.6 °C:  

 

 For the 24.6 °C quench studies, 25 nM (1.67 µg/mL) avidin is added to the 

vesicles and incubated for 1 h at 45 °C followed by placing the samples int a 24.6 °C 

water bath (Figure 3.3). Multidomain configurations are the majority in the vesicle 

population, 54% at both 24 and 48 h, which is not the case for the controls (no avidin; 
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identical quenching conditions, 17% multidomain vesicles after 24 h; 7% after 48 h). 

From the chi squared test analysis, we note a significant difference (Table 3.2) at both 

time points.  Comparison between the control and 1.67 µg/mL avidin at 24 hours gives p-

values below 0.0001, which indicates strong statistical difference between the two 

samples.  Similar values are found for the samples after 48 hours.  Along with the shift to 

an increase in multiple domain vesicles,  the number of single-phase vesicles decreases 

compared to the control population, which confirms previous findings.5,9,22,23  The shift in 

one phase vesicles is not statistically significant,  with p-values above the 0.01 threshold.  

Phase separation due to cross-linking should be close to the phase boundary.   

At a higher concentration of avidin, (2.50 µg/mL, 38 nM), the number of 

multidomain vesicles increases (68%,24 h; 64%, 48 h) and single-phase vesicles 

decreases (6 and 9% at 24 and 48 h, respectively) over the 1.67 µg/mL case.  Chi squared 

analysis provides p-values below 0.0001, again well below the threshold set for 

significance of 0.01.  Increasing the concentration of the avidin cross-linker is increases 

the effect on the phase dynamics.   

Non specific binding (NSB) experiments have been performed to investigate the 

cause of this population shift.  GUV samples without the functionalized biotinlyated 

DOPE have been formed and mixed with the larger amount of avidin.  There was is no 

statistical change with the addition of the avidin, (Figure 3.2).  After 24 hours the 

percentage of multiple domain vesicles rises from 10% (no avidin) to 14% (2.50 µg/mL 

avidin).   Similarly, at 48 hours the multiple domain percentages only increases from 8% 

(no avidin) to 19% (2.50 µg/mL avidin).  Comparing the changes that have been noted 

with the presence of DOPE-biotin these increases are small and not statistically 
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significant.  The binding of avidin to the biotin is the contributing factor to induce 

change.  The general “sticky” natural of avidin is not enough to stick to the membrane 

and effect change.   

Quenching at 24.6 °C with both concentrations of the avidin cross-linker induces 

a population shift to increased percentage of multiple domain vesicles at both time 

frames, 24 and 48 hours. At 24 hours the control (0.0 µg/mL avidin) the percentage of 

two-domain vesicles is 54%  The cross-linked samples (1.67 µg/mL and 2.50 µg/mL 

avidin) have 33% and 26% two-domain vesicles respectively.  Qualitatively this decrease 

in two-domain vesicles is expected due to the increase in multiple domain percentages in 

the presence of crosslinking.  When cross-linked, some of the two-phase vesicles will be 

in the multiple domain orientation versus two-domain.  We observe a similar trend at 48 

hours with 0.0 µg/mL, 1.67 µg/mL, and 2.50 µg/mL is noted, where two-domain 

percentages are 56%, 32%, and 27% respectively.  This further confirms the transition of 

the population being majority two-domain vesicles to increasingly higher percentage of 

multiple domain upon cross-linking.   
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Table 3.2:  Relevant p-values obtained from calculated χ2. We have analyzed the 
difference between two-phase, two-domain and the multidomain vesicle populations 
comparing avidin concentration, temperature quenching (24.6 ±0.2 °C; 12.7 ±0.1), and 
the non-specific binding (NSB) experiments. 
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Figure 3.3:  Comparison of cross-linked vesicles quenched to 25 °C. We characterized 
two-phase vesicles (Ld/Lo) with biotinylated lipids (biotin-DOPE) exposed to two avidin 
concentrations as well as no avidin present (controls). As an additional control, we also 
compare our results to nonspecific-binding (NSB, no biotin-DOPE) experiments. All 
samples are quenched from 45 to 24.6 ± 0.2 °C in a water bath. We show the distribution 
of each phase configuration (single phase (white), two-phase two-domain (gray), and 
multidomain vesicles (black)) as a percentage of the vesicle population. The insets show 
examples of each vesicle category. From these data, we observe that (A) at 24 h avidin 
cross-linking results in a significant increase of multidomain vesicles over non-cross-
linked (no avidin, control) samples. In comparing the cross-linked two-phase vesicles to 
the controls, we calculate p-values of 0.0001 (**) for both 1.67 and 2.50 µg/mL avidin, 
confirming that the cross-linked samples are quite different from the controls. In contrast, 
when we add 2.50 µg/mL of avidin to vesicles without biotin-DOPE (nonspecific 
binding, NSB samples) and compare them to the controls (biotinylated lipids, no avidin), 
the p-value increases to 0.42 (**), indicating the two vesicle populations are quite similar. 
See the text for a detailed discussion. (B) After 48 h, there are slight changes for all 
samples compared to the 24 h data. The cross-linked samples maintain their high portion 
of multidomain vesicles. The p-values for the cross-linked samples compared to the 
controls are unchanged (0.0001, *) from the 24 h analysis. For the NSB vesicles 
compared to the control, the p-value decreases to 0.046 (**). 
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3.3.3 Cross-linking and quenching to 12.7 °C 

 

 When we examine the cross-linking case with the cold bath samples (quenching at 

12.7 °C and imaging at room temperature), shown in Figure 3.4, after 24 hours, we see a 

shif towards multiple domain vesicles.  The control (no avidin) and 1.67 µg/mL avidin 

had multiple domain vesicle percentages of 27% and 49% respectively. Chi squared 

analysis shows the change to be significant with a p value of 0.0093, below the 0.01 

threshold.  After 48 hours the percentage of multiple domain vesicles is markedly higher 

in the cross-linked sample,19% and 50% respectively with a p value below 0.0001.  

Similar to 24.6 °C quench, increasing the concentration of avidin from 1.67 µg/mL to 

2.50 µg/mL also leads to the rise in percentage of multiple domain vesicles.  For 2.50 

µg/mL avidin at 24 and 48 hours the multiple domain percentages were 63% and 66% 

respectively with p-values below 0.0001 at both imaging times.  The lower temperature 

quench leads to an increase in multiple domain vesicle percentages.   

 

3.3.4 Cross-linking effects 24 and 48 h 

 

 In Figures 3.3 and 3.4, the data at 24 and 48 hours reveal that the cross-linked 

system has reached a stable plateau after 24 hours. There are no significant shifts between 

the three general categories of vesicles, indicating that cross-linking has stabilized the 

multidomain configuration. When we compare multi- domain vesicle populations from 

each experiment in Figure 3.5, the specific cross-linking of avidin to biotinylated lipids 

results in a distinct outcome. The controls (no avidin) and nonspecific-binding 
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experiments display a majority of two- phase two-domain vesicles whereas the cross-

linked cases exhibit a majority of multiple domain vesicles in all cases.   

In both quenches, 12.7 °C and 24.6 °C, there is an increase of multiple domain 

percentage with a higher concentration of the cross-linker avidin.  This again is consistent 

through both imaging times.   
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Figure 3.4:  Comparison of cross-linked vesicles quenched to 13 °C. We characterized 
two-phase vesicles (Ld/Lo) with biotinylated lipids (biotin-DOPE) exposed to two avidin 
concentrations as well as no avidin present (controls). All samples are quenched from 45 
to 12.7 ± 0.1 °C in a water bath, and we report the distribution of each phase 
configuration (single phase (white), two-phase two-domain (gray), and multidomain 
vesicles (black)) as a percentage of the vesicle population. (A) Similar to Figure 3.3a, at 
24 h, avidin cross-linking results in a significant increase of multidomain vesicles over 
non-cross- linked (control) samples. In comparing the cross-linked two-phase vesicles to 
the controls, we calculate p-values of 0.0093 (*) for 1.67 µg/mL of avidin and 0.0001 
(**) for 2.50 µg/mL of avidin. (B) After 48 h, there is a slight change for all samples, 
indicating that the majority of vesicles have reached a stable plateau. We calculate p-
values of 0.0001 (**) for both cross-linked samples compared to the controls. See the text 
for details.  
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Figure 3.5:  Comparison of multidomain vesicles. The increase of multidomain, two-
phase vesicles (Ld/Lo) in the presence of a cross-linking pair (avidin−biotin) is a distinct 
outcome. We have analyzed temperature quenching, time, and avidin concentrations. 
Data sets correspond to 24.6 °C quenching (gray, 24 h; white, 48 h); 12.7 °C quenching 
(green, 24 h; blue, 48 h), and nonspecific binding samples (NSB; red, 24 h; orange, 48 h) 
quenched to 24.6 °C. When comparing these factors to non-cross-linked (no avidin, 
controls) and NSB data, we conclude that cross-linking is the greatest factor to increasing 
the fraction multidomain vesicles. 
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3.3.5 Non-cross-linked Samples 

 

 To characterize the non-cross-linked populations, we compare control vesicles 

(biotinylated lipids without avidin) at different quenching conditions in Figure 3.6 A, B.  

In these data, we observe that 54% of vesicles show two-phase two-domain and only 

17% exhibit multidomain outcomes after quenching to 24.6 °C at 24 h. The numbers shift 

slightly after 48 hour (56% two- domain, 7% multidomain), although the difference is not 

significant. The lower temperature quench, 12.7 °C, yields a population of 61% two-

domain and 27% multidomain vesicles at 24 h and after 48 h, 74% and 19%, respectively. 

The differences between 24 and 48 hour are not significant, suggesting that the first 24 

hour after phase separation is sufficient for most vesicles to reach their final phase 

configuration. When we compare the different quenching conditions (24.6 °C vs 12.7 

°C), the colder temperature does produce a greater fraction of multidomain vesicle (27% 

vs 17% after 24 hour; 19% vs 7% after 48 hour). However, these populations are 

statically indistinguishable. 

When avidin is added to vesicles without biotinylated lipids (Figure 3.5C, D), we 

observe behavior similar to the controls, where multidomain vesicles represent less than 

20% of the total population. With the addition of avidin there is a slight increase of 

multidomain frequency at both 24 and 48 hour. After 48 hour, avidin appears to have an 

effect on the percent of multidomain vesicles in the overall population, although not to 

the scale seen with the biotinylated vesicles.  Comparing the results at 48 hours shows a 

p-value of 0.025, this is a low value but still above the 0.01 limit.  The possible 

electrostatic interactions between avidin and the zwitterionic PC lipids would affect the 
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final phase state.24   

We have also tested the effects due to the addition of DOPE-biotin, which leads to 

a slight change in lipid composition.  However, the small percentage of DOPE-biotin 

alone is not enough to alter the phase distribution, eliminating this as a possible factor for 

causing the multiple domain vesicles.  

 

3.3.6 Temperature effects on one-phase vesicle populations 

 

When we examine the percentage of one-phase, non-cross-linked vesicles (Figure 

3.6), the temperature quenches have an effect on the one phase vesicle population.  At 24 

hours the percentages for the 24.6 °C and 12.7 °C quenches are 29% and 12% 

respectively, a decrease in one phase vesicles in the 12.7 °C bath quench.  When we 

analyze using the χ2 test, the four-fold table compares the one-phase to two-phase 

percentages in contrast to earlier calculations.  The data after 24 hours gives a  p-value of 

0.0045 which indicates significant difference in these populations.  At 48 hours the one-

phase percentages for the 24.6 °C and the 12.7 °C quench are 37% and 7% respectively 

with a p-value < 0.0001. 

The two quenching rates affects the vesicle samples containing no avidn.  

Quenching through a membranes transition temperature may be used to control the phase 

separation, specifically domain formation.16  Likewise,  the difference in the one phase 

vesicle population is connected to this quenching control.   
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Figure 3.6:  Non-cross-linked vesicles. We characterize the distribution of two-phase 
vesicles (Ld/Lo) with and without biotinylated lipids (biotin- DOPE). All samples are 
quenched from 45 to 24.6 °C or 12.7 °C, and we report the distribution of each phase 
configuration (single-phase, white; two-phase two-domain, gray; and multidomain 
vesicles, black) as a percentage of the vesicle population. The non-cross-linked (no 
avidin) experiments show similar results at both (A) 24 h and (B) 48 h. The p-values in 
(A) compare the two-phase vesicles of 24.6 °C to the 12.7 °C and the nonspecific binding 
(NSB, no biotin-DOPE) experiments. The high p-values of 0.317 for the comparison to 
12.7 °C (*) and 0.075 (**) for NSB vesicles indicate a high degree of similarity in all 
three vesicle populations. In (B), the p-values have shifted to 0.24 (*) for 12.7 °C and 
0.99 (**) for NSB after 48 h. These p-values confirm that the non-cross-linked samples 
show a high degree of similarity. In the NSB (no biotin-DOPE) cases (C, D), vesicles are 
quenched to room temperature and exposed to avidin (2.50 µg/mL). (C) There is only a 
slight difference with the exposure to avidin (p = 0.31, *) after 24 h. (D) For 48 h, p = 
0.025 (**).  
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3.3.7 Combined Data 

 

From our data analysis, different quenching temperatures (25 and 13 °C) and 

coalescence time (24 and 48 h) produce statistically indistinguishable data.  This allowed 

for the collection of both quenching temperatures and imaging time.  When we combine 

Figures 3.3 and 3.4 into a single data set, we find that their values are within standard 

deviations (Table 3.3).  For the condensed data of 1.67 µg/mL avidin, we see 10 ± 4% of 

vesicles in one- phase configuration, 39 ± 7% in two-phase two-domain, and 52 ± 3% 

multidomain vesicles for all conditions. As well, when 2.50 µg/mL is present, we observe 

7 ± 1% in one-phase configuration, 28 ± 3% in two-phase two-domain, and 65 ± 2% 

multidomain vesicles for all conditions.  Increasing the avidin concentration increases the 

percentage of observed multiple domain vesicles.   

 The quenching effect is strongest on the one phase population.  After 24 hours the 

vesicles have reached thermodynamic equilibrium.  Both quenching rates and times are 

shown to not effect the multiple domain vesicle percentages.  Combining the data from 

the quenches and imaging times we only look at the effects of crosslinking Table 3.3.  

The percentage of multiple domain vesicles in the control samples is 18 ±8%.  This is a 

particularly large error for such a small percentage.   Cross-linked samples with 1.67 

µg/mL and 2.50 µg/mL have multiple domain percentages of 52 ±3% and 65±2% 

respectively.  There is a drastic increase in percentage and a decrease in the error.  Cross-

linking appears to add stability to the system.  Along with the increase in stability, 

increasing the concentration of avidin also increases the multiple domain vesicle 
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population.  However, the controls (no avidin) have the greatest variance. For one phase, 

we observe 21 ± 14%; for two-phase two-domain, 61 ± 9%; and for multidomain 

vesicles, 18 ± 8%.  In particular, there is large range in values for the one-phase 

configurations of the controls, and budding and trapped coarsening may play a role.  

From combining the data sets of the differing conditions, it is evident that avidin 

concentration plays the determining role in the population shift. 

The stability is particularly interesting because of the time scale that we see this 

occur.  After 48 hours there is no evidence that the multiple domain vesicles are changing 

their configurations.  Binding events on a cellular level would have similar effects on 

membrane.   
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Table 3.3:  Comparison of vesicle distributions condensed. The vesicles containing 3.3 
mol % biotinylated lipid (biotin-DOPE) show a majority of multidomain vesicles when 
the cross-linking agent avidin is present. Without avidin, the two-phase two-domain 
vesicles are the majority. Since quenching temperatures (25 °C and 13 °C) and 
coalescence time (24h and 48h) produce statistically indistinguishable vesicle 
populaitons, we combine the data of the four different conditions into one table. The 
condensed data table highlights the consistent results from the cross-linked cases and the 
wider range of values from the controls (no avidin) and non-specific binding (NSB) 
vesicle populations. 

  

Avidin  
Concentration 

Phase Distribution 
Biotinylated 

Vesicles (3.3% 
DOPE-Biotin) 

NSB  
(no DOPE-Biotin) 

  

Control  
(No Avidin) 

1phase/1domain 21 ± 14% 27 ± 8% 

2 phase/2domain 61 ± 9% 65% ± 6% 

Multiple domain 18% ± 8% 9 ± 1% 

1.67µg/mL  
Avidin 

1phase/1domain 10 ± 4% 
  
  
  

2 phase/2domain 39 ± 7% 

Multiple domain 52 ± 3% 

2.50µg/mL  
Avidin 

1phase/1domain 7± 1% 27% ± 7% 

2 phase/2domain 28 ± 3% 57% ± 11% 

Multiple domain 65 ± 2% 17 ± 4% 
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3.4 Discussion 

 

 Lipid composition in the cell membrane is in constant flux due to mixing 

dynamics. Its lateral heterogeneity is subject to intense debate.6–8,25–27  A small 

percentage of ligand−receptor binding events on the plasma membrane trigger a systemic 

response, corresponding to molecular rearrangements, cofactor recruitment, receptor 

platform formation, and other events. For example, cross-linking and oligomerization 

from antigens− immunoglobulin in B cells28–30 and calcium−phosphatidylinositol 

phosphate 2 (PIP2)31 initiate signaling cascades, leading to global cellular responses. In 

our model system, we have induced a shift from a two-phase two-domain configuration 

to a multidomain one when we cross-link a small percentage of lipids.  Interestingly we 

have found that cross-linking the small percentage of lipids stabilizes the system.  This 

long-term stability and how it relates to cross-linking in the previously mentioned 

biological systems provides some insight into what is and may be occurring in those 

systems.   

 We have analyzed the effect of avidin cross-linking on biotinylated vesicles using 

population statistics to capture the overall result on the system instead of investigating 

single events. The specific cross-linking binding of avidin to biotinylated lipids produces 

a population shift from two-phase two-domain majority to multidomain majority. It 

reveals a decrease in domain coalescence, which is stable in the majority of vesicles. 

Avidin to biotin cross-linking occurs above the plane of the bilayer and perturbs the 

bilayer behavior. To understand the overall process in our model system, we examine 

pertinent factors that induce multidomain behavior. We evaluate contributors such as 
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phase nucleation, domain growth factors, protein-protein interactions, and the lipid 

specific for phase dynamics to explain multidomain stability. 

 To understand the observed multidomain vesicle outcome, let us first analyze the 

cross-linking system. Our study has evaluated the effects of temperature quenching, 

coalescence time, and cross-linking concentration. Of these three, cross- linking 

concentration is the dominant factor.  The quenching temperatures effects are only 

observed between non-cross-linked samples and the percentage of one-phase vesicles.  

This outcome coincides with results also showing the effect quenching has on domain 

formation.16  

The different effects of slow versus fast quenching has previously been 

investigated.  Using a two-step (slow) quench through the transition temperature allows 

nucleation events to occur at two different temperatures and compositions, which 

complicates the domain coarsening and coalescence (Figure 3.7a).  The fast transition 

below the membrane Tm results in a single nucleation event followed by coalescence and 

formation larger domains (Figure 3.7)  The key to large domain formation is for small 

nucleation sites to merge and grow.  

 We have collected data at two time points, 24 and 48 h, to evaluate end points, 

since un-cross-linked two-phase vesicles coalesce into two-phase two-domain 

configurations rapdly.3,32,33  Only the one phase vesicle population is affected the 

quenching rate.  In other cases, the difference between 24 and 48 h not is statistically 

significant. It demonstrates that population shift from two-phase two-domain to 

multidomain configurations is stable and has reached a local minimum or a kinetic trap. 
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Figure 3.7:  The effects of coarsening on domain nucleation and coalescence.16  A slow 
quenching inhibits the merging of newly formed domains (A).  Fast quenching results in 
merging of smaller nucleation sites to form larger domains (B). 

  

B 

A 
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3.4.1 Phase Nucleation: 

 

 First, let us examine the phase dynamics from the seeding and growth of the 

second phase (Lo) from the first (Ld). Phase nucleation and growth has been studied in 

crystals and thin films for ! 100 years. Nucleation, growth, and coarsening of the second 

phase lead to a stable two-phase system during phase separation. If nucleation occurs 

uniformly, then the kinetics of the growth and coarsening stages will lead to uniform 

crystal grains, which are useful in ceramics, thin films, and, most recently, quantum dot 

applications. 34,35  When we apply these concepts to lipid phase dynamics, we find that 

they provide a useful framework.11,36–39  For example, in polka-dotted vesicles, if we 

consider a uniform bilayer that undergoes a phase transition from a single phase (Ld) to 

Ld and Lo phases, we expect that nucleation events will be uniformly distributed on the 

bilayer. As the nucleation seed grows to a critical size, it becomes a stable domain with 

the composition of a second (Lo) phase. Since the second phase is rich in cholesterol and 

saturated lipids, the growth of the small domain from the nucleation event depletes the 

surrounding area of cholesterol and saturated lipids, which will inhibit nucleation events 

directly adjacent to the newly formed domain.  The diffusion rate of lipids determines the 

size of the depletion zone and the growth size restriction of the phase domain. In a 

uniform nucleation field and a diffusion-limited model, we expect multiple domains of 

similar sizes. Unlike crystals and thin films, however, lipid domains in a Ld/Lo system are 

mobile and will eventually coalesce. 
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3.4.2 Avidin Surface Coverage 

 

If we consider a vesicle with a radius of 8.9 µm and a surface area of 1000 µm2, 

we calculate a minimum of 2.7 × 10-16 mol of lipid, using a lipid head-to-head distance of 

35 •. 40,41  Given our 3.3 mol % of biotin-DOPE, we estimate ! 2.68 × 106 biotin 

molecules available for avidin binding on the outer leaflet. In a 5 µm distance beyond 

vesicle, we calculate that 1.67 µg/mL of avidin gives a minimum of 7700 avidins 

circulating in solution free to bind with the vesicle surface. For 2.50 µg/mL of avidin, 

11,600 avidins occupy the same volume. From the ratio of biotin to avidin, we expect that 

the increased number of avidins available would result in increased avidins bound on the 

vesicle surface until it reaches a maximum. For an avidin size of 6.0 × 5.5 × 4.0 nm, 42 

we expect ! 3.0 × 106 to be the highest coverage of avidin molecules on a vesicle of r = 

8.9 µm if the entire surface is available. However, the biotin binding sites are confined to 

Ld phase domains (see Figure 3.1), reducing the available surface and limiting the avidin 

to ! 1.5 × 106 molecules. Overall, the increase in avidins available for binding results in 

an increase of surface coverage of the avidins on the vesicle bilayer. 

 

3.4.3 Line Tension 

 

 The avidin-biotin binding is strong enough to vertically displace the biotinylated 

lipid from the rest of the membrane, approximately 8 Å.24  The displacement of the 

bound lipids can have a large effect on the immediately surrounding lipids.  The increase 

in curvature about avidin bound to biotinylated lipids affects up to 50 lipids per binding 
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event.24  Line tension is the driving force behind coalescence, and it depends greatly on 

height differences between phases.43  A binding event near the phase boundary has the 

potential to decrease the line tension.  At sufficiently low line tensions, the entropic gain 

of many nanodomains overcomes the energetic penalty of phase boundaries.44 In this 

system, we have documented micrometer-size multiple domains, indicating that line 

tension dominates over entropy.  However, we expect that the rearrangement of the 

bilayer and domain coalescence will differ according to diffusion factors and potential 

avidin− biotin obstacles. Avidin−biotin is a stable linkage, leading to a rearrangement 

time scale far longer than most cell membrane components (t1/2 = 200 days14,45), 

suggesting that any cross- linking obstacles are long-lived. 

 

3.4.4 Budding and Coarsening 

 

For a given phase boundary, the bulging or budding reduces the boundary length 

and hence line tension when there is excess surface area. The pinching off of the Lo phase 

due to line tension has been explored with trapped coarsening in the Ohta,33 Storm,46 and 

Phillips32,47 groups from the original Lipowsky elastic modulus treatment.48–50  However, 

there is an energetic cost in the form of bending energy and higher curvature from this 

process. Excess surface area allows for budding and trapped coarsening to occur more 

easily than rigid, fully filled vesicles. As well, controlling the excess surface area skews 

the number of vesicles experiencing trapped coarsening.33  The end result of a complete 

budding process is the separation between the Lo domain into a new vesicle. The 

consequence of such behavior leads in an increased number of one-phase vesicles. 
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 When we analyze the population distributions, the controls that do not experience 

cross-linking have the highest percentage of one-phase vesicles, as shown in Figures 3.3, 

3.4 and 3.6.  While temperature quenching does not play a role in the distribution of 

multidomain phase vesicles, it does appear to contribute to one-phase vesicles in the 

controls (Figure 3.6), since we observe a small percentage of one-phase vesicles in the 

cold water vesicle populations. To the extent that all vesicles populations have a small 

degree of excess surface area and that budding plays a role, these differences in the one-

phase vesicle distribution suggests that non-cross-linked samples (control and non-

specific binding populations) experience the greatest portion of budding, leading to 

higher one-phase vesicles than the cross-linked populations. Possibly, a lowered line 

tension is due to avidin binding leads to a decrease in budding. The observed difference 

in one-phase vesicles between the cross-linked and control vesicle populations suggests a 

difference in budding behavior. Further investigations are necessary to test the role of 

avidin, its cross-linking and the role of budding. 

 Hand-in-hand with excess surface area, bilayer deformation from domain 

protrusions delays phase-domain coalescence. Trapped coarsening has been observed 

when the surface area (SA) to volume (V) ratio is increased due to slight dehydration of 

vesicles.32,33,46  In the flat geometry of a rigid, fully inflated vesicle, domains coalesce 

and coarsen at a rate proportional to t2/3.  In the dehydrated case, trapped domains repel 

each other and create a dimple or protrusion due to the line tension along the domain 

boundary.32,33,46  This curvature separation of a domain from the smooth spherical profile 

inhibits domain coalescence and promotes multidomain vesicles. These effects have been 

measured in the short time scale of seconds to ~2-3 hours. Our system looks at endpoints 
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of 24-48 hours, by which time the domain coalescence has reached a stable plateau. We 

do not dehydrate our vesicles, meaning the dimpling of different domains is kept to a 

minimum.  In Figure 3.2B, the wide-shot confocal cross-section does show an ellipsoidal 

vesicle, while Figure 3.2C-F are all examples of spherical vesicles.  During the cross-

linking process, we have not eliminated all possibility of excess surface area. However, 

the controls have been subjected to the same conditions. The cross-linked samples still 

have a majority of multidomain vesicles after 48 hours compared to control data collected 

under identical conditions, indicating other factors affect the process. 

 

3.4.5 Protein-Protein Interaction: 

 

 Avidin−biotin complexes form above the plane of the bilayer, and we expect 

avidin diffusion to be determined primarily by the lipid bilayer since the bilayer has a 

much higher viscosity than the surrounding aqueous environment. At low surface 

concentrations (0.01−0.05mol% biotin-lipid anchors), Horton, Rad̈ler, and co-workers 

have reported normal, Brownian diffusion coefficients for avidin of (2.0−2.2) ± 0.3 µm/s2 

on SOPC (stearoyloleoyl-phosphocholine) bilayers using fluorescence correlation 

spectroscopy (FCS),51 which fits with the assumption that diffusion is determined by the 

lipid bilayer. At 1 mol % biotinylated lipids, avidin diffusion displays anomalous 

behavior, characterized by a power-law relationship (! ! ! ! ! ! ! ! ! ~0!!" ) 

instead of simple Brownian motion, α = 1.00.51   

When we examine lipid diffusion and mobility data from FRAP measurements, 

we observe a decrease in diffusion and mobility between non-cross-linked and cross-
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linked samples. In all cases, lipids exhibit Brownian diffusion with α = 0.92 ± 0.11, 

where α > 0.9 is considered Brownian.  For avidin, in addition to the decreased mobility 

(0.44), analysis of its movement reveals anomalous diffusion (α = 0.78 ± 0.17).52  This 

decrease of cross-linked components mobility and subanomalous diffusion suggests large 

obstacles such as avidin−avidin clusters and lateral heterogeneities. 

 Streptavidin, an avidin analog, is known to form crystals on vesicle surfaces 

which requires self-association.53 Ganglioside GM1 bound to cholera toxin B (GM1-

CTB) also forms complexes that exhibit clustering in several lipid combinations.12,13,54  

Wagner and Tamm have reported low mobile fractions in the t-SNARE and PIP2 

system.55  Our findings of low mobility and subanomalous diffusion fit the profile of 

these systems. As well, our calculations on a vesicle with an 8.9 µm radius are consistent 

to an increase in avidin surface coverage when we increase avidin concentration in 

solution. In all, these behaviors point to surface crowding inducing restricted mobility, 

clustering, and non-Brownian motion. 

In the cross-linked Ld domains and the Ld bilayers, we expect a variety of mobile 

component combinations: (a) lipids only, (b) complexes of lipid−avidin couplings 

affecting up to 50 lipids, and (c) clusters of lipid−avidin complexes, inducing surface 

crowding that inhibit mobility and domain coalescence. In these combinations, avidin 

plays a critical role due to its interactions on the surface of the bilayer, decreasing domain 

coalescence and giving rise to lateral heterogeneities. 
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3.5 Conclusion: 

 

In our simple two-phase (Ld/Lo) system, we have induced a population shift from 

majority two-phase two-domain to majority multidomain vesicles. Our population 

analysis quantifies the extent of the effect and pinpoints the dominant factor to be the 

specific avidin binding and concentration, not temperature or coalescence time. The 

observed multidomain vesicles and avidin subanomalous diffusion point to avidin− 

avidin interactions, surface crowding, and line tension perturbations. In cellular 

membranes, receptor concentrations are similar to our experimental model (3.3 mol %), 

and we expect that similar effects lead to clustering of membrane and membrane-

associated proteins. For example, membrane- bound immunoglobulins and antigens 

binding on the surface of B cells have been observed to form large cross-linking clusters 

due to multivalent antigens.  Our model of this common membrane response to a simple 

cross-linking event demonstrates the ease of inducing lateral heterogeneities and non-

ideal mixing into a lipid bilayer. 
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Chapter 4: Cross-linking One Phase Region  

 

 

 

4.1 Introduction 

 

 We have observed and quantified the cross-linking of a small portion of the lipid 

membrane in a two-phase vesicle (Chapter 3).  Such an action perturbs the phase 

coarsening and results in a high number of multidomain vesicles.  When cross-linking 

occurs close to a phase transition, vesicles have been observed to transition from one 

phase into two phases.1–4  However, the exact outcome warrants further study.  

Putzel and Schick have investigated the cross-linking of lipids and have found it 

to increase the two-phase region on the phase diagram (see Figure 4.1).  The implication 

of these findings suggests that addition of a cross-linker to a previously unperturbed 

system will cause phase separation.  Additionally, the number of binding sites on the 

cross-linker affects the size of two-phase region, as shown in Figure 4.1.4 Binding of both 

saturated and unsaturated shows similar outcomes.  Their system investigates the 

crosslinking between cholera toxin subunit B (CTB) and mono-sialotetra-hexosyl-

ganglioside (GM1) and their findings correspond to previously studies of GM1 and CTB 

binding close to the phase transition.1,3   

In the CTB-GM1 cross-linking system, CTB contains 6 subunits, 5 identical 

subunits that bind to GM1.5  Five binding sites would, according to Putzel and Schick, 

increase the two-phase region on the phase diagram.  The cross-linking induces GM1 
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clusters and when bound to CTB and induces the separation of GM1 into a second phase.3  

These investigations focus on the transformation individual vesicles as examples.  Our 

research studies cross-linking effects as a shift in the overall population, which will give 

us statistical data as well.  

Using the avidin-biotin pair as the cross-linking complex, we explore the effects 

of the system on membranes near the phase transition boundary.  Avidin has four binding 

subunits, but its geometry allows for only two subunits to bind to the membrane.6,7  

Although, avidin has fewer available binding sites than the CTB, its binding strength to 

its ligand (biotin) is significantly higher (KD(GM1-CTB) ≈10-8 M and KD(avidin-biotin) ≈10-15 

M).8,9 Within each binding site, avidin has five crucial hydrogen bonds with the oxygen 

and nitrogens in the ureido moiety of biotin, Figure 4.2.7  Specifically, Asn-12, Ser-16 

and Tyr-33 interact with the oxygen.  One nitrogen hydrogen bonds with Thr-35 and the 

other interacts with Asn-118.7  Other avidin derivatives exhibit similar hydrogen 

binding.7,10  If, as previous work has suggested, the cross-linking effect is only dependent 

on the number of binding sites, we should see similar results between avidin and its 

various analogs.   

Avidin-biotin interaction has been previously investigated and is a very well 

understood.9,11–14  Due to its strong affinity of biotin to avidin, the pair is often used in 

biochemical detection or separation techniques.15  Avidin is negatively charged 

(pI≈10.5).14  Due to its high isoelectric point avidin exhibits nonspecific binding to 

macromolecules like DNA and chromatin.16–18  Its high affinity for large macromolecules 

must be accounted for in biological assays.  Samples must be rinsed several times to 

remove non-specifically bound components.   
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Neutravidin is a manufactured avidin derivative. It has been developed to reduce 

the nonspecific binding while maintaining the strong affinity to biotin.  By lowering the 

isoelectric point and removing some of the carbohydrate groups, it decreases its charge to 

become more neutral (pI≈6.8).19,20  Comparing phase behavior between neutravidin and 

avidin shows the potential role that nonspecific binding plays on phase distribution.  

Attaching a horseradish peroxidase to avidin produces a second avidin deriviative 

(HRP-avidin), one with increased size and mass.  A larger binding protein to biotin aids 

in detection using biochemical techniques like ELISA and western blot.21.  The large size 

of Avidin-HRP will define the impact on the phase distribution, potentially affecting the 

diffusion or protein-protein interactions. 

In the one-phase studies, we address (1) the role of binding sites; (2) non-specific 

binding and (3) protein size on lipid phase dynamics.  Our investigations focus on the 

expansion of the two-phase region in the lipid phase diagram as a consequence of cross-

linking.  Currently, the increase two-phase has been linked to the number of cross-linking 

sites only.  Our study will test this single factor. 

To explore these questions we will use microscopy and FRET. Microscopy is an 

excellent technique to visualize phase separation on the micron scale.  However, phase 

separation in the nanometer size range is not detectible by conventional microscopy 

techniques.  Therefore fluoresce resonance energy transfer (FRET) will expand our 

studies into the nanodomain regime.  
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Figure 4.1:  Ternary Phase Diagram of cross-linking saturated lipids.4  The inner area 
bound by the tie-lines is the two phase region. Cross-linker with five binding sites, P=5, 
has a larger two-phase region than one with three binding sites, P=3 at the same 
concentration, z=0.3.  Both though have an increase two-phase region from the original 
unperturbed system, z=0.  
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Figure 4.2:  Biotin binding pocket interactions.  (A) The biotin structure is capable of 
both hydrophobic interactions and hydrogen bonding within the avidin binding pocket.  
(B) The hydrogen bonding occurs between the polar amino acids found in the binding 
pocket and the polar atoms found on biotin, specifically, the ureido (-NHCONH-) and the 
carboxyl (-COOH) groups.7  (C) Hydrophobic interactions although weaker in 
comparison to the hydrogen bonds, still aid in the attraction and binding of biotin in the 
pocket.7   
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4.2 Materials and methods 

 

Materials 

 The following lipids were obtained from Avanti Polar Lipids (Alabaster, AL) and 

used without modification: 1,2-dipalmitoyl- sn-glycero-3-phosphocholine (DPPC), 1,2-

dioleoyl-sn-glycero-phos- phocholine (DOPC), cholesterol, and 1,2-dioleoyl-sn-glycero-

3- phosophethanolamine-N-biotinyl (biotin-DOPE). From Invitrogen (Carlsbad, CA), 

1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine ooperchlorate (DiD), 3,3'-

Dioctadecyloxacarbocyanine Perchlorate (DiO), 1,1'-Dilinoleyl-3,3,3',3'-

Tetramethylindocarbocyanine Perchlorate (Fast DiI) was obtained and used without 

modification. 

 

4.2.1 Lipids and vesicle preparation 

 

 Lipids were combined in a 4:2:3 molar ratio (DOPC: DPPC; cholesterol).  This 

lipid ratio at ambient temperature showed to be in one phase, but close to the transition 

boundary.  From Figure 4.2 the lipid ratio being investigated are one phase at ambient 

temperatures and higher and two-phase at lower temperatures.22  Functionalized vesicles 

used for cross-linking contained DOPE-biotin in 0.3:4:2:3 molar ratio (DOPE-biotin: 

DOPC: DPPC: cholesterol). 

Cross-linking procedures and quenching procedures have previously been 

established.23  All vesicle samples are quenched in an ambient temperature water bath 

(~25.6 °C).  After 24 hours the vesicles are observed either under the microscope or 



	
   98	
  

placed in the fluorimeter for FRET analysis.  Waiting 24 hours for analysis is to assure 

the samples are allowed to reach equilibrium.   

 

4.2.2 Microscopy 

 

For microscopy experiments DiD was incorporated into the membrane at an 

overall 0.08 mol %.  It is important to keep the dye concentration as low as possible to 

avoid oxidation of unsaturated lipids.24  The Lo and Ld are distinguishable at this 

concentration.  GUVs were prepared by electroformation previously discussed.  The 

GUVs give a large surface so phase separation is easily seen. 

Microscope samples prepared as previously described in chapter 3.  Previous 

findings show no difference between imaging at 24 and 48 hours, so samples were only 

categorized after 24 hours.  Vesicles were categorized as either one-phase or two-phase.   

No distinction between numbers of domains was necessary as the goal is to show phase 

separation.   

 

4.2.3 Liposome preparation for FRET 

 

FRET experiments utilized two dyes to collect data, the donor, DiO, and acceptor 

dye, Fast DiI. In these experiments both dyes partitioned into the Ld upon phase 

separation.   Preliminary experiments utilized BODIPY tagged cholesterol as a FRET dye 

to probe the Lo phase.  Microscopy data showed the tagged cholesterol was not 

partitioning selectively; therefore it was not useful for use in these FRET investigations.   
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Throughout the development of the FRET technique, different vesicle 

preparations were used to find the optimal size and concentration.  Initially, high 

concentrated SUVs suspensions were made.  SUVs were prepared via sonication of 

MLVs, discussed in greater detail in appendix A.   No successfully reproducible data was 

obtained from using SUVs. Next, LUVs that have less curvature strain and more surface 

area were prepared via Freeze-thaw cycles of MLVs, discussed in greater detail in 

appendix A.  Data was once again not reproducible this time.  GUVs prepared similarly 

to microscopy experiments gave reproducible results.  Thus, GUVs were used for FRET 

data collection.   

 

4.2.4 FRET analysis of cross-linking 

 

FRET is a successful method that has been used to observe and measure phase 

separation down to the nanometer scale.  Hammond et al. have utilized the FRET pair of 

fast DiI and preylene to investigate the phase separation due to CTB-GM1 cross-linking.  

These two particular probes partition separately, hence decreasing the FRET activity 

when the phases separate.1 To quantify the FRET activity the calculated transfer 

efficiencies (E) must be compared.  The donor and acceptor pair DiO and fast DiI both 

partition into the Ld.  In Figure 4.3 the response of E to phase separation when both dyes 

partition separately or together is illustrated.25  In our system, an increase in E suggests a 

phase separation.  Overall fluorescence intensity is used to to calculate E (Equation 2.9).  

The concentration dependence of fluorescence intensity must be taken into account when 

collecting data.  Overall transfer efficiencies cannot be used to accurately show phase 
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separation in our system.  Instead, the change in transfer efficiency (ΔE ) between cross-

linked and not cross-!linked samples will be used instead. 

!" ! ! !
! !" !"#$%

! ! !"#$%
! ! !

! !" !"#

! ! !"#
     (4.1) 

FRET samples are initially prepared as having donor dye, DiO, only or both DiO and 

Fast DiI.  Great care must be taken to add the same amount of  DiO to both samples, The 

electroformation process also inhibits the ability to control concentration of dyes present 

in the samples.  For each ΔE calculation all samples containing the donor alone are from 

the same stock vesicle suspension. Likewise, samples containing both donor and acceptor 

are from the same solution.  Monitoring ΔE versus the absolute E of these samples 

eliminates the concentration dependence.   

Development of the FRET technique has been a large part of the investigation 

into this one-phase system.  Different combinations of FRET pairs have been attempted 

to find the best set.  Many pairs have been eliminated due to the poor energy transfer or 

phase partitioning issues.  Alternatively, FRET-lifetime allows for the removal of 

concentration dependence on data collected, and that strategy has explored to great detail 

but ultimately has not been successful due to the instrument limitations.  
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Figure 4.3:  Dye partitioning in coexisting phases.25 FRET dyes (red and green) that 
partition separately are expected to show a decrease in  transfer efficiency (E).  FRET 
dyes partitioning together increase E.   
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4.3 Results 

 

 In these studies, we focus on three specific aspects to one-phase to two-phase 

lipid separation due to cross-linking.  (1) We have investigated a two-site model in 

comparison to the GM1-CTB system with five binding sites of Putzel et al. Taking 

advantage of three similar derivatives of the same cross-linker, avidin, we explore the 

roles of (2) non-specific binding and (3) protein size.  Using both microscopy and FRET 

techniques allows us to detect micron and nano-sized phase formation. 

 

4.3.1 Microscopy 

 

 For these studies, we investigate vesicles close to the one-phase to two-phase 

composition boundary.  At imaging temperature (~20-25 ˚C), vesicles of the composition 

4:2:3 (DOPC:DPPC:cholesterol) or 0.3: 4:2:3 (DOPE-biotin: DOPC: DPPC: cholesterol) 

form one-phase vesicles.  We expect a small perturbation, such as cross-linking, to induce 

a transition from one-phase to two phase.  GUV samples are incubated to 45 ˚C in the 

presence or absence of cross-linker.  After a room temperature (25 ˚C) waterbath quench, 

the GUV population is categorized as one phase or two phase and the statistics are 

analyzed.  

 When we compare GUV samples containing with 1.67 µg/mL avidin and without, 

we observe our expected two-phase vesicles due to the cross-linking perturbation.  The 

population analysis shows that 52% of vesicles now exhibit two-phases, and 48 %, one-

phase (Figure 4.5). At avidin concentration of 2.50 µg/mL two-phase vesicles are present 



	
   103	
  

again 24 h after cross-linking, 56%.  Addition of the avidin at both concentrations has 

changed the phase behavior. 

 In contrast, GUVs cross-linked with neutravidin or avidin-HPR at both 

concentrations (1.67 and 2.50 µg/mL) do not show a phase perturbation at the above lipid 

concentrations.  The microscopy results for both reveal that all vesicles remain in the 

one-phase configuration (Figure 4.6).   The absence of phase separation on the micron 

size scale differs from the results seen with avidin as the cross-linking protein.  However, 

microscopy limits our investigations to micron-size phase domains.  If the effects of 

neutravidin and avidin-HPR cross-linking produce nanoscale phase domains, then they 

would appear as one-phase vesicles.  Techniques of a smaller sizescale, such as FRET, 

are required to explore these perturbations fully. 
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Figure 4.4:  One-phase vesicles cross-linked with avidin.  We categorized the vesicles by 
phase behavior, one-phase, Ld only, (blue) and two-phase coexistence, Ld/Lo, (red).  (N) 
is the number of counted vesicles.  In the control where no avidin was added, all counted 
vesicles, were one-phase (blue).  The addition of avidin 1.67 µg/mL and 2.50 µg/mL 
brought a phase shift from one to two phases.  A majority of  two-phase vesicles were 
present.   
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4.3.2 FRET studies 

 

As we have discussed in Chapter 2, section 2.3, FRET is the non-radiative energy 

transfer from one fluorophore to another.  To do so requires two key parts.  First, the 

fluorophore or dye pair must overlap in the emission regime of the donor and the 

excitation of the acceptor.  Second, the energy transfer only occurs in close proximity.  

The acceptor dye quenches the donor emission when transfer has occurred.  To detect the 

presence of two lipid phases, in addition to the above requirements, the chosen 

fluorophore pair must exhibit discrete dye separation.  Either both dyes must partition 

together in a phase domain or they must partition separately to enable detection, as shown 

in Figure 4.3.25  FRET has been shown to be a particularly useful technique for detection 

of phase separation down to the tens of nanometers.26 

 FRET allows for the detection of phase separation and domains as small as tens of 

nanometers, which is not possible using conventional confocal microscopy methods.  

When combined with microscopy, these techniques fully investigate potential phase 

perturbation down to ~5-10nm clusters.  To quantify the phase separation detection, we 

use the one to two-phase transformation of avidin cross-linking GUVs as our baseline.   

 In our cross-linking studies, a similar setup to the microscopy experiments has 

proven to give the most reproducible results.  The dyes, DiO and FAST DiI, partition 

together in the L d phase, and any phase separation would show an increase in E, the 

transfer efficiency.  The reported values are given as changes in transfer efficiency (ΔE). 

The change   A positive ΔE provides evidence of phase separation.   The control samples, 
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containing no cross-linker will therefore have a ΔE=0.   The cross-linked samples will 

then be compared to the controls to find their respective ΔE.   

 For the avidin studies, which have exhibited phase separation from microscopy 

imaging ΔE= 0.099 ±0.007 for 1.67 µg/mL and 0.069 ±0.013 for 2.50 µg/mL. In our 

GUV sample without cross-linker, we observe a small ΔE of 0 ±0.023.  These studies are 

in a system that displays two-phases in 52% and 56% of the vesicles respectably.  There 

is still a significant portion of the vesicle population that remains in the one-phase 

configuration.  However, from these baseline results, we are able to detect an increase in 

the ΔE values due to phase separation that is outside the error bars, Figure 4.7.  

In contrast, the effects of neutravidin are ΔE= 0.0009 ±0.031 for 1.67 µg/mL and 

ΔE= -0.016 ±0.064 for 2.50 µg/mL, Figure 4.6.  These values are well within the error 

range of the controls.  Again for HPR-avidin, our FRET studies show ∆E values of 0.020 

±0.048 for 1.67 µg/mL and 0.025 ±0.017 for 2.50 µg/mL, Figure 4.7.  These data are 

consistent with the microscopy findings that neutravidin and HPR-avidin do not induce 

phase separation in our system at the micron or nanoscale regaimes.	
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Figure 4.5:  Change in transfer efficiency (ΔE) due to avidin cross-linking.  Positive ΔE 
for both samples containing avidin and no standard deviation error overlap with the 
control sample provides evidence of phase separation.   
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Figure 4.6:  Change in transfer efficiency (ΔE) due to neutravidin cross-linking. 
Addition of the cross-linker does not show any changes to the phase distribution.  The ΔE 
for both concentrations of neutravidin hover around zero.  The large error bars on the 
cross-linked samples so a lack of stabilization usually found with cross-linking  
 
  

!"!#$%&'( )"*+#$%&'( ,"-!#$%&'(
.!")(

.!"!-(

!(

!"!-(

!")(

!")-(

!"#

$%&'()*+,+-#



	
   109	
  

 
Figure 4.7:  Change in transfer efficiency (ΔE) due to avidin-HRP cross-linking.  No 
significant change due to the addition of the protein is observed.  Avidin-HRP did not 
induce any measurable phase separation.   
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4.4 Discussion 

 

 Lipid organization, the clustering of vital membrane components and their 

rearrangements due to signaling are critical to cellular functions.  Ligand-receptor 

binding events on the cellular surface have the potential to initiate dramatic changes to 

the membrane behavior in the form of phase transformations and separation.  Cross-

linking on the membrane surface induces lipids re-organize and separate, shown in 

experimental and computational studies.1,3,4,27,28 In our system, we have examined the 

effect of biotin and biotin-binding proteins on phase dynamics.  From our data, we have 

observed that cross-linking or the binding action alone is not the only piece to the puzzle.  

Nonspecific binding and protein size contribute to the process. 

Using microscopy and FRET, we have investigated the contribution of (1) binding 

sites, as Putzel et al have reported, (2) non-specific binding in the comparison of avidin to 

neutravidin and (3) protein size in the form of avidin v. horseradish peroxidase avidin.  

Microscopy images on the micron scale to detect global transformations while FRET 

participates in energy transfers on the 5-15nm scale.  The combination of both gives us a 

clear indication of the nature of the cross-linking perturbations. 

 

4.4.1  Microscopy analysis 

 

 From our microscopy data, we have observed the transition from one-phase to 

two-phase due to cross-linking in the presence of avidin but not neutravidin nor HRP-

avidin.  The population distribution shows the presence of two-phase vesicles, the 
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proportion (52%, 1.67 µm/mL) and the slight increase as the avidin concentration 

increases (56% 2.50 µg/mL).  At 2.50 µg/mL of avidin, we are at the upper limit before 

cross-linking between vesicles becomes the most likely outcome and renders phase-

separation imaging useless.   

Similar to the two-phase cross-linking studies in chapter 3, the system is 

subsaturated.  We expect that both avidin sites geometrically oriented towards the bilayer 

surface are occupied and that there are available biotins for further binding.  Unlike the 

two-phase vesicle cross-linking in chapter 3, the increase between avidin concentrations 

is small (52 and 56% one to two-phase compared to 52 to 64% multidomain vesicles).  

Such conditions suggest that we are close to the maximial transformations, 56% of 

vesicles in the two-phase state. 

The analogs, neutravidin, and avidin-HRP, have similar binding affinities to 

biotin. The complete absence of phase separation on the micron scale indicates that 

avidin’s phase separation is due to specific avidin characteristics.  When viewing strictly 

by the number of available sites, we expect similar behavior for all three cross-linking 

proteins.  However, since nanodomains are a distinct possibility, we extended our 

investigations to include FRET to consider that the phase separation had occurred.  Using 

its nanoscale measuring stick, the combined analyses results in a complete phase domain 

picture of all avidin analogues. 
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4.4.2 FRET analysis 

 

The subsequent FRET studies suggest that the phase transition only occurs in the 

presence of avidin.  The large range of energy transfer efficiency (∆E) in both 

neutravadin and HPR-avidin is curious and requires further analysis.  For the avidin 

samples, the increase in ∆E values reflect 52% or 56% of the population exhibiting two-

phases, and the balance, one phase.  In the avidin case, the range of ∆E values narrows 

due to cross-linking.  Our chosen lipid composition is close to the two-phase boundary 

and we expect transient composition clusters, which has been theoretically described and 

observed by Keller and Veatch, and our controls in all cases have similar range reflecting 

this phenomenon.  This behavior, exemplified by spinodal decomposition, provides a 

possible partial explanation to the biological construct of rafts.29  

For avidin, the narrowing of ∆E is predictable due to the two-phases present, 

leading to fewer composition fluctuations.  In contrast, the larger ∆E ranges for 

neutravidin and avidin-HRP may indicate that a larger number of these fluctuations, 

which suggests that no-phase transition has occurred.  If the cross-linking due to 

neutravidin and avidin-HRP were to result in a mixed populationthen we would expect a 

narrowing of the value ranges similar to avidin.  The differences between the data sets 

highlight the distinct outcomes between avidin, neutravidin and HRP-avidin cross-

linking. 

 When we analyze the FRET data, the behavior of the dyes is an important part of 

the experimental process.  Their partitioning has led us to characterize several aspects of 

phase transformations.  For phase separation experiments it is critical to have dyes that 



	
   113	
  

preferentially partition into one phase over another, which indicated that the dye packs 

more easily in the Ld or Lo phase.  Non-partitioning dyes suggest that there little to no 

distinction.   

Our initial FRET studies have relied on cholesterol dyes. Previous findings in 

other lipid systems have showed BODIPY-cholesterol to behavior similarly to cholesterol 

and partition into the Lo.30  In our system, cholesterol  partitions into the Ld phase to such 

an extent to make both phases indistinguishable. The compositions of the phases Ld and 

Lo contain all three lipid components.  The tie-lines calculated on the ternary phase 

diagram give these compositions.  The tie-line will intersect the phase boundary at two 

points, these point of intersection are the composition of said phases.  The Ld rich in 

DOPC and likewise the Lo is rich in DPPC.  From the tie-lines gathered by Keller and 

Veatch the change in cholesterol is not as significant.29   At this point in the phase 

diagram, while there is an increase in cholesterol in Lo, potentially it is insufficient for a 

clear signal difference.  The lack of cholesterol partitioning, by its nature, indicates that 

the chemical potential in both phases is quite close and that the boundary energetic cost is 

low.  Cholesterol flows between in the phases easily.  The addition of the functional 

group (NBD) to the cholesterol changes the structure of the cholesterol and may impact 

the distribution of molecular between phases, Figure 4.8.  
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Figure 4.8:  Cholesterol membrane orientation.31  The addition of the NBD functional 
group (circled) alters the structure of the hydrocarbon chain of the cholesterol, making it 
bulkier and adding polarity to the previously hydrophobic tail.  The structural change will 
affect the behavior of the lipid.  The proposed orientations of cholesterol in the 
membrane show how altering cholesterol could potentially change the molecules 
behavior and specifically its partitioning.   
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4.4.3 Nonspecific binding and protein-protein interactions  

 

 To address the distinct outcome of avidin cross-linking compared to neutravidin 

and HRP-avidin, we consider their individual characteristics, like non-specific binding.  

Each of the analogs has varying degrees of nonspecific binding and self-adhesion.  

Neutravidin eliminates the ‘stickiness’ of avidin.  Phase separation does not occur 

without the nonspecific binding present.  Protein-protein interactions may improve 

clustering similar and induce phase separation.  Without that driving force, the membrane 

maintains the single phase Ld.  Streptavidin is an excellent example of protein 

interactions.  This analog organizes and crystalizes on the membrane.  As previously 

discussed in Chapter 3, clustering of avidin on the surface is potentially a cause of slowed 

subanomalous diffusion.  Neutravidin, due to its more neutral charge may lack the ability 

to form clusters on the surface.  If the lateral diffusion is not sufficently disrupted phase 

separation does not occur.   

 From microscopy, there are no large-scale domains in the neutravidin and HRP-

avidin cross-linking vesicles.  From FRET, we do not see a distinct change in energy 

transfer efficiency.  Indeed, the increased range may indicate an increase in transient 

clustering. 
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4.4.4 Size and mass 

 

 Avidin-HRP brings increased size and mass.  The addition of the horseradish 

peroxidase makes it heavier than avidin.  While diffusion is inversely proportional to the 

mass, the large diffusion difference between the aqueous environment and the lipid 

bilayer dwarf the mass contribution.  However size and surface crowding may lead to 

different outcomes.  Avidin is approximately 66 kDa and attachment of at least one 

horseradish peroxidase adds an additional 44 kDa.  Steric hindrance because of the HRP 

attachment leads to a physical separation between the avidins.  The decrease in protein-

protein interaction potentially contributes to the lack of protein clustering.   

 

4.5 Conclusion: 

 

 Both microscopy and the FRET analysis yielded similar results.  Avidin is the 

only protein that exhibits the ability to induce phase separation.  The respective ΔE of 

avidin cross-linked samples are noticeably larger than that of the two analogs (Figure 4.7-

9).  The role of cross-linking and potential binding sites has already been shown to 

increase the two-phase region.4  Protein clustering may be viewed as increasing the 

number of binding sites.  Two avidin molecules with two available binding sites each 

behave as a cross-linker with four binding sites when clustered together.  In other words, 

the avidin behaves as a cross-linker with 2+ binding sites depending on degree on 

clustering.  Using the previous findings of Putzel and Schick, it is possible that our lipid 
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ratios if moved slightly closer to the two-phase region would exhibit separation with only 

two-binding sites.   

 In our system, the non-specific binding between proteins induces phase 

separation.  The more extreme example of protein-protein interaction is the case of 

streptavidin.32,33  Streptavidin will form 2-D crystals on the membrane surface.  

Interestingly, the addition of a fluorescent probe attached to the streptavidin inhibits it 

from crystalizing.32  If a comparatively smaller addition to the protein can inhibit protein-

protein interaction then the addition of the larger HRP will in similar fashion inhibit the 

clustering of avidin.   

 Protein-protein, specifically avidin-avidin interactions contribute to induce phase 

separation in our system.  The lack of protein clutersing inhibits the emergence of Lo/Ld 

in the neutravidin and avidin-HRP case.   
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Chapter 5: Summary and Future Work 

 

 

 

5.1 Summary of current work 

 

 As reported in this dissertation, microscopy and FRET have delivered a clear 

perspective of the cross-linked system.  The binding events between cross-linker and 

ligand have shown the potential to induce global shifts in the membrane dynamics and 

phase distribution of lipid bilayer vesicles.  GUVs provide an excellent model to isolate 

various parameters and to characterize these events in a controlled manner.  Our studies 

paint a clearer picture of the strong effect that cross-linking and binding events have on 

the biological membrane.  

 

5.1.1 Two-phase vesicle system: 0.1:1:1:1 (DOPE-biotin:DOPC:DPPC:cholesterol) 

 

 In the two-phase system, Lo and Ld coexist on the membrane simultaneously.  At 

thermodynamic equilibrium each phase will coalesce in a single domain.  Cross-linking a 

small percentage of biotinylated lipids with avidin induced a global population shift to 

multiple domain vesicles.  The formation of multiple domain vesicles occurred while 

being cooled or quenched through its transition temperature (Tm).   
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 The concentrations of avidin used and reported on in Chapter 3 are sufficiently 

high to alter phase behavior.  Increasing avidin beyond the concentration used results in 

vesicle aggregation, or cross-linking between multiple vesicles.    

 

5.1.1.1 Controlled quenching and time dependence  

 Heating vesicle samples above their transitions temperatures insures a complete 

mixing of the all membrane lipids into the fluid phase.  Avidin binding is evenly 

distributed over the surface of the vesicle at the elevated temperature.  Varying and 

comparing different quenching rates, we note the influence of the cooling process or 

quench on the population distribution.  The quenching effects are limited to the one phase 

vesicle population.  Budding and trapped coarsening events cause an increase number of 

one-phase vesicles.   

 Imaging analysis has focused on 24 and 48 hours after cross-linking.  Domain 

coalescence is process that is usually complete between minutes to a few hours.  After 48 

hours vesicle samples have had ample time to reach equilibrium.  The population 

distribution shows no change between the two imaging times.  The changes induced by 

avidin cross-linking are stable long term. 

 

5.1.1.2 Cross-linking and phase population shifts 

  In our unperturbed system the majority of vesicles are found to be in the two-

phase two-domain configuration.  The addition of the avidin causes a population shift to 

majority multiple domain vesicles.  Non-specific binding experiments confirms the 

specificity of avidin binding to increase the percentage multiple domain vesicles.  The 
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avidin induced changed is attributed to avidin-avidin interactions surface crowding and 

line tension perturbations.   

 

5.1.2 One-phase vesicle system: 0.3:4:2:3 (DOPE-biotin:DOPC:DPPC:cholesterol) 

 

 Our one-phase system is cross-linked with avidin analogs.  Phase separation (one-

phase to two-phase) caused by cross-linking is detected with microscopy and FRET 

measurements.  Avidin, neutravidn, and avidin-HRP all bind biotin with strong affinity.  

Avidin is the only protein to induce phase separation. Both analogs fail to induce 

detectable phase separation on the micron scale (microscopy) and the nanometer scale 

(FRET).   

 

5.1.2.1 Protein Clustering  

 Neutravidin and avidin-HRP are analogs of avidin altered for different 

experimental applications.  Compared to avidin, neutravidin exhibits less non-specific 

binding.  Attaching a horseradish peroxidase to avidin is commonly used to aid in 

detection.  These alterations inhibit the protein-protein interactions.  Clustering of the 

protein is integral to inducing phase separation.   
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5.2 Future plans 
 

 There are many different avenues to take these projects for future experiments.  

Clearly, different binding systems beyond avidin-biotin will test the universality of our 

findings.  Exploring membrane dynamics from different angles using different techniques 

will provide interesting insight.   

 

5.2.1 Cross-linking  

 

DPPE-biotin has shown interesting findings and has brought to light new 

questions.  We have three specific areas of interest for future study:  (1) Using DPPE-

biotin and other variations of biotin-tagged lipids in similar studies would focus on the 

role that functionalized lipid plays in membrane dynamics.  (2) Altering the lipids to vary 

line tension enables us to isolate its effects.  (3) Giant plasma membrane vesicles 

(GPMV) obtained from live cells are used in membrane studies1,2 and exploring cross-

linking and dynamics on GPMVs tests our cross-linking findings in a complex biological 

environment of cross-linking on the cell membrane.  

 

5.2.2 Expanding FRET technique 

 

 Incorporating new dye pairs expands the FRET experiments and allows for more 

versatility.  A fluorescently tagged cross-linking protein and lipid could be used to 

investigate the local membrane components around the binding event.3  FRET-lifetime 
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would be a useful tool to develop.  This would remove the concentration dependence of 

FRET. 
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Appendix A: Detailed Protocols  

 

 

 

A.1 Vesicle Formation  

 

Lipid vesicles and bilayers are used to model cell membrane behavior.  Due to the 

complex nature of cell membranes, controlled experiments are difficult to run with so 

many variables.  Model membranes give the ability to control all components and their 

ratios. Lipid bilayers and vesicles are formed many ways.  The method by which they are 

formed changes their size and physical characteristics.   

 

A.1.1 Giant Unilamellar Vesicles 

 

Microscopy experiments typically require giant unilamellar vesicles (GUVs) and 

because of their large size, typically, 10-100µm they can easily be seen.  Formation of 

GUVs via an electrochemical cell, shown in Figure A.1, has been studied previously and 

adopted from earlier works.1–3  Solvated lipids and dyes are mixed in the appropriate 

concentrations.  Evaporation of the solvent on Pt wire electrodes yields a dried lipid cake.  

It is hydrated in a non-electrolyte aqueous solution and attached to a waveform generator 

that creates a bias on two electrodes; this is the basis of electroformation.  A simple 2% 

sucrose in deionized water (m:v) solution makes a good non-electrolyte solution.  It is 

important that the electroformation process is carried out above the lipid transition 
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temperature.  This will ensure adequate mixing of the lipids. A temperature of 80°C is 

sufficient for this purpose.  The waveform generator program is set to maximize the 

quality and number of the GUVs.   

The program starts with an alternating current at 10Hz  and 700mV for 5 minutes.  

The volts are increased stepwise at 50mV every 5 minutes.  Once 1400mV is reached it is 

held for 3 hours. A final step of 4Hz and 600mV is applied for 20 minutes to ensure 

maximum lipid removal and formation into GUVs.  Smaller vesicles fusing to make large 

GUVs over time is shown in Figure A.1.  

Once the waveform program is complete, the newly formed GUVs sample must 

be allowed to slowly cool back down below its transition temperature (room 

temperature). After cooling the GUVs are now stable and ready for further 

experimentation and/or imaging.   
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Figure A.1:  GUV liposome formation.3 In the presence of an AC field vesicles are 
shown to fuse and form GUVs. (A) dried lipid film before AC field is applied.  (B) 20 
min after AC field is turned on liposomes start to form.  Both (C) and (D) are after 30 
min showing an increase in liposomes.  After 3 hours Large GUVs are forming on the 
surface (E) and (F).  After 4 hours the vesicles are in solution and separated from the 
electrode surface (G) and (H).  Scale bar is 20 µm    
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A.1.2 Multilamellar Vesicles 

 

Multilamellar vesicles (MLVs) are layers of bilayer within one vesicle, similar to 

how an onion has many layers.  The preparation of MLVs requires a smooth surface for 

the dried lipid cake to adhere to.  Test tubes are cleaned using a base bath (5N NaOH in 

1:1 dH2O: ethanol).  The test tubes then must be thoroughly rinsed and completely dried.  

Lipids dissolved in organic solvent, typically chloroform, are added to the cleaned test 

tube and the organic solvent is slowly evaporated over a steady stream of N2.  The 

evaporation of the solvent leaves behind the non-volatile lipid cake.  To ensure complete 

evaporation of the solvent the sample is placed under vacuum for 90 minutes.  The 

presence of leftover organic solvent will hinder the formation of vesicles.  Once the 

sample is completely dried, it can be hydrated with an aqueous solution.  Unlike 

electroformation, the buffer solution can contain electrolytes. The aqueous solution used 

is dependent upon the experimental parameters.   

The aqueous solution is heated to 80°C to be above the transition temperature of 

the lipids.  The warmed samples go through a series of heat and vortex cycles.  First, the 

samples are heated for 30 minutes, then vortexed for 30 seconds.  Following the vortex 

the samples are placed back in the oven for 15 minutes. After the 15 minutes the samples 

are then vortex for 30 seconds.  The 15-minute heat then vortex cycle is then repeated 

another 3 cycles.  Finally the samples are allowed to cool slowly.  MLVs are used in DSC 

experiments and are the initial steps in forming small unilamellar vesicles (SUVs), large 

unilamellar vesicles (LUVs), and supported bilayers.   
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A.1.3 Small Unilamellar Vesicles 

 

 SUVs are prepared by bath sonication or extrusion of MLVs. Bath sonication of 

MLVs forms SUVs; these are sufficient enough for further preparation of supported 

bilayers.  Supported Lipid Bilayers, used for FRAP experiments are formed by fusing 

SUVs onto a glass surface using a salt solution. For techniques that require a more 

uniform size distribution, extrusion is needed.  Extrusion uses pressure to push vesicle 

samples through filters with a specific pore opening size. Analysis using the DLS 

confirms the size distribution of the SUVs. 

  

A.1.4 Large Unilamellar Vesicles 

 

MLVs that are put through freeze-thaw cycles form LUVs.  The freeze-thaw 

procedure was developed and adapted from previous works.4,5 Freeze-thaw procedures 

are commonly used for encapsulation experiments.4 The freeze portion of the cycle 

consists of a dry ice/ethanol bath. A dry ice/ethanol bath ensures the rapid freezing of the 

aqueous samples. The samples are held in the dry ice ethanol mixture for 3 min.  

Immediately following the freeze portion of the cycle the sample is placed in a 45°C 

water bath to quickly thaw the liposome mixture.   Thawing is performed for 5 min to 

give adequate time for the sample to melt.  Three min of freezing and 5 minutes of 

thawing combined to make a complete ‘freeze-thaw cylce’.  Five cycles were performed 

before allowing the samples to equilibrate to room temperature. 
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A.2 Fluorescent dyes 

 

 Lipid analog dyes are incorporated into the membrane and allow for visualization 

and other spectroscopic techniques.  Some dyes are known to partition into lipid phases 

with differing affinities All dyes shown in Figure A.2 partition into the Ld phase.  DiD is 

used for microscopy experiments; while the dye pair, DiO and Fast DiI, are critical for 

the FRET studies. In Figure A.2, their structures show highly aromatic headgroups, 

which fluoresce using the appropriate excitation wavelengths, and tails regions 

resembling the DOPC acyl chains. 

A.3 Cross-linking 

 

Cross-linking protocol was developed for the experiments from chapter 3.6  

Cross-linking of GUVs require 300 µL aliquot and the appropriate cross-linking protein. 

Vesicles are heated in a water bath above the two-phase transition temperature (Tm) to 

ensure even dispersion of the biotinylated lipids.  The cross-linker, avidin or an analog, is 

added to the heated samples and given 1 hour to interact with the biotinylated lipids.  

Then it is cooled or quenched back below its transition temperature.  A fast transfer to the 

quenching bath is important in ensure the samples do not begin to cool before the 

quenching process. The importance of vesicles quenching is discussed in chapter 3.6,7 

Samples remained in quenching baths for 30 minutes to ensure complete cooling.  Once 

cooled the vesicle samples are ready to be analyzed.   
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Figure A.2:  Lipid analog fluorescent dye structures.8  Structurally these dyes resemble 
lipids.  They have long hydrocarbon chains and a polar head group.  Fused ring systems 
in the head group are excited and fluoresce.  DiD is used to label the Ld for microscopy 
experiments.  DiO and Fast DiI are a FRET donor acceptor pair that partition to into the 
Ld.  
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A.4 FRET Analysis 

 

FRET analysis was developed for experiments from chapter 4.  In our system, the 

donor, DiO (3-octadecyl-2-[3-(3-octadecyl-2(3H)-benzoxazolylidene)-1-propenyl]-, 

perchlorate) partitions into the Ld.  For FRET analysis, it excited at 430nm and its 

emission measured at 524nm. The acceptor Fast DiI (1,1'-dilinoleyl-3,3,3',3'-

tetramethylindocarbocyanine, 4-chlorobenzenesulfonate) is used to quench the DiO 

emission.   Both the excitation and emission wavelength are chosen based upon the 

spectra of both dyes in the FRET pair (Figure A.2).  A good excitation dye will only 

energize the donor dye and not the acceptor.  The emission wavelength, or the light that is 

collected and measured, should be one that has excellent overlap with the donor’s 

emission and the acceptor’s excitation.   

To measure the transfer efficiency samples containing DiO only and both DiO 

and FAST, DiI are made and analyzed.  Changes in donor, DiO, concentrations between 

samples can impact the overall intensity being measured.  Care must be taken when 

preparing said samples to ensure that concentration variance is minimized.   
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Figure A.3:  Excitation and emission spectra for both DiO (top) and DiI (bottom).8 The 
experimental excitation and emission wavelengths used for data collection, 430 nm and 
524 nm, respectively.  The 430 nm light falls within the excitation band of DiO, but just 
out of the reach of DiI excitation.  At 524 nm there is excellent overlap of the emission of 
DiO and the excitation of DiI.   
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A.5 Differential Scanning Calrimetry (DSC) 

 

 Differential scanning calrimetry (DSC) is a technique that measures the difference 

in required heat needed to raise the temperature of a sample compared to a reference 

sample.  This instrument calculated the transition temperature of lipid phases from 

vesicles. MLVs were used for the DSC experiments.  These vesicles provide a stronger 

signal due to their multiple layers.     

 In Figure 1.4, a sample of DPPC MLVs were used to investigate their phase 

transition.  The relatively high transition temperature (Tm) measured for DPPC is due to 

its saturated hydrocarbon tail and therefore is present in the Lgel at temperatures below the 

41.32 °C.   

 Crosslinking effects, specifically avidin-biotin, have been measured with DSC 

previously and have been shown to lower the change in enthalpy of the transition, ΔHt.9   

 

A.6 Dynamic light scattering  (DLS) 

 

Dynamic light scattering (DLS) is utilized to measure the size distribution of 

particles in solution.  DLS is commonly utilized in protein research to monitor 

aggregation or folding and  unfolding.11 For our research, size distribution of vesicles’ 

suspensions verified by DLS is evidence of a successful vesicle preparation.  A sample of 

LUVs is analyzed in Figure A.3.  The size distribution confirms the preparation of the 

sample was successful.   
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Figure A.4:  DLS analysis of LUV sample.  A successful LUV prep is confirmed with a 
large peak around 100nm.   
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